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Abstract

In this PhD thesis it is presented the use of some Green Chemistry Tools such as an
aternative solvent like supercritical carbon dioxide (scCO,), catalysts like ionic liquids (ILs),
and aternative alkylating reagents like dialkyl carbonates, for the set up of new green
methodologies for C-C, C-N and C-O bond forming reactions. Two high atom economy C-C
forming reactions have been considered: i) the self-metathesis of a-olefins has been carried out
using dense CO; as reaction solvent and supported Re oxide as heterogeneous catalyst. With
respect to the use of conventional organic solvents, scCO, allowed to achieve higher reaction
conversion and productivity in both batch and continuous flow conditions; ii) the Michael
addition of nitroalkanes and 3-diketones to a,-unsaturated ketones catalyzed by task specific
phosphonium based ionic liquids. In this study, basic ionic liquids proved to be more effective
catalysts than conventional organic bases [for example, DBU, DMAP, DABCO and
phosphazene base P;-t-Bu]. Three different reactions of dialkyl carbonates with anilines, have
been explored for the formation of C-N bonds: i) the selective mono-hydroxyalkylation of
anilines with glycerol carbonate catalysed by alkali metal exchanged Y - and X- faujasites, for the
synthesis of N-(2,3-dihydroxy)propyl anilines; ii) the selective bis-N-methylation of anilines
carried out by dimethyl carbonate prepared in situ via the transesterification of akylene
carbonate with methanol catalysed by alkali metal exchanged faujasites; iii) the akylation of
primary aromatic amines with akylene carbonates, such as ethylene- and propylene- carbonates,
catalysed by phosphonium based ionic liquids, for the selective synthesis of bis-N-(2-
hydroxy)alkyl anilines. All these reactions proceeded with high conversion and selectivity.
Finally, two classes of reactions have been explored for the formation of C-O bonds: i) the
decarboxylation reaction of dialkyl carbonates catalyzed by different heterogeneous systems like
K,COs, akali metal exchanged faujasites and hydrotalcite. The selective formation of dialkyl
ethers has been observed for light dimethyl- and diethyl-carbonates, while for higher
homologues (dipropyl- and dioctyl carbonate), the decarboxylation reaction occurred along with
side-process producing alcohols and olefins; ii) the reaction of glycerol carbonate with phenaol, in
the presence of faujasites as cataysts, for the synthesis of O-(2,3-dihydroxy)propyl phenoal.
Under the conditions tested, the reaction was not selective to the formation of the desired

product.



Estratto dellates in linguaitaliana (abstract of thethesisin Italian)

Questo lavoro di tesi € stato sviluppato press@ipartimento di Scienze Ambientali
dell'Universita Ca’ Foscari, Venezia, nel laborabadel Gruppo di Sintesi Organiche “Green”, e
ha riguardato la messa a punto di metodologie iatn® a ridotto impatto ambientale per
reazioni di formazione di legami C-C, C-N e C-O.liceea guida del lavoro € stata la volonta di
sviluppare dei processi di sintesi che rispettasseprincipi della green chemistry, area di
interesse del gruppo di ricerca, e per questo ssiab impiegati alcuni degli “strumenti
caratteristici” di questa branca della chimicapérticolare, I'utilizzo di un solvente alternativo
come la CQ densa, I'impiego di reagenti non pericolosi o iissome i carbonati dialchilici, e
I'utilizzo di catalizzatori riciclabili eterogenecome le zeoliti, ed omogenei, come i liquidi
ionici, sono stati gli strumenti utilizzati maggmente in questa tesi. Le reazioni studiate sono
state le seguenti:

- Sintesi di legami C-C via metatesi di olefinestcCQ: e stata sviluppata una procedura per

condurre la reazione di metatesi dell' 1-ottenédsta 1) utilizzando catalizzatori eterogenei a
base di Re ossido supportato e la,@énsa come solvente.
n

2 2wy — M”/ + 7 schema 1

Cat = Re,0O7 supportato

n=5
La reazione e stata studiata sia in condizioni hatbe in flusso continuo. Il set-up
dell'apparecchiatura, I'ottimizzazione dei paranagierativi (T, P) e l'individuazione del miglior
supporto per il sistema catalitico sono stati Bdtgpchiave dell'indagine, che ha rilevato cheol'us
della scCQ rispetto ai solventi organici convenzionah-¢sano) permette di condurre la
reazione con conversioni, ed anche produttivita ghevate.

- Sintesi di legami C-C via razioni di Michael chitaate da liquidi ionicie stata messa a punto

una nuova metodologia di sintesi “green” di liqumlici per reazione di metilazione con dimetil
carbonato (DMC) di trialchil fosfine. Attraversoidemplici scambi metatetici, da questi liquidi
ionici se ne possono ottenere altri, con differeatatteristiche basiche, che sono stati impiegati
come catalizzatori per reazioni di Michael tra costpcarbonilicia-f insaturi come accettori e
composti CH attivi come donatori (schema 2). Questi liquidni@ si sono dimostrati esser
catalizzatori molto attivi per queste reazioni, tnamsdo attivita catalitiche anche superiori alle
comuni basi forti organiche (DBU, DMAP, DABCO e fazene base;R-Bu).



; O O 0] NO, o NO, schema 2
R'MR' o} o}
R=H, Et . o
R'=Ph, OMe
IL = Liquidi ionici OoO” R 0" R

- Sintesi di legami C-N e C-O attraverso l'impiedbreagenti rinnovabiti € stata studiata la

reazione di un derivato della glicerina, la glicaricarbonato (GlyC), con differenti ammine
aromatiche primarie del tigpgXCsH4sNH; (con X= H, OMe, Cl, OH) in presenza di faujaspict

X e 'Y come catalizzatori (schema 3).

OH
NH, HN/\E
Ca

(@]
. o)J\o t OH
\_k/ 140-170 T
OH

R R

+ CO; schema 3

Cat = Y- o X- faujasiti ; R =H, OCH3 CI, OH
Per le reazioni studiate, la GlyC si e dimostrataoftimo agente alchilante “green” dando
reazioni ad alta conversionéB0%) e selettivita (80-90%). Sono stati studiatichen il

meccanismo di reazione e il riciclo del catalizratoE’ stata studiata inoltre la medesima

reazione con nucleofili all'O tipo il fenolo (scham).

OH
OH
o OA[
. O)J\O Y- 0 X- faujasiti OH 4 co, schema 4
\_Q/ 180-240 C
O

H

Nelle condizioni studiate la GlyC non si e dimoitr&@ssere un buon agente alchilante nei
confronti del fenolo, e la reazione procede corsba@snversioni e selettivita.

- Formazione di legami C-N via bis-N-metilazioneadiline con carbonati ciclici e MeOH

stata messa a punto una procedura, denominatan"dmeRino”, in cui la bidN-metilazione di
aniline, formalmente condotta dal metanolo, avvienece per mezzo del dimetil carbonato
(DMC) prodotto direttamente nell'ambiente di reaei@er reazione di transesterificazione di un
carbonato ciclico, I'etilene carbonato, con il meta (schema 5). | catalizzatori in grado di
promuovere entrambe le reazioni di transesterificeezmetilazione sono la faujiasiti di tipo X o

Y. L'ottimizzazione dello step di transesterficamolo studio della reattivita relativa del DMC e



del EC nei confronti dell'anilina, e l'influenzalléevariabili operative (T, natura del solvente,

ecc.) sono stati oggetto di indagine.

(@]
Cat . .
O O + 2ROH R\OJ\ -R" + HOCH,CH(R)OH

\ O
! +
R | AINH AINH
= !/r 2 i schema5s
: Cat
I
R=H, CHg, b e > ANR', + CO, + R'OH
R'= CH,

Cat = faujasiti
Ar = Ph, p-MeCgH, p-MeOCgH, p-CICgH, p-NO,CgH,

Si e studiato anche l'utilizzo di altri alcoli (B#On-PrOH e glicerina) e di altri carbonati ciclici

(propilene e glicerina carbonato), tuttavia senzanbrisultati.

- Bis-N-idrossi alchilazione di aniline con carbdnaiclici catalizzata da liquidi ionicié stata

studiata la reazione di alchilazione di ammine atche primarie con carbonati organici ciclici
come l'etilene e il propilene carbonato, per ldesinselettiva di bitN-(2-idrossi)alchil-aniline

(schema 6).
0

IL HO OH
ANH, + 2 Q70— jﬂr}/\( +2C02  chemat
\—4 R A R
R

IL = liquidi ionici basici

Ar = pXC6H4-; X= OCH:_J,Y CH3Y H, Cl

R=H, CH,
Come catalizzatori sono stati impiegati i liquidhici gia descritti per la reazione di Michael: la
reazione procede con alte rese e selettivita ¢éat@ sondotto uno studio di scale-up.

- Formazione di legami C-O via decarbossilaziondaidilchil carbonati € stato condotto uno

studio dettagliato sulla reazione di decarbossitazidei carbonati dialchilici in presenza di

differenti sistemi eterogenei, comeQ®0;, le faujasiti X e Y e l'idrotalcite (schema 7).

O
Cat
R\O)J\O’R a R-O-R + CO, schema 7

Cat = K,CO3 X 0 Y faujasiti, idrotalcite
R = Me, Et, n-Pr, Octil

E' stata osservata la selettiva formazione deiismondenti dialchileteri nel caso dei carbonati
leggeri (dimetil- e dietil- carbonato), mentre reso degli omologhi superiori (dipropil- e
diottil- carbonato) la reazione di decarbossilagi@naccompagnata da reazioni secondarie che

portano alla formazione di alcoli ed olefine.
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1.1 Green Chemistry
1.1.1 Historical Overview

It is from the early 1960s that the issue of thevinmental impact” of chemical substances
has come into the public dialogue and has beey fetiognized as a problem. Before those years
there were little or no environmental regulatiomscbemicals production, use and disposal, and
it was not uncommon for chemical substances tceleased directly to the air, water and land.
Moreover, there was a deep lack of knowledge attmubhazard of chemicals and their effects on
the environment and human health. It was in thisyado that the first negative, and sometimes
tragic, consequences due to a misuse of chemicssged, causing public outcries that resulted
in laws and regulations to control the manufacttrestment or disposal of chemicéls.

As an example of undesired and unexpected efféaisemicals on human health, significant
is the case of thalidomide (figure 1.1). This swtithdrug was commercialized in Europe during
the 1950s and was it used by women to lessen thiseaaduring pregnancy. The side
complication of the use of thalidomide emerged 861, when the drug was found to have
severe teratogenic (malformation-inducting) sideea$. Children of women taking the drug
suffered acute birth defects, in many cases infdh@ of missing or grossly deformed limbs.
This was one of the biggest medical disasters afenotimes: more than 10.000 such children
were born world-wide causing great fear in the gainpublic about the effects that synthetic
chemicals could have on human health. The tragealy to stringent governmental regulations

for testing new drugs for teratogenic hazards leefloey can be licensed.

0 CCly
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o O Cl Cl
thalidomide DDT

Figurel.1

Another example is the case of the 1,1,1-trich@@-bis(4-chlorophenyl)ethane (DDT, figure

1.1). This pesticide was used since 1939, but ginbeng of 1960s, it was found to be a harmful
biopersistent substance suspected to be a carcnogepound. In the United States Rachel
Carson wrote the booRilent Spring(1962)® which illustrated how the use of DDT and other
pesticides could spread throughout the food clansing irreparable and unanticipated harm.
As a final result, stringent regulatory controls pesticide manufacturing and use were

promulgated.



Other environmental disasters/issues occurred gi66s that resulted in new, and specific,
laws being enacted. A few examples: in the late0$9e Cuyahoga River in Ohio was so
acutely polluted by the waterfront industries thataught fire. The image of a river in flames
because of chemical pollution prompted calls fagidiation to ensure clean water controls
through regulation. In the 1980s, as the effeahbdrofluorocarbons (CFCs) on the stratospheric
ozone layer become clearer, the Montreal Protoca¢ \wdopted. In the same period, the
emerging effects of global warming resulted in #oto Protocol, adopted in 1997, for the
regulation and reduction of greenhouse gases emi¢&HG; carbon dioxide, methane, nitrous
oxide, sulphur hexafluoride) to prevent dangeronihr@pogenic interference with the climate
system.

Moreover, accidental chemical disasters also pdiote the need of regulations for chemicals
(storage, handling, use, release and disposal)leatt a large part of public opinion to view
chemicals and chemistry as something to be affaidustailed, and avoided wherever possible.
Two emblematic cases come to mind: the Sevesotdis@taly) in 1976, where the accidental
release of the toxic dioxin 2,3,7,8-tetrachlorodibedioxin (TCDD) from the ICMESA plant
induced such a high air/land contamination thattimeounding area needed to be evacuated, and
the tragedy at Bhopal (India) in 1984, where hudsdref people were killed by the accidental
release of the extremely toxic methyl isocyanabenfia plant of Union Carbide. Those disasters
generated the Seveso Directive of 1982 and the ganey Planning and Community Right-to-
Know Act of 1986, respectively.

A major consequence of all these misuses and ausideas that from 1960s to nowadays

environmental statutes and regulations have prafiéel at an exponential rate (figure £.2).
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Figure 1.2. Proliferation of environmental laws and regulasig/SA)



The toxicity testing required by many of these fagjans generated new knowledge and a new
awareness about the type and degree of hazardatssowith many chemicals. As toxicity end-
points and environmental effects became better knosnvironmental laws became more
stringent as well to control the amounts of chelsiceleased to the environmént.

The progress of environmental regulations produeedincreased emphasis on either
treatment of wastes prior to their release, orexhant of the wastes subsequent to their release,
in order to mitigate the risks to human health #re environment. Many different ways were
developed to reduce pollution, like the use ofttremnt technologies ranging from neutralization
of acids, to scrubbers for air stack emissionsodntineration. These are mainly "end-of-pipe”
controls that do not solve radically the pollutitat deal with the issue of transforming wastes
into more innocuous forms in order to minimize itmgacts of chemicals.

Nonetheless, the increased restrictions on theousertain compounds also provided powerful
incentives for industry [confronted by tremendouwesgure, not only to reduce the release of
toxic product to the environment, but also to redube use of hazardous chemicals] and
chemists to find replacements, substitutes, orrateves® In particular, at the beginning of
1990s, chemists started facing the issue of their@mmental impact” trying to find a way not
only to reduce pollution, but to prevent it alreadythe stage of synthetic pathway design.

This new approach, that provides a fundamental ogetlogy for changing the intrinsic nature of
a chemical product or process to make it inherenfljess risk to human health and the

environment, was named later with the tegreen chemistty*°°
1.1.2 Definition and Concepts of Green Chemistry

Since the very beginning of the chemical industhg traditional approach of synthetic
chemists was dictated by economical aspects: tangitcules had to be produced at the lowest
possible cost irrespective to the synthetic stratéigat was used. In other words, the
environmental/health issue was not- or only vemyitkdly considered. A different and
innovative standpoint to address the environmemglact of chemical productions started to
grow in the middle 1990s under the general philbgopf green chemistry. Today, green
chemistry has become an internationally recognioedis area of chemical science and it is
defined by IUPAC asthe invention, design and application of chemigaldoicts and processes
to reduce or to eliminate the use and generatiohazfardous substances® Looking closely at
the definition, it is possible to highlight somepartant aspects that form the concept of green

chemistry.



The first is the use of the wordmvention' and 'tesigri. The impacts of chemical products
and chemical processes are included as desigmiayig® green chemistry is a way to prevent
pollution already at the stage of synthetic pathde@sign.

Another aspect is found in the phrasesé and generati6nTo prevent pollution and health
hazard green chemistry focuses on all substane¢sath part of the process, not only on those
undesirable substances that might be inadvertgntigguced. Not only the waste issue, but also
the significant consequences of the use of hazardmilstances, ranging from regulatory,
handling and transport, and liability issues, toeaa few, must be considered.

Finally, the definition includes the termhdzardou& Green chemistry is a hazard-based
approach to risk reduction and pollution preventignminimizing the intrinsic hazards of the
substances, rather than focusing on those circmeesaand conditions of their use that might
increase their risk. This is a very important agpand to understand it there is the need to
introduce the concept of risk. At its most basieele risk can be described as the product of
hazard and exposure:

Risk = Hazard x Exposure

The traditional approaches to risk reduction foars reducing exposure to hazardous
substances. Regulations often require increasaaninol technologies and treatment technology,
and in personal protective equipments in orderettuce risk by restricting/limiting exposure.
But these approaches may fail because they relyeithrer equipment or human activity:
equipments can rupture, air scrubbers can breakndatc. When failure occurs, risk is
maximized because the resultant is an expositioa tonstant hazard. The green chemistry
approach, on the other hand, imposes to reducebyisieducing hazard associated to chemical
products and transformations. This conceptuallyfetkiht method makes green chemistry
intrinsically invulnerable to failure, since theise no way for an innocuous reagent/solvent to
become arbitrarily dangerous.

Moreover, the definition of green chemistry aldastrates another important point about the
use of the termHazard. This term is not restricted to physical hazasdsh as explosiveness,
flammability and so on, but it includes also acated chronic toxicity, carcinogenicity, and
ecological toxicity. Nowadays a lot about the hdgasf chemicals is known, so it is possible for
chemists to translate this knowledge into powetdols for structure—activity relationships that
correlate hazard with molecular construction. Femtiore, for the purposes of this definition,
hazards must include global threats such as glalaaiming, stratospheric ozone depletion,
resource depletion and bioaccumulation, and pergishemicals.



1.1.3 Green Chemistry Principles

The objective of green chemistry is the developn@nthemical technology and processes
that are designed to be safe for the environmedtharman health. The twelve principles of
green chemistry, as articulated by Anastas and &arcan guide chemists towards fulfilling
their unique and vital role in achieving sustaieatbbvelopment. These principles are listed and

shortly described below:
|. Itis better to prevent waste than to treat or clegp waste after it is formed

This principle is "the first" of green chemistryiass clear that the aim to pollution preventian i
represented in the wordbétter to prevent wasteBeyond the environmental implication, there
is also an economic aspect that should be poiniédWith the proliferation of environmental
statutes and regulations the cost of treatmendapmbsal of chemical substances has become of
significant importance. Often the cost of wastgdgal may be many times the cost of starting

material. This principle is therefore also a wayrtmimize this cost.

II.  Synthetic methods should be designed to maxingzedtbrporation of all materials used

in the process into the final product

This principle basically states that the time-h@&uaoconcept of "yield" as a standard to measure
the efficiency of a synthetic methodology must bplaced by more modern metrics such as
"atom economy”. Yield in fact, is the percentage of moles of tlesiced product obtained with
respect to the theoretical moles of desired prodbtainable. By its definition, yield does not
consider the use or generation of undesirable bgymts that may be an intrinsic part of a
synthetic process. It is possible to achieve 1008tdyand generate wastes that could be far
greater in mass and volume than that of the degireduct. On the other hand, atom economy is
the ratio between the molecular weight of the @esproduct and the sum of all the molecular
weights of reactants. Atom economy measures theedetp which each of the reactant is
incorporated into the final product: only a reastwhere all atoms contained in the reactants are
incorporated into the product completely is 100@&atconomical.

lll.  Wherever practicable, synthetic methodologies shdné designed to use and generate

substances that possess little or no toxicity tméo health and the environment

As aforementioned, one of the fundamental basegse®n chemistry is to reduce chemical risks
by lowering or eliminating the use of hazardous poonds throughout all the steps of the

synthetic strategy. The main goal is the develogrésafe processes for human health and the
6



environment. This principle however, puts forwaldoaan economical benefit. The upfront
capital costs of exposure controls (from engingeontrols through protective gear) can be
reduced/eliminated by achieving risk reduction tigio hazard reduction.

IV. Chemical products should be designed to preserfreaey of function while reducing

toxicity.

In recent years, a great progress has been ddhe imderstanding of the chemical toxicity, and
of the mechanism of action of substances on the bod in the environment. Thanks to this
knowledge, it is now possible for chemists to desigfer compounds. By changing the physical
and chemical properties of a molecukeg( water solubility and polarity) it is possible to
minimize its bioavailability and capability of bgrabsorbed through biological membranes and

tissue, making the toxic substances innocuous.

V. The use of auxiliary substances (e.g., solvenfsaraéon agents, etc.) should be made

unnecessary wherever possible and innocuous whezh us

In a chemical process, the auxiliary substanceshmse that aid the reaction but do not appear
incorporated in the product. The most widely usegilery substances are organic solvents
which pose a number of concerns. For instancegkakited solvents and aromatic hydrocarbons
are often used because of their excellent solvgmoprieties in a wide range of application,
though they have long been identified as suspedutedan carcinogens. Moreover, as most of
these solvents are quite volatile compounds, they#en involved in environmental issues like
the stratospheric ozone depletion or the formatibeamog in the atmospheric pollution. Green
procedures aim to the elimination of the use ofeals, and if not possible, clean reactions

should enhance the use of innocuous alternativeanseidh as supercritical G@nd water, etc.

VI. Energy requirements should be recognized for tBeuironmental and economic impacts
and should be minimized. Synthetic methods shaulkbhducted at ambient temperature

and pressure

As energy generation and consumption has long keewn to include adverse environmental
effects, chemists must consider the need for enarte synthetic pathway design, and strive to
reduce it. It is well known that both heating.d.to accelerate reaction) and coolirgyg to

control reactivity) involve additional costs, aslwas purification/separation procedures like

distillation, recrystallization or ultrafiltratiom which energy is needed. This principle prompts



to include energy requirements of all the stages @lynthetic process as evaluation process

criteria, and to minimize them.

VIl. A raw material or feedstock should be renewablehern than depleting, wherever
technically and economically practicable

This principle stresses how the purpose of greemcstry, beyond pollution prevention, is the

"sustainability”. This latter can be defined as #i®lity to maintain the development of the

quality of life while not compromising the abilityf our progeny to do the same. The use of
depleting resources like petroleum violate the gadilsustainability, and the use of renewable
feedstocks like biological and plant-based startingterial should be adopted according to
ethical guidelines implying the use of non-foodaeables.

VIll.  Unnecessary derivatization (blocking group, protactdeprotection, temporary

modification of physical/chemical processes) shan@cvoided whenever possible

The use of blocking/protecting groups is a quitenomn practice especially in organic chemical
synthesis. Nonetheless, any molecular modificatmmproduce a new derivative by adding a
functional group and then replacing it is an irgioally undesirable process from the green
chemistry standpoint: it not only generate wadtes it usually requires a solvent per each of the

involved steps, and it involves costly purificatiprocedures.
IX. Catalytic reagents (as selective as possible) apesor to stoichiometric reagents

Catalysts by definition, facilitate chemical tramshations without being consumed or
incorporated in the final product, and very oftbey can be recycled and reused many times
before they lose their activity. In addition, cgsas allow general enhancement of reaction
selectivity and energy usage minimization. Overdley can improve the utilization of the
starting-material and reduce the production of wa3thanks to all these aspects, catalysis

represents a fundamental pillar of green chemistry.

X. Chemical products should be designed so that atetiek of their function they do not

persist in the environment and break down into cunus degradation products

This principle is related to the so-called "persigtchemicals” or "persistent bioaccumulators”
substances like plastics or organohalogen-basdttipges. These compounds represent a major
concern in terms of pollution of the environmemt.this contest, clean compounds should be

designed so that, at the end of their use, theydagraded by the environment itself. For

8



example, the biodegradability of a chemical caribeanced by placing functional groups in the
molecular structure sensitive to hydrolysis, phgg or other cleavage reactions occurring
spontaneously in the environment. This facilitaies disassembly of the original compounds

into innocuous degradation products.

XI.  Analytical methodologies need to be further devadofp allow for real-time in-process

monitoring and control prior to the formation of zexrdous substances

This principle is quite straightforward: by using-process and real-time analytical
methodologies, a chemical process can be monifordtie generation of hazardous by-products
and side reactions. If the sensors are interfacesttty with process parameters controls, the

hazard minimization can be automated, and the vpaetiuction minimized as well.

XIl.  Substances and the form of a substance used ieraical process should be chosen so as

to minimize the potential for chemical accidentsjuding releases, explosions, and fires

Green chemistry aims at the development of chenpoatesses that in first place, are safe.
Therefore, the importance of accident preventiomoébe overstated. Approaches to the design
of safer chemistry can include for example the afssolids or low vapor pressure substances
rather than volatile liquids or gases.

The 12 principles have become a widely accepteafsetiteria for the rapid assessment of
the "greenness” of a chemical route. Yet, theyrarecertainly exhaustivesince they do not
directly settle practical parameters that chenuats use to evaluate and compare the greenness
of different processes. Also, they do not providejuantitative measure of environmental

performance.
1.1.4 Green Chemistry Metrics and Tools

In the development of a sustainable chemical rahi,above described principles of green
chemistry are useful to set the theoretical appgrahat chemists should adopt. But for the
practical and quantitative evaluation of a chempmalcess, the formulation of straightforward
numerical operative parameters is needed. Forrdason a large number of parameters to
measure the eco-compatibility and economic sudtdityaof a chemical process have been
proposed by different authot#ll these parameters are namegeen chemistry metritswWhile
the principles of green chemistry are criteria agrswg to the questionHow to do it?, the use
of green chemistry metrics gives a means to antveequestionHow much green is it? Some

examples of the more widely used metrics are regart table 1.1.



Table 1.1. Examples of green chemistry metrics

Metric Formula

Environmental factor _ total waste [kg]

(B) ~ product [Kg]
Atom economy

m.w. product

=— x 100
(AE) AE > m.w. reagents
Reaction mass efficiency i mass of product [kg]
(RME) "~ 3 mass reagents [kg]

Carbon efficiency carbon mass in product [kg] % 100

(CE) CE = 3 carbon masses in reagents [Kg]
Effective mass yield e mass of products [kg]
(EMY) ~ mass of non-benign reagents [kg]
Mass index sl= > reagents + catalysts + solvents [kg]
S l) - product [kg]
Cost index

(cn Cl = €/ kg of product

The environmental factor (E) measures the greenokssprocess considering the amount of
waste that is generated for each kg of desiredyatodhe main limit of this metric is the
difficulty of define a boundary for what must bensidered as wast8 The atom economy (AE),
as already written above, measures the degreeafgaration of reactants in the desired product
but does not consider the yield or the nature oftest The reaction mass efficiency (RME) and
the carbon efficiency (CE) join together the coriag#fpatom economy and yield, considering the
mass or the carbon content respectively, but thllwastes are not considefédhe effective
mass Yyield (EMY), defined as the percentage oflass of desired product relative to the mass
of all non-benign materials used in the synthdsig metric that considers the toxicity of the
substances used in a chemical route: here the linginis the definition and quantification of
whatever is non-benigif. The mass index (8 is a metric that defines the overall mass flovain
chemical process, by taking into account the degfé@scorporation of all the substances used in
a process into the final desired prodtidEinally, the cost index (Cl) is a parameter thetssf a
synthetic procedure is economically viable once cats (upstream and downstream) are
considered. It should be stressed here that ideésgn/evaluation of a process, the consideration
of only one of these metrics does not give a cotaglgormation about the greenness of the
procedure. Let's consider for example AE: this goad parameter for a preliminary evaluation

of the greenness of a synthetic transformation, ibig not suitable as a standalone green
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chemistry metric, since it does not consider treddyand the wastes of a process. Other metrics
often give a more realistic assessment of a reactw instance, RME examines the process in
terms of yield and molar quantities involved. Thassiindex, $ considers the overall mass flow
of the chemical process.

The perfect green synthesis process should resfidtie twelve green chemistry principles
and pass the test of green chemistry metrics, ligtis a hard goal. So the solutions/tools
proposed by chemists for green chemistry have bm@re by once, influenced by the
principles/aspects selected as the most relevamin Ehe chemical synthetic point of view, if we
think that a generic reaction can be representethdgentencea’starting material set to react
with a reagent in presence of a catalyst and aesdlyit is quite clear that the green chemistry
tools can be broken down into the following catéggri) alternative feedstocks/starting
material;ii) alternative reagentsi) alternative catalyst$y) alternative solvents.

For what specifically concerns the green chemigiojs adopted in this PhD thesis work, a
more in depth analysis of alternative solvents sashsupercritical carbon dioxide (scg§0O
catalysts like ionic liquids (ILs), and alternatireagents like dialkyl carbonates is addressed.

1.2 Supercritical CO,: a Green Solvent for Organic Synthesis

An important area in green chemistry deals withdlsign of environmentally benign media
to replace the common organic solvents used in @ mprocesses. As already mentioned in
paragraphl.1.3.\ the use of organic solvents poses a number ofernos: many of these
substances in fact are inherently dangerous duleeio flammability, carcinogenicity, toxicity,
and/or volatility, etc. The overall relevance astlssue can be better understood if one considers
the quantities of solvents manipulated by the cleamndustry. As shown in figure 1.3, in recent

years the worldwide consumption of organic solverais be estimated around 20 million tons

3
per year:
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Figure 1.3. The worldwide consumption of organic solvents IL2@i07 (left). The distribution of the

major classes of organic solvents used in the U&ehin 2002 (right)
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Another remarkable example is reported in figudevithich shows the trend of European market
of light chlorinated hydrocarbons, such as dichioethane and perchloroethene. These
compounds have been long identified as highly taampounds, suspected to be human
carcinogens. Although a general tendency to rethieeise of such products can be appreciated,

the consumption in 2007 still reached the consldleramount of around 180 thousand tons per
year (figure 1.4}
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Figure 1.4. The European consumption of light chlorinated bgdrbons from 1993 to 2007

These impressive numbers show the size of the gmubthe development and selection of
appropriate alternative solvents is becoming one tlné crucial aspects to decrease
environmental, health and safety impacts of indaighrocesses.

In this context, chemists have looked at severakmgralternatives during the past two
decades. Among them the use of dense, @® solvent in new eco-friendly synthetic
methodologies design is very attractive. A4©not only an intrinsically eco-compatible andat
flammable compound, but it is also very abundanwildlife reserve of our planet and it is a by-
product in many industrial processes (synthesistd$, EtOH, H)* as well. Moreover, CQis
relatively inexpensive and, as a general rule, it can be quickly and derely separated from
the reaction mixture through easy depressurizafiéws a solvent, C@is mostly employed in its
supercritical state (scGPD that its rather low energy intensive as crititeimperature and
pressure are 31 °C and 74 bar respectively (figusg'®

As a supercritical fluid (SCF), scG®@an be considered a dense-phase gas, which iiglein
can solvate a mixture of gases, liquids, and sohts a single homogeneous phase occupying
the whole volume of a reaction vessel. Increadiegpressure increases the density of the scCO

reaching a liquid-like density, but a distinct diagid boundary layer is not observ&tdTo
12



appreciatehe potential of scC, as a solvent in synthetic chemistry, the tuneatidlftits solveni
properties must be considet
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Figure 1.5. Phase diagram of GO

ScCQ has asolvent capabilit roughly comparable to apolar organic compound
cyclohexane, CGland fluorocarbes. In this contextthe main aspect is its density, that clos
its critical point can bereatly manipulated by small pressure at@nperature variatis. In
figure 1.6 is reported thbehavio of the density of C@as function of reduced pressure,
different reduced temperatur'® At the reduced temperature=T1.1 (T,= T/T,), the increase of

the reduced pressure, PP/R) from 1 to 3, increases the density of D [B0%.
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Moreover, the density of GQcontinuously increases by increasing the pressume,decreases
when the temperature increases, showing a normatiHike behavior as reported in figure 1.7.
The possibility to modulate the density affects dmesolution power of the GOThis property,
although not clearly defined, can be experimentabpressed by the Hildebrand approach.

According to this approach, for liquid solventse tHildebrand parametéris defined as’

with V = molar volume of the solvent, and E = vapation energy (E&H\-RT, with AHy =
vaporization enthalpy).

The d parameter allows to predict that the solvent caipalof a liquid increases at a high
cohesive energy (of which the vaporization energy & direct measure) and at a low molecular
volume. A practical example is the case of solvdotspolymers: although having similar
polarity, methanol and acetone are usually betddrests for polymers thamnpropanol and
methyl isobutyl ketone, as they have higher mokcublumes?®

In the case of SCFs, it has been experimentallgrobd that the Hildebrand parameters
directly proportional to the density of the supiical fluids.*® This aspect is clearly shown in
figure 1.7 for scC@ the increase of the pressure of the supercritical increases the density
and thed parameter as well; if the reduced densitydd= d/d. ; d. = 0.466 g/mL) is higher than

1, scCQ is comparable to apolar organic media like cyckaime, CCJ] and n-pentane. This
feature of dense CQs utilized both in application processes like dilganing, natural product
extraction like caffeine and hops, microchip clef high value products purification (drugs,
vitamins), and in organic synthesis to carry outuanber of reactions such as hydrogenations
and hydroformylations (even enantioselective ofie)jels-Alder cycloadditions, oxidations
and photochemical reactiof$In all of these applications, the main aspechés possibility to
tune the solvent capability of the supercriticabgd (by T and P variations) according to the
solubility of the products to be extracted, andhe reactants/products or of the catalysts to be
used.

Another aspect that makes scCén attractive solvent for synthesis is relatedtéomass
transfer parameters. As reported in table 1.2, sc@a in general all supercritical fluids, show
physic-chemical properties of particular intereédthough SCFs have liquid-like density, their
mass transfer parameters are well in between bgaimdl gases: their diffusivity (D) is about two
orders of magnitude higher and their viscositylisewt one order of magnitude lower than those

of conventional liquid$® This means that mass transport phenomena areyhigtbured in
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SCFs with respect to liquid media: not only thdudifon rate of a solute is higher in SCFs, but
also the mass transfer of reactants and produetsemnanced in porous frameworks as for
example, those of meso and micro-porous materialslywused as supports for heterogeneous

catalysts.

Table 1.2. Average values of some properties for gases,dgand SCFs

Properties GAS SCF LIQUIDS
Density @) [g/mL] 10° 0.3 1
Viscosity ) [Pa s] 10 10" 10°

Diffusivity (D) [cm? s7] 0.1 10° 5x10°

In other words, the kinetics of solid catalyzedctems can be often greatly improved by the use
of supercritical fluids. In particular, scG@as been widely investigated as a solvent foecsfit
heterogeneously catalyzed reactions such as dliyat esterifications, hydrogenations and
oxidations?>** For these reactions both higher rates and seléesihave been described with
respect to traditional liquid solvents, due to émlmanced mass transfer and the higher solubility
of reactants (in particular, gases likeahd Q) in scCQ.
Noteworthy are the studies by the group of Martidkoff's at the University of Nottingham,
on Friedel-Crafts alkylation reactiof$synthesis of chetal or ethérsand hydrogenation and
hydroformylation reaction®, carried out under continuous flow conditions, gsstCQ as a
solvent/carrier. Besides the enhanced mass trai&éakoff introduced the idea that the kinetic
and selectivity improvements observed using sc€ddld be due also to the moderate polarity
of the solvent (C¢), which promoted and favored the interactions leetwthe polar reactants
and the catalysts.
Other works reported on the hydroformylation afolefins catalyzed by heterogeneous Rh
catalyst under batch conditions, and claimed tHagh reaction selectivity was achieved due to
the combined use of scG@nd MCM-type mesoporous suppdits.

Finally, examples on the use of sc£&Imultaneously acting as solvent and a reactantpe
found in green procedures for the synthesis okgliaarbonates, most of all dimethyl carbonate,
by the reaction of ethylene or propylene oxideshwitethanol in presence of solid bases as

catalysts (scheme 1.19.
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O 0 OH

@) co scCO, )J\ MeOH )J\ )\/OH

MeO OMe + R

Scheme 1.1. Green synthesis of dimethyl carbonate

When describing scCproperties, another significant aspect that shbeldnentioned is the
solute-solvent clustering phenomenon, which is mtaeh by the high compressibility of
scCQ.?° This phenomenon arises from a non-uniform spatiatribution of the solvent
molecules surrounding the solute that, close tathigal point, induces a notable increase of the
density around the solute molecules with respetheédulk of the sc-phase (LDE: local density
enhancement). This is another effect that can laveanfluence on the kinetic profile and

selectivity of chemical reactiorf8.
1.3 lonicLiquids: Green Designer Solvents and Catalysts

lonic liquids (ILs) represent today one of the mfascinating area of research to develop
alternative eco-friendly synthetic methodologies.

Although synthesis and applications of ionic licgiitve shown an exponential growth only
in the last 15 year¥, ILs have been known for a long time: the first @bation of these
compounds is historically dated 1914, when Pauld&falreported the physical properties of
ethylammonium nitrate ([EINJ{NO4]).*

As their name suggests, ILs are materials compesgrtkly of cations and anions which, by
definition, melt below or around 100 *€In the past, ionic liquids were considered to & r
but now a large number of these compounds are kramdrare commercially available as either
organic salts or mixtures consisting of at least organic component.

Figure 1.8 reports the most common ionic liquids use. N,N-dialkylimidazolium, N-
alkylpyridinium, alkylammonium and alkylphosphoniuare the most conventional organic
cations, and ionic liquids displaying consisterdifferent physical properties can be obtained by
the combination of these cations with a numberifbém@nt organic and inorganic anions.
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MOST COMMONLY USED CATIONS

|\

@ [tl/ R1\ﬁ/R4 R1\I;<R4
_N\IN- ' R, 'R R, R
RiTYNIR, R 2 3 2 3
N,N-dialkyl- N-alkyl- Tetraalkyl- Tetraalkyl-
imidazolium pyridinium ammonium phosphonium

R1234= CH3; CH3(CHy),, (n=1, 3, 5, 7, 9); aryl; etc.

SOME POSSIBLE ANIONS

water-immiscibile water-miscible
[PFel [BF4I [CH3CO,I
[NTfo] [OTf, I [CF3CO, I, [NO3J
[BR4I [N(CN),I Br, CI, I

Figure 1.8. Some commonly used ionic liquiis

The preparation of ionic liquids takes place byedse methodologies which can be grouped in
five basic categories (scheme 1.2): alkylation of N-alkylimidazoles and pirydinesii)
guaternarization of amines and phosphing$;inorganic methatesis of halide salts with, for
instance, silver salts of the desired aniar); acid-base neutralization reactiong; direct

combination of a halide salt with a metal halide.

R
|
2\, -R N\ R'X R< . .R N -
D NN o [ NON or@[x]
i) R3N or RsP RX [R3IJ<IR'”X_] or [RJDR'HX_]
R'X =an alkyl halide (R = CH3 CH,CH3; X =1, Br, Cl)
Lo RS AR R'<, 2\, -R )
i) |TONGONT| ]+ agers ——= |7 NN |[BFe] + Agx
X=1,Cl

iV) NRz + HX —— R3NH" X
X= PFG’ NO3

V) AICl; + Q*CrI AlCl, Q*

Scheme 1.2. Preparation of ionic liquids
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The intriguing physical-chemical properties of lhscounts for their large interests in green
chemistry. First of all, ILs have a negligible vap@ressure at near ambient conditions: many of
them show no signs of distillation below the tenapere of their thermal decomposition, and for
a long time, it was almost universally believedt tioaic liquids could not evaporate at HIThis
feature allows to minimize the risks of atmosphe@ntamination and it remarkably reduces
health and environmental concerns. Accordingly, hasve been named “green solvents” and
they can efficiently replace conventional volatdeganic media in developing new synthetic
methodologies.

Secondly, ILs display properties such as the diggwl power, polarity and hydro/lipo-philicity,
which are rather peculiar and different to thoseaiventional organic liquids. These features
depend on the nature of the cation and the aniah dcbmpose the ionic liquid. In a first
approximation, cations are responsible for the @aysproperties, whereas anions control
chemical properties and reactivityFor this reason, ILs have been named “designeesti”,

as either the cation or the anion can be changedder to tune their properties as solvents for
chemical reactions. It is possible, at least img@ple, to design ionic liquids able to optimize th
relative solubilities of reactants and products tieaction kinetics, the liquid range of the
solvent, and even the intrinsic catalytic behaviofirthe media and the air-stability of the
systenr’

A lot of studies have been conducted to determarestations between the chemical structures
of both cations and anions and the properties sf it order to predict those properties already
at the stage of ionic liquid design. Even if geheu@antitative methods are still not available,
some general trends have been observed. The mptiing of ionic liquids is affected by both
the asymmetry and the size of catidhas well as by the occurrence of hydrogen bondsesst
cations and anion.Also, the ability of ions to act as hydrogen-batwhors and/or acceptors
influences the polarity of ionic liquids (see wataiscibility scale in figure 1.8), while the
increase of the chain length of alkyl substituesrisboth cations and anions leads to a greater
lipophilicity of these materials.

For these reason, ILs can be good solvents forde wange of both inorganic and organic
compounds: unusual combinations of reagents/catalys be brought into the same phase by
using ILs, or thanks to the immiscibility of ILs tipolar or nonpolar solvents, innovative two-
phase or multiphase systems can be originatedctiitdte either the recovery of final reaction
products or of the catalyst.

lonic liquids have been investigated as solventafoumber of synthetic purposes. For example,

ILs have been examined as substitutes for watdi@ts-Alder reactioné® or substitutes for
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organic solvents in alkylation reactions of indeled B-naphtol?* for the immobilization of
homogeneous catalysts in biphasic reaction systéonshydrogenation reactions (even
asymmetricf> for hydroformylation reaction¥*** Heck reaction? olefin dimerizations
(butadien€’? propen€'® butend’ and ether®) and polymerization processés.

Today, ILs find also industrial applications in @t lof processes, like cellulose dissolution,
aluminum plating, hydrosilylation and so on, whitdve been recently reviewed by Seddon and
Plechkova® Among others, the BASIY process setup by BASF for the production of
alkoxyphenylphospynes as photoinitiator precursisrprobably the most successful example of

an industrial process using an ionic liquid basszhinology°

pure liquid product
JOR
N >
R
Cl ROH
R

R K\N_ ionic liquid

N=/

—
cl- @ l/\N—
recycle N/
H

NaOH

Scheme 1.3. The BASIL™ process

lonic liquids are not only good solvents, but tloey be used as effective acid-base catalysts
as well. A relevant example is the case of chlanm@hate ionic liquids. Figure 1.9 shows the

phase behaviour of a model binary system [emim]ICIFA

Liquid

\ Ti°C <«—BASIC |ACIDIC—
%_) : 100 F ,é
<Nj [CI ] —X(AICh) é [Al,Clg] + CIT— [ALLCI]
50
< = 2[AICI ] == [AlL,CI;] + CI
[emim] 5 )

2[ALCly] === [AlsCly]" + [AICI,]

50

Solid

-100 I L 1 1 I L
0 01 02 03 04 05 06 07

X (AICL)

Figure 1.9. The experimental phase diagram for the [emim]GTAbystem
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Depending on the mole fraction of AKJXaicly)], different anionic species such as, Al ,Cl;]
and [ALClyo]” are present in the mixture (figure 1.9, right)isTfeature allows to manipulate the
acid/base character of the ionic liquid by alteritegycomposition: since Cls a Lewis base
while [Al,Cl;]” and [AkClyg]” are both Lewis acids, the binary ILs displays g&igici;)>0.5],
basic [K(aici)<0.5], or neutral Xaici)=0.5]* properties? Thanks to this adjustable behaviour
and to the good solubility for simples arenes, ddtuminate ILs have been used
simultaneously as solvents and catalysts for ephilic aromatic substitutions reactiotis,

particularly for Friedel-Crafts acylation and aliibn reactions of aromatic compourids.
1.4 Organic Carbonates. Alternative Green Reactants

As mentioned in an earlier paragrapgh1(3 the substitution of hazardous reagents with
innocuous compounds in synthetic chemistry is cered a major target for the modern
chemical industry® Nonetheless, a number of conventional reagentstaremployed for the
production of chemicals. These compounds are yspalits of well-established and relatively
old methodologies that have been designed onlkitignabout the process yield and selectivity,
without any other consideration of the environmeatad the health impact of such products.
Remarkable examples inherent to the content oftbik, are the cases of two classes of organic
reactions such as alkylation and carboxylation treas. Both transformations are of a broad
scope and widely used in organic synthesis. Acogrdb conventional methodologies reported
in literature®® alkylation reactions are usually carried out usatig/ halides (RX, X = 1, Br, Cl;

R = Me, Et, Bu, Allyl, ...) or dialkyl sulfates (R&D;R) as alkylating agents, while carboxylation
reactions are commonly performed using phosgeneC(§&F° or phosgene-derivatives such as

di- and tri-phosgen®, and alkyl chloroformates (CIGR),*®

as carboxylating agents. scheme
1.4, a few general examples of these reactiong @aohols and phenols as model substrates are

reported?®®°

PhOH + R,SO, + NaOH PhOR + NaRSO, + H,0 1)

PhOH + R'X + NaOH

PhOR' + NaX + H,0 @)

2 R"OH + COCI, + 2 NaOH

R'OCOOR" + 2 NaCl + 2H,0 (3)

R =R" = Alkyl
R' = Me, Et, Bu, allyl, etc.
X=1, Br, Cl

Scheme 1.4. Conventional alkylation (eq. 1-2) and carboxylat{eq. 3) reactions
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These reactions usually allow to obtain very goeeldg of alkylated/carboxylated products,
though for several reasons, they exemplify thetlaedis of green methodg:the alkylating and
carboxylating reactants are highly toxic and cau®sompoundsii) the reactions require the
use of stoichiometric amounts of bases, therebglyming stoichiometric amounts of salts as by-
products which need to be disposediiof;most of these processes are exothermic reactmals,
an accurate control of the reaction parameterseeded;iv) the use of organic solvents is
generally required for both homogeneity and heatrob reasons. Eco-friendly alternatives to

these hazardous reactants and procedures can isedieith the use of organic carbonates.

ALKYL CARBONATES

0]
Linear dialkylcarbonates: R1\O)J\O/R2 lR1 =R, = Me, Et, Pr, Allyl, Bn, ...

Cyclic alkylene carbonates: o O le = H, Me, CH,OH, ...
R3

Figure 1.10. Examples of commonly used organic carbonates

Currently, a number of reasons justify the use ialkgl carbonates (DAICs) for clean
syntheses. A first remarkable green aspect contkeensiethod of industrial synthesis of DAICs.
Consider for example, the model case of dimethgd@aate (scheme 1.5).

Although DMC s still produced from phosgene (e)y>%this method is highly undesirable: not
only it uses the extremely toxic phosgene, butsib aequires a stoichiometric amount of a base
generating a stoichiometric amount of a polluteld abe disposed of. Alternative industrial
synthesis may operate with different green strakeghmong themi) The oxycarbonylation of
methanol catalyzed by copper salts (eq. b), reptesthe first ever reported green and
industrially viable alternative for the productimf DMC.?° This process was patented by
Enichem in the early 80’s and until a few years, agoltalian plant in Ravenna produced up to
12000 t/y. Key advantages of this synthesis arenitjle safety improvement with respect to the
phosgenation of MeOH, the high selectivity (andre¢fi@re, purity of the final product), and the
sole formation of water as a by-produck.The carbonylation of methyl nitrite over a Pdadgst
(eq. c), developed by UBE Industries in 1993, $®a recognized eco-friendly methtd.
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COCl, +MeOH .
\ / + o,

NaOH / N
a. &>

hi§
NaCl
oo
o ] > :
_CH N
2 MeOH + 1/2 O, K¢ O &

H
2 CuCl ﬁj HOCH,CH,OH
CH5ONO
2 Cu(OMe)Cl

PdCl, ©

Pd(COOCH-,)(NO)CI
CHBOﬂ ( 5)(NO)Cl,

PdCl,(OCH3)(NO)

3C.

CO
Scheme 1.5. Industrial synthesis of DMC

In this case, methyl nitrite, which is one of thebstrates for the formation of DMC, acts
simultaneously as an efficient oxidant of the metalatalyst. This expedient guarantees the
catalytic cycle and further enhances the procefgtyssince the direct introduction of,@as in

the Enichem route), is no longer necessary. UBIBtplaperate on a 3000 t/y capaciiy) A
second industrial approach is the two-stage prooésasertion of CQ into ethylene oxide,
folowed by a transesterification reaction with MéQleq. d)®? This is the most recent
breakthrough in the production of DMC, and it regamets by far, the greener and more promising
solution stemming from cheap and safe carbon deoxithe two reactions (path d) are presently
carried out in separate units through establisiedegglures; though, many efforts are underway
to set up a one-pot catalytic method. Once prepaambrding to method§-iii), DMC is
classified only as a flammable liquid with non wproperties (table 1.3§.

Therefore, DMC can be handled without special preoas required for phosgene or methyl
halides and dialkyl sulfates as well. It is clemwhthese alternative synthesis of DMC are
genuine examples which actually allow to avoid tise of harmful chemicals and to prevent

pollution at the source.
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Table 1.3. Toxicological and ecotoxicological profile of DMC

property DMC

oral acute toxicity (rats) LE 13.8 g/Kg
acute toxicity per contact (cavy) LDso>2.5 g/Kg
acute toxicity per inhalation (rats) 56140 mg/L; (4 h)
mutagenic properties none

irritating properties (rabbits, eyes, skin) none
biodegradability (OECD 301 C) > 90% (28 days)
acute toxicity (fish) (OECD 203) NOEQ@000 mg/L

acute toxicity on aerobial bacteria of
wastewaters (OECD 209)
#NOEC = Concentration which does not produce afecef

ECso> 1000 mg/L

Other light DAICs, for example diethyl carbonateED), can be obtained by base-catalyzed

transesterification of the non toxic DMC with etba(scheme 1.6).

0 0
base
2 EtOH + Me\o)J\O/'V'e — Et\o)J\o/Et + 2 MeOH

Scheme 1.6. Transesterification of DMC with ethanol to give OE

Alike to DMC, DEC possesses an interesting toxigmlal profile, being classified as an irritant,
but non toxic compound.
The case of alkylene carbonates also deserves soms&leration. Compounds such as ethylene
and propylene carbonate (EC and PC, respectivedpresent perhaps, the best green
replacements for ethylene and propylene oxides dagoycout high yield and selective
hydroxyalkylation reaction of several nucleophfiésithough the catalytic insertion of G®n
alkylene oxides still represents the most importante for the preparation of both EC and PC
(eq. d, scheme 1.5), nonetheless the latter offarnaber of practical benefits over their parent
oxides. Among themi) EC and PC are classified as irritant but nonggioductsji) EC is a
low-melting solid (35°C), while PC is a liquid, and both products are frmhmable; therefore,
they can be used as stoichiometric reagents withddéd solventsii) when EC or PC serve as
hydroxyalkylating agents, CQs the only by-product. Thus, alkylene carbonat&s be safely
used even for large scale preparations, as docechdyt the extensive literature reported over
the years$?®

In addition to the methods of synthesis and theeiicblogical profiles, the versatile reactivity
of DAICs represents another remarkable green fedir the development of new and safer
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synthetic protocols. It should be noted thatreactions with organic carbonates are always
catalytic processes, producing no wastes excepialimshols whichcan be recycled to the
synthesis of DAICs, and GQwvhich does not involve disposal probleni3;very often, light
organic carbonates can be used not only as reactauit also as reaction solvents. Scheme 1.7
helps to detail these aspects by examining thdiogacf a generic nucleophilic substrate (NuH)
with DAICs.

At first, the base (B) catalyst promotes the foiorabf a nucleophilic anion (Nu(eqg. a). Due to
the double electrophilic reactivity of DAICs, twaffdrent reaction pathways may follow): a
nucleophilic attack of Nuto the carbonylic group of the organic carbongeducing the
carboxyalkylated product and the corresponding hedtade anion RO(path 1, B.2 type
mechanism, eq. b). Under such conditions DAICs behas a replacement for the toxic
phosgene in carboxylation reactiofi$.A nucleophilic attack of Nuto the alkyl carbon of the
carbonate with the formation of the alkylated prctdand of the alkyl carbonate anion ROLCO
(path 2, B2 type mechanism, eq. ¢). The latter anion is laeratinstable specie which easily
undergoes decomposition to R@nd CQ. Under such conditions, DAICs behave as safe
replacements for alkyl halides or dialkyl sulphabesalkylation reactions. In both cases, the
protonated moiety BHcan be neutralised by the reaction with an alcateohnion, producing
the corresponding alcohol ROH as by-product, arstorgg the catalytic base B (eq. d).
Additional solvents are not usually required fothbalkylation and carboxyalkylation processes.

NuH +B =———= BH'+Nu ()

NuCO,R + RO™  (b)

Nu \_/>:O
B I2
a NUR + ROC02 ©
RO + c:oz—1
BH*+RO° =———— B+ ROH (d)

Scheme 1.7. Double reactivity of dialkyl carbonates as alkiylgt(b) and carboxyalkylating (c) agents

Although a clear cut-off between these two pathwayst always possible, reaction conditions,
more specifically the temperature and the naturéhef catalyst, often allow to discriminate

between the carboxyalkylation and the alkylatioact®mns. For the specific interest of this PhD
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thesis, a brief overview on this subject is nowsidared. As an example, the model case of
dimethyl carbonate is detailed.

The effect of the temperature. the past fifteen years, the reactivity and tke of dialkyl
carbonates, with emphasis on dimethyl carbonate OGf&Me), have been extensively
investigated by our research grdipwhen an alkaline carbonate {80;, M = Na, K) is used
as a catalyst, it is generally observed that bedowvat the reflux temperature of DMC @ 90
°C), a methoxycarbonylation reaction takes plaogoat exclusively. A R.2 (bimolecular, base-
catalyzed, acyl cleavage, nucleophilic substitytimechanism operates: the nucleophile attacks
the carbonyl carbon of DMC, giving the transestesition product. At higher temperatures
instead (usually at ® 120 °C), DMC acts primarily as a methylating agdmbugh a B2
(bimolecular, base-catalyzed, alkyl cleavage, mmdic substitution) mechanism: the
nucleophile attacks the methyl group of DMC, givittee methylation produéf. Solvation
phenomena can be accounted for this behaviouressriled in literature for the hydrolisis of
methyl esters in gas pha¥ehe reduced (or absent) solvation of nucleophitekes the attack
to the less hindered (even though less electraphalkyl carbon preferred with respect to the
carbonyl carbon of DMC. At high temperature, thgZBnechanism becomes the major reaction
pathway. Accordingly, highly selective alkylatioeactions of several nucleophiles can be
carried out using DMC as the methylating ag@tigher homologues of DMC, such as diethyl
carbonate (DEC) and dibenzyl carbonate (DBnC) disph analogue reactivity (scheme 1.8).

PhOH 3
PhOR
0 Cat PhSH
a
R. R + +
o o 150200 T PhSR > + ROH + CO,
ArCH,X
2~ ACH(R)X
J

R = Me, Et, PhCH,
X = CN, CO,R
Cat = M,CO5 (M= Na*, K*)

Scheme 1.8. Selective alkylation reactions with dialkyl carlades

In the presence of alkaline carbonates as catalgst$60-200 °C the reaction of GHctive
compounds (e.g. arylacetonitriles, arylacetoestetdphones bearingr-CH, groups, etc.),
phenols and thiols with dialkyl carbonates gives ¢brresponding alkyl derivatives with a very
high selectivity (up to 99% at complete conversiith)However, under basic catalysis, there are

relevant examples in which the temperature canmmdutate the double reactivity of dialkyl
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carbonates. In the case of alcohols for instangen eperating at high temperature (180 °C), the
reaction proceeds with the predominant formationthaf carboxyalkylated products (scheme

1.9)%8
O O

K,CO
ch\o)J\o/CHg + ROH —2-2%. R\OJ\O/CHs + CH5OH
180 T

R = Et, n-Pr, n-Bu
Scheme 1.9. Alkali carbonate catalysed trasesterificationlobhols with DMC

The same holds true with primary aromatic aminesselreaction with DMC in the presence of
K,COs provides a mixture of mond-methyl amines and methyl carbamates (scheme £10).

These side products (carbamates) form even attérgperature (180 °C).

)

N

NH, NHMe HN™ "OMe

K,CO
(o2 ()

Scheme 1.10. Reaction of aniline with DMC catalysed by®0;

In such cases however, selective alkylation i$ gtissible on conditions that different catalysts
are used.

The effect of the catalysDperating at 200 °C, the reaction of alcohols vaitth DMC and
DEC produces the corresponding ethers in very goelds (97-100%) using basic alumina or

hydrotalcite as the catalysts (scheme 1731).

O
Cat
R\O)]\O/R + ROH —m— R-O-R' + ROH + CO,
200 C
R = Me, Et

R' = CH3(CH,),, n =4, 7; PhCH,
Cat = Al,O3, Hydrotalcite

Scheme 1.11. Synthesis of ethers via tlaealkylation of alcohols with dimethyl- and diethgarbonate

Other efficient catalysts are a class of zeolitesnely alkali metal exchanged faujasites. The
best example to describe the performance of sustiersig is the methylation of primary aromatic

amines and aminophenols.
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Alkali metal exchanged X or Y faujasites (MY or MKl = Li, Na, K) allow to carry out a very
selectiveN-methylation reactions of anilines even when deatgéd by both steric or electronic

effects (scheme 1.13.

NH, NHMe

X Cat N
I// + DMC I// + CO, + MeOH
W W

Cat =X or Y Faujasites
W= H, R, OR, halogen

Scheme 1.12. Reaction of anilines with DMC catalysed by fauiesi

As a further added value, the reaction producedusixely monoN-methyl derivatives
(ArNHMe), avoiding the concurrent formation of ismethyl products (ArNMg.

In this context, another relevant case is that mabident nucleophiles, more specifically of
amines bearing other functional groups which caprinciple, react with DMC. Aminophenols

exemplify the situation (scheme 1.1%)%¢®

K,COs NH, OH %, GC
OH p-MeOCgH4NH, 22
K;CO;  p-MeOCgH,NHMe 23

_N_ O PDb(AcO) CH p-MeOCgH,NMe, 18
HC™ N 2 ~ " p-MeOCH,NHCOMe 6
>:O 2 p-MeOCgH,N(Me)CO,Me 8
4 H CH
CHs NaY HOON’ s
H
Yield = 99%
Yield = 91%
Scheme 1.13

In the presence of kO3 as a catalyst, whep-aminophenol reacts with DMC, a plethora of
products are observed. They originate from sewaalpetitive reactions: the methylation at the
oxygen, the mono and bis-methylation at the nitnpdee carboxymethylation at the nitrogen,
and so on. These products reflects known aspedteatactivity of DMC under basic catalysis.
By contrast, the use of commercial NaY zeolites aatalyst allows not only a selective mono-
methylation, but also a very highly chemoselecteaction: the exclusive methylation at the
atom is observed and, in particular, only the mbhmethyl derivative is isolated in
substantially quantitative yield (99 %) while, tkidH group does not react at all. A similar
situations holds true faz-aminophenol: in the presence of basic or even fawidic catalysts
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such as KCO; and lead acetate respectively, a cyclic produnely aN-methylbenzoxazole, is
isolated® This product is originated from simultaneoudl-methylation and O-
carboxymethylation reactions occurring at tkle and O-atoms of the reagent. Instead, in the
presence of NaY, DMC angtaminophenol react to give only the moNemethylated products
in a 91% vyield. For botl- and p-aminophenols, the use of faujasite catalysts alltovfully
preserve OH functions from any possible concomit@amnethylation or transesterification
reaction.

This result is even more general since Na-exchaf@adsites catalyze the reaction of DMC
with several ambident nucleophiles such as amimpfenalcohols, aminobenzamides and
aminobenzoic acids, towards the formation of theresponding mon®-methyl derivatives
with a selectivity up to 99 % (scheme 1.8)In all cases, a complete chemoselectivity toward
the amino group is achieved, the other functiomsli{OH, hydroxyl; CGH, carboxylic group;
and CONH, amide group) being fully preserved from possibdékylation and/or

transesterification reactions.

NH, H
HO™ % N\ N-Me
— HO™ 7% \
90 °C _
CHjy
O>=o NaY
0 |
' J\ N 0 N-Me
CHs HO™ ¥/ J\
— HO™ % \
130-150 °C _
0 NH, H
HZNJY \ j\ N-Me
— CHoNT N
90 °C —
Scheme 1.14

Since alkali metal exchanged X and Y faujasitesena@en widely used as catalysts during
this PhD thesis, a brief overview of their propestiand morphological characteristics is now

given.
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Metal exchanged X and Y faujasitdsetal exchanged X- and Y-faujasites are a type of

natural zeolites, which can be also synthetizedannindustrial scale by hydrothermal
processed® These solids are crystalline aluminosilicates vehgsneral formula is:

Mx/n[(AIOZ)x(SiOZ)y] ° mHZO

wheren is the valence of the cation M1, M= Nd, Li*; n=2, M= C&", Mg*"). The
difference between X and Y faujasites consistshan $i/Al ratio of the crystal structure:
this ratio is between 1.5 and 3 for the Y type, leviiti varies between 1 and 1.5 for the X
type”® Accordingly, model faujasites such as NaX and NaMyve the following

compositions:

X: Nagg[(AlO2)gs(SiO2)106] * 264 H,O

Y: Nasg[(AlO2)56(SiO2)136] + 250 HyO

This feature, as we will see later on this pardgyagflects different acid-base properties of
the two types of solids. Faujasites posses a redutimensional structure where the

framework of the aluminosilicate is built up stagifrom a primary unit of 24 tetrahedrons
of silica and alumina bound together, in which faursix member rings alternate each
other. This primary (base) unit, in the shape tfuacated octahedron, is called sodalite
unit or B-cage (figure 1.11, a). The assemblyPetages allows the formation of some of
the more common zeolites, like the sodalite (figlr®l, b), the zeolite A (figure 1.11, c)

and the faujasite (figure 1.11, 6).

(a)

Figure1.11. 3-cage (a) and some crystal aluminosilicates: tialge (b), the

zeolite A (c¢) and the faujasite (d)

As shown in figure 1.11 (d), the faujasite is fod®y the assembly of tif2cages through
the hexagonal faces in which oxygen atoms are tidgibhg atoms. Faujasites posses
relatively large internal cavities namesiipercavities(11.8 A in diameter) that are
accessible through channels whose diameter is 7.@alions (more often alkali metal
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cations) neutralize the negative charge generatéalijasites by the presence of a trivalent
aluminum [AI(ll)] in a tetrahedral coordination.h& nature of the cations modifies not
only the size of the windows which provide accesshe internal cavities, but also the
acid-base properties of the solid. In this contalali metal exchanged X and Y faujasites
are often described as amphoteric soffdexygen atoms of the aluminosilicate (those
atoms distributed on th&upercavitysurface) act as Lewis basic sites, while metaboat
act as weak Lewis acid sites. A general trend efabid-base features of faujasites has
been described by using IR-techniquésas far as the effect of the metal cation is
considered, the basicity of faujasites follows tnder Li' < Na' < K" < Rb" < CS. This
behavior reflects the decrease of electronegativitthe metal (from Li to CS) which
enhances the availability of negative charge orgeryatoms of the aluminosilicai€) if

the cation does not change, an increase of thel &tk decreases the basicity of the
faujasite, as Si is more electronegative than AlsTs the reason why Y type faujasites
(Si/Al = 1.5 = 3) show a lower basicity than X typ8i/Al = 1 + 1.5)’* Thanks to the
availability of different morphologies and acid-bgzoperties, the modes of adsorption of
a number of inorganic/organic substrates can bedtuwwver faujasites. This versatility
along with a excellent thermal and chemical stahilimake zeolites powerful
adsorbents/catalysts for several applications/mse® including the selective adsorption
of water/organic molecules from both gaseous amaidi mixtures.” ion exchangé® the
use as catalysts for remarkable industrial transétions such as alkylations,
isomerization, and cracking reactioisin the present work, alkali metal exchanged
faujasites have been used to catalyse alkylatiactimns mediated by both linear and
cyclic organic carbonates.

To close this paragraph, the use of dialkyl carbesmaot only as green reactants, but also as
green solvents, should be briefly mentioned. Theeafsa number of DAICs, including dimethyl
carbonate, diethyl carbonate, ethylene carbonatgyfene carbonate, butylene carbonate and
glycerol carbonate, as solvents for organic reastiand for technical, electrochemical, and
extractive applications has been recently revietweddrner et al” The general conclusion of
these Authors is that DAICs posses solvency proggerthat should always be taken into

consideration to replace conventional media in migaynthesis.
1.5 Aim and Summary of the Work

This work has been carried out at the Dipartimetit8&cienze Ambienti dell'Universita Ca’

Foscari, Venezia, in th&reen Organic Synthesis Groy®OSyG). The group has a long-
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standing interest in the green chemistry area.driiqular, among the research activities of
GOSyC, an important field includes the setup ofaoig syntheses with low environmental
impact reagents and solvents, mostly,Gd safe chemicals such as dialkyl carbonates, and
green catalysts including solid heterogeneous systézeolites) and homogeneous systems
(ionic liquids). Among dialkyl carbonates, the atien is mainly focused on the lightest term of
the series, dimethyl carbonate, and more recealdp on a higher alicyclic compound such as
glycerol carbonate which is becoming an attradbioenass derived building block.

Such interests and the consolidated expertise efgioup in these research activities have
inspired the project for this PhD work, whose gahaim has been the development of new eco-
friendly methodologies for the formation of C-C,NCand C-O bonds. Both the experimental
conditions and the reactions here investigated @en chosen according to the principles of
green chemistry. In particular catalytic processils high atom economy and carbon efficiency
have been considered with the objective to imprtdwe existing methodologies for these
reactions by improving the mass index and the dvenaironmental factor (E). To this purpose,
the preferred green tools have been those desdnlibe previous paragraphs, including the use
of eco-solvents, catalysts and reagents such asi@tx liquids and dialkyl carbonates.

The work has been articulated in three main sestidedicated to C-C, C-N and C-O bond
forming reactions, respectively, and thoroughly ciié®d in chapters 2, 3 and 4. A brief

summary follows.
1.5.1 Green Solvents and Catalysts for C-C Bonahitiog Reactions

Two high atom economy reactions such as the sdiiimesis ofa-olefins and the Michael
addition were considered.

In the first case -the metathesisoeblefins- the attention was focused on the reactmaent,
in particular on the use of dense £10 replace conventional organic solvents for fngcess
(hydrocarbons and light chlorinated). The comborabf dense C®and supported Re oxide as
heterogeneous catalytic system was investigatethéself-metathesis of a modelolefin such

as 1-octene (scheme 1.15).

n
2M$W+/

Cat = supported Re,0O4
n=>5

Scheme 1.15. Self-metathesis df-octene
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The work was developed in two stages [(a) and (b)jthe first one (a), different Re-oxides
supported catalysts were prepared in collaboratitim the group of Prof. T. Maschmeyer at the
Laboratory for Advanced Catalysis and Sustainahiliniversity of Sidney. These systems were
explored as catalysts for the self-metathesis ofténe carried out under batch conditions in the
presence of supercritical G@s solvent.

In the second one (b), the most effective catadgdected from the first stage, was used to
compare supercritical GOand a conventional organic liquich-flexane) as solvent for the
metathesis reaction under continuous flow cond#tioBontinuous flow reactions have been
carried out at the Laboratory of the Clean Techgwpl&roup, University of Nottingham, in
collaboration with Prof. P. Licence. In both thegd#s (a and b), the setup of the batch and
continuous flow systems for the metathesis andftenization of the reaction parameters were
examined.

For the second investigated C-C bond forming reactihe Michael addition, the attention
was focused on the use of catalytic systems belgnigi the class of ionic liquids. A new green
synthesis of task specific phosphonium based idigjaids (PILs) was followedvia the
methylation of trialkylphosphines with dimethyl banate. Thus, a set of methoxycarbonylated
phosphonium salts gR" "OCO,CH3] were prepared (scheme 1.16, eq. a). These podare
set to react with both water and protic acids todpce ionic liquids possessing different acid
base properties (scheme 1.16, eq. b and c).

o)
O ®
MeOH S) _Me
PR3 + Me\O)J\O/Me MePR3 OJ\O €Y
hiy i
® o Me © o
MePR; O O + H,0 MePR; O~ “OH + MeOH (b)
hiy i
® o Me @ ©
MePR; O~ O™'° + H-A MePR; A + Ho)]\o"vIe ©

CO, + MeOH

i-Bu, n-Bu, n-Hex, n-Oct
TosO, Br, |

R
A

Scheme 1.16. Synthesis of task specific ILs: the quaternaraadf trialkyl phosphines (a) is followed

by the reaction with water (b) or the metathetioarexchange (c)
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Once prepared, PILs exchanged by methoxycarboryb&arbonate anions have been used as
base catalysts to condense different Michael aocemif the class adi,-unsaturated ketones,

with -CH,- active compounds such as nitroalkanes[&ddketones (scheme 1.17).

(\R
NO,
o o

0]

o) o)
or
o)
@ HH PILs NO, NO,
or |
o) o)

R.)J\/U\R. 'e) 'e)

R=H, Et R R
R' = Ph, OMe
0~ "R 0" R

PILs = phosphonium based ionic liquids

Scheme 1.17. Michael reactions catalysed by PILs

In this study, basic ionic liquids as catalystsénéeen compared to conventional organic base
catalysts [for example, diazabicycloundecene (DBUW)methylaminopyridine (DMAP),
diazobicyclooctane (DABCO) and phosphazene bagé-BR]. Experiments have been
performed under solvent free conditions.

1.5.2 Organic Carbonates as Green Reactants for BasNd Forming Reactions

Both linear and cyclic organic carbonates have heeely used in this work. In particular,
three different reactions (a, b and c) of DAICshwanilines, have been explored for the
formation of C-N bonds.

a) The first process has been the selective modmRyalkylation of anilines with
glycerolcarbonate catalysed by alkali metal excledng- and X- faujasites, for the synthesis of

N-(2,3-dihydroxy)propyl anilines (scheme 1.18).

OH
NH
) o HN/\E
Cat
+ o)J\o > OF 4 co,
\_Q/ 140-170 T
OH
R R

Cat = Y- or X- faujasites
R=H, OCHz CI

Scheme 1.18. Selective synthesis df-(2,3-dihydroxy)propyl anilines
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The influence of reaction conditions (T, solvenglan ratios, etc.), of the nature and loading of
the catalyst and the catalyst recycling as wellghaeen described. Also a mechanistic study and
a plausible mechanistic hypothesis have been reghort

b) The second process has been the selectivid-tiisthylation of anilines carried by dimethyl
carbonate prepardd situ via the transesterification of alkylene carbonatth methanol. The
overall process has been described as a sequeatipling of a transesterification with an
alkylation reactions both catalysed by alkali me¢axichanged faujasites. Thanks to these
features, this sequence has been named as "greenaiqscheme 1.19).

The optimization of the transesterification stdpe telative reactivity of DMC and EC with
anilines, and the influence of other reaction cbads (T, solvent, etc.) have been examined.
Also, the use of other alcohols (EtOH;PrOH and glycerol) and other cyclic carbonates
(propylene- and glycerol- carbonate) have beensiiyated.

o]
Cat 0
0" O + 2ROH R'\O)J\O,R' + HOCH,CH(R)OH
I
R \ +
' ArNH, ArNH,
I
\\J//
Cat
E
oo ~ ANNR', + CO, + ROH
R=H, CH3
R'=CHs

Cat = faujasites
Ar = Ph, p-MeCgH, p-MeOCgH, p-CICgH,4 p-NO,CgH,

Scheme 1.19. "Green domino" project for the bid-alkylation of anilines

c) The third process has been the alkylation ofnary aromatic amines with alkylene
carbonates, such as ethylene- and propylene- catgmfor the selective synthesis of Nig2-

hydroxy)alkyl anilines (scheme 1.20). Efficient algsts for this reaction have been
phosphonium based ionic liquids (PILs), preparezbating to the procedure earlier mentioned

in scheme 1.16.
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O

ANH, + 2 O\)—J\E ﬁ HOWA'}‘:\R(OH +2CO,

R A
R
PILs = phosphonium based ionic liquids

Ar = pXCgH,-; X = OCH3 CHg H, Cl
R=H, CH,

Scheme 1.20. Selective synthesis of bid{2-hydroxy)alkyl anilines
The general scope of the procedure has been esdltlabugh the isolation of reaction products.
1.5.3 Organic Carbonates as Green Reactants for Be@d Forming Reactions

Two classes of reactions have been explored fofotimeation of C-O bonds.
The first process has been a detailed investigaticdhe decarboxylation reaction of dialkyl
carbonates catalyzed by different heterogeneougrmgslike KCO;, alkali metal exchanged

faujasites and hydrotalcite (scheme 1.21).

O

Cat
R\O)J\O/R R_O_R + COZ

Cat = K,CO3 X or Y faujasites, hydrotalcite
R = Me, Et, n-Pr, Octyl

Scheme 1.21. Organic carbonate decarboxylation for the synghekethers

Accordingly, the selective formation of dialkyl etis has been observed for light DAICs
(DMC and DEC); while, for higher homologues (dipybpand dioctyl- carbonate), the
decarboxylation reaction always occurs along witle-process producing alcohols and olefins.
The effect of reaction conditions, mostly the terapgre, and the nature and the loading of
catalysts, have been investigated.

In analogy to the above mentioned alkylation of rasi with glycerolcarbonate previously
illustrated (scheme 1.18), the second investigapgdcess has been the reaction of
glycerolcarbonate with phenol, in the presenceagfdsites as catalysts, for the synthesi®-of

(2,3-dihydroxy)propyl phenol (scheme 1.22).
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180-240 €

OH o o/\[OH

@ )J\ Cat © OH | co,

—on
Cat = Y- or X- faujasites

Scheme 1.22. Selective synthesis @-(2,3-dihydroxy)propyl phenol

A study on the effect of the reaction parameterst,(imolar ratios) and the catalyst loading has

been considered.
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CHAPTER 2

Green Solvents and Catalysts for C-C

Bond Forming Reactions
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- Metathesis Reaction -

2.1 The Metathesis otx-Olefins over Supported Re-Catalysts in Supercritial CO,
2.1.1 Introduction

The olefin metathesis reaction is a powerful, eigaelean, and atom economical means of
constructing complex carbon frameworkés such it has undergone tremendous development
since its discovery in the 1950s;ulminated in the Nobel Prize in Chemistry awarded
Chauvin, Grubbs, and Schrock in 2005. In that docathe metathesis of alkenes has been
described as an archetype green chemistry redctiamhean syntheses with reduced emissions of
hazardous wastes to the environntetiie Academy stated “...[Metathesis] represents atgre
step forward for green chemistry, reducing potdgtidnazardous waste through smarter
production. Metathesis is an example of how impurtzasic science has been applied for the
benefit of man, society and the environméhthe attention/interest to the metathesis readtion
not limited to academia, but it extends to chemigdlstry as well. In fact, the applications of
the reaction span from petrochemistry, to polynemngistry, to fine chemistry. In the matter of
metathesis reaction applications, a few signifiea@mples are here recalled briefly.

The historic Phillips triolefin process for the drwtion of ethene and 2-butene from propene
using a WQ/SIO, catalyst (scheme 2.1}hat was shut down in 1972 after six years of afien
due to increased demand for propene, and lateilizedtin the reverse direction to produce

propene.
2 X _WO4/Si0, X 4 A
Scheme 2.1Phillips triolefin process

Another industrial example by Phillips Petroleum. @the production of 3,3-dimethyl-1-
butene (neohexene: an intermediate for musk) frdrene and a mixture of 2,4,4-trimethyl-2-

pentene and 2,4,4-trimethyl-1-pentene (the lastésdmerisedh-situ with MgO, scheme 2.2).

7<_< N/ wogsio, >£ +)J\

MgO T neohexene

Scheme 2.2The Neohexene process
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A large-scale industrial metathesis process isStinell Higher Olefin Process (SHOP) for the
production of G-Cy4 olefins, en route to detergerit&thene is first oligomerized to a mixture
of C4-C4 alkenes, these are then fractionally distilledsate the &Cg fraction comprised
almost entirely of terminal alkenes. These are thether fractionated to obtain individuat
olefins. The lighter (<¢) and heavier (>) alkenes are subsequently isomerised to the
corresponding mixture of internal olefins. The dhstage involves metathesis of the olefins
mixture that produces a statistical distributionliokar internal alkenes. Distillation yields the
desired fraction of G-Cy4 olefins (10-15% vyield per-pass, on a scale of @ver million tons per
yearf which are then converted into detergent alcoli@shydroformylation. The remaining

<Cjp and >Gsfractions are recycled (scheme 2.3).

: C11-Cug
(Oc(:':[egrl‘; >Cys (10-15%)
light and heavy light and heavy
CH,=CH, — a-olefins a-olefins —= internal-olefins ——-| internal-olefins
&S (C4- Cao) 6\‘00 (<Cg and >Cyg) ‘4?\0 (<Cg and >Cy3) &
Q}\e _ \%\\\\ @Q}\ \,z:"
© © & N <Cyo

Scheme 2.3Shell's Higher Olefin Process

For what concerns polymer chemistry, industrialcesses such as the Norsorex process, of
CD-F Chemi€, and the Hiils-Vestenantérprocess are examples for the production of
elastomerwia ring-opening-metathesis-polymerization (ROMP) ofbornene and cyclooctene

respectively (scheme 2.4).

Norsorex process

cat.

Huls-Vestenamer process

O cat.
n W
n

Scheme 2.4Norsorex and Huls-Vestenamer processes

The huge versatility of olefin metathesis alongwitie increasing demand for safer and more
efficient synthetic procedures has spurred a gteat of research towards the synthesis of new

catalysts able to operate under milder conditidasimprove the reaction selectivity, and to
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extend the synthetic scope of the metathetic psoagegeneral. In the field of homogeneous
catalysts, excellent examples were developed bybi@ret al.>'%**based on Ru- and Mo-

carbene complexes capable of tolerating a variepotar and protic groups for the ring-closing
metathesis (RCM) of functionalized dienes to pradwaluable cyclic intermediates for fine

chemistry (scheme 2.5).

OH O j)]\
X NHO
W OH O O
[ A
cl Tcys v "
/1, Ph
Ru—"" CH,Cl, ~ |
s RIT
Cl O Ry
PCy3 R3
R
R» = Xy 3
Grubbs' catalyst - R—/— |
N R
O 2

Rl = Br, CI, OMe, NOZ,
E5N, Alkyl

Scheme 2.5Grubb's catalyst and fine chemistry applicatiofRGM

As far as heterogeneous catalysis is concernedesiearch over the past 20 years has focused
mainly on Re supported on refractory materials sashalumina and — to a lesser extent —
silica'? Metals such as Mo and Ru have also been suppdreedimmobilized* on solid
supports and used for the metathesis reaction,ase bimetallic Mo-W one¥. However,
effective heterogeneous catalysts for the metatledsnlefins are usually transition metal oxides
such as R€; and MoQ supported on inorganic matrices such as,SiD,03, ZrO, and TiQ.
While many of the earlier publications relate tcs-génase processes, where the olefins were
passed through a catalyst bed, applications ofh#terogeneous reaction system have been
widened to the liquid-phase metathesis, involviggitl olefins such as among others: penténe,
a,w-olefins® unsaturated nitrile¥, octané>*® and oleochemicalS. In this context one of the
limitations of using solid catalyst for the liquphase metathesis reaction is mass transfer.
Further improvements not only of the synthetic pttd and scope, but also of eco-compatibility
of the reaction lie in the use of alternative saified greener solvents able to replace conventional
media, typically hydrocarbons (hexane and tolueme) light chlorinated compounds

(dichloromethane and carbon tetrachlorigg):®+":°
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This is a largely unexplored area: only a few régatents and papers report on the application
of dense C® or ionic liquids as solvents for RCM and ROMP m@sses?* In all cases
however, either a Grubbs complex (scheme 2.5)amisition metal salts [Rug;IRu(HO)s(tos),
and WCHPhSn] are reported as catalysts.

Compressed COas a solvent is perfectly suited for metathesipliegtions, especially if
combined with the use of heterogeneous catalystst Bf all its solvating power towards
alkenes is high® Secondly, dense carbon dioxide is very efficienpanetrating meso- and
micro-porous supports used for solid catalystsakbdo its low viscosityr{) and high diffusivity
(D) (0.01-0.03 mPa s and ~0.07 x®0¢ s*, respectivelyf* Liquid and supercritical CQOas a
solvent/carrier can therefore improve the masssfesn(and the reaction rate) for a variety of
different processes catalysed by solid mateffal¥et, to the best of our knowledge, the
combined use of heterogeneous catalysts ang €0@ent has not been investigated for the
metathesis of olefins.

These observations, in conjunction with the intemdsthis thesis work for green syntheses
using CQ and its derivative&® have inspired the present work. Different Re-osidapported
catalysts were prepared. These systems were espdgreatalysts for the model self-metathesis
reaction of 1-octene carried out under batch andimeous flow conditions with supercritical
CO, (scCQ) as solvent/carrier. The use of supercritical ,Of2as compared to that of
conventional organic liquidn(hexane) as reaction solvent. Catalysts have beepaped in
collaboration with the group of Prof. T. Maschmegérthe Laboratory for Advanced Catalysis
and Sustainability, University of Sydney, while tanous flow reactions have been investigated
at the Lab. of the Clean Technology Group, Unitgrsf Nottingham, under the supervision of
Prof. P. Licence.

The setup of the batch and continuous flow systEmghe metathesis and the optimization
of the reaction parameters have been examinedcl&oty the results of this investigation are
presented in two separate parts (paragraphs 2ntl224.4, respectively), the first related to

batch conditions, while the second one devotedidicuous flow conditions.
2.1.2 Batch Conditions: Results

Foreword Under batch conditions, the investigation of thefin metathesis catalysed by a
conventional heterogeneous system (Beon y-Al,03) in scCQ was reported by us in a
previous worké’ This investigation included not only the companisd scCQ with other liquid
solvents K-heptane and toluene), but also the effect of #talgsts amount and its recycling,

and of the C@pressure. The salient featuresvj of this study are briefly summarized here:
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i) Heterogeneous catalysts, prepared by impregnatidRe on commercial alumina supports,
were shown to be active for the metathesis of &rectwhen combined with the use of
compressed CfOas a solvent. In particular, the use of sg@Glowed higher conversion (on
overage, over 30%) compared to conventional ligoigdents. That represented an improvement
towards greening the overall process. The propedi¢he supercritical medium such as the gas-
like diffusivity and viscosity and the liquid-likéensity of scCQ as well as the elimination of
interphases, offered a significant improvementhaf iass transfer which plausibly accounted
for the observed behavior.

i) The outcome of the self-metathesis was sendititee concentration of the olefin: the more
diluted the substrate, the lower the conversionwéier, when the pressure of €@as
increased in the range of 80-150 bar, therebyidduthe reactant olefin, the expected drop of
conversion was not observed. This apparent inctamgg was explained by considering that like
many other reported reactioff®the enhancement of the presstire. the density) could have a
beneficial influence. However, this seemed to benterbalanced by the pressure effect on the
metathesis equilibrium where the release of stordetric amounts of ethylene could prove
disadvantageous for the process.

iii) As far as the amount of the catalyst, in the gmes of a relatively low metal loading (7%),
convenient olefin.Re molar ratio was in the rande20-25. Under these conditions, in
supercritical CQ (90 bar, 35°C, d = 0.66 g/mL), the substrate conversion reached an
equilibrium value of ~ 70% after the first 120 milso the catalytic system could be recycled —
at least for three subsequent runs — with no lbsstovity or selectivity.

iv) In the combined system Re&/y-Al,Oz and scCQ, differenta-olefins including 1-octene, 1-
heptene, and 1-hexene underwent the self-metattmséds the corresponding 7-tetradecene,
6-dodecene, and 5-decene with very similar redgtiin all cases, after 2 hours at 35 °C,
conversions and selecitivities were in the rangése70% and 93-97%, respectively.

Based on these results, different aspects of thathesis in scCOwere examined in this PhD
thesis. In particular, under batch conditions, aemn-depth analysis of the nature of the catalyst

was undertaken.

I. Catalysts.Heterogeneous catalysts for the metathesis ofnsledire basically oxides of
transitions metals such as ®e and MoQ supported on several inorganic matrixes ¢SiO
Al,Os3, ZrO, and TiQ)'. Among them, the most investigated and efficigistam is RgD; on y-
Al,Oz3: literature data indicate that the metal contesutally ranges from 5 to 1883,
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In this work, a set of six catalytic systems werepared by supporting R8; on different
refractory materials including alumina and silidgur samples supported on alumina were
labelled as Re-A Re-A, Re-A; and Re-A. A sample supported on an alumino-silicate was
labelled as Re-AS and a last sample supported on silica was labeléeRe-§ All but one of
these materials were prepared by wet impregndtioising commercial ammonium perrhenate
(NH4ReQ) as the precursor of the active phis@ne catalyst (Res$was instead prepared by a
sol-gel technique using the same metal precursét;ReQ;) which was introduced into the
template solution prior to addition of the silicausce (tetraethoxysilane). This allowed to
incorporate directly the metal into the silica matr
Each sample was calcined in dry air at 550 °C fbr dnd immediately before use, activated in
dry N, at the same temperature. The final metal contgniMeight) was determined by optical
ICP, and it ranged from 5.5 to 11.8% for the aluemsamples, while the sol-gel Re-Sikad a
value of 2.8 wt.%. The catalysts on,8k (Re-A;, Re-A, Re-A; and Re-A), the Si:Al-TUD-1
(Re-AS), and the sol-gel Re-SpRe-S) were characterised by TEM after the calcinati@ps
Major features of the catalysts are listed in téble

Table 2.1.Supported R€; catalysts

% Re Support Particle size
(wt) 2 type S [m¥g]° Source Cat. Label (nm)*

1 6.8 v-AlLO; 257 Puralox-Condea  RerA <1

2 7.0 v-Al,03 200 Alfa-Aesar Re-A <1

3 6.4 v-Al,03 257 Puralox-Condea RezA <1

4 11.8 Meso-porous ADs 362 Ref. 30a Re-A <1

5 7.7 Si:Al-TUD-T 298 Ref. 30b Re-AS <1

6 2.7 :2';2 696 This work Re-§ <1

2The metal content was determined by optical [CRurface area of the support. (Typically, thef@ metathesis
catalysts is> 200 nf/g; Ref. 1)° Determined by TEM? Si:Al = 1:3.35.

Il. Self-metathesis of 1-octene in supercritical O@ith different catalytic system3he
metathesis of 1-octene was performed in densgaC&rding to a procedure previously reported
by us®’ Heterogeneous catalysts available for this stuelewhose of table 2.1.
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Figure 2.1 shows a schematic diagram of the apganmased for such reactions. A Schlenk
system was assembled to perform multiple operatiomder an inert (By atmosphere. In
particular:i) the high-temperature activation of the catalgsi iglass flask? ii) the charge of the
catalyst and of the reactant olefin in a stainks®! reactor (a 30-mL autoclavai) the reaction
step in the autoclave, at GPressures 90 bars (further details are reported in the arpantal

section).

Vacuum, N

CO,
cylinder
70 bar

> P (bar)
Autoclave

Syringe Pump)|

Catalyst

CQ,up to aly=
286 t?ar Activation

N (550 °C)

> 3-ways valve
\_/Calibrated
Loop
%%%—/ .
Np—> — Vacuum
Olefin inlet

Figure 2.1. Schematic diagram of the apparatus used to catrghe metathesis of 1-octene in densg CO

In a typical experiment, the catalyst was activaae850 °C as described above. Then, under a
N, atmosphere, it was conveyed into a 30-mL stairdess autoclave thermostated at 35 °C. By
a high pressure syringe pump, a mixtureCgf(5 mmol) in scCQ@was delivered to the reactor
until a final pressure of 90 bars was reached. iBusvtests showed that under these conditions
(35 °C, 90 bar), 1-octene was completely soluhiliie the supercritical phasé Experiments
were run for 2 h, sufficient to reach the equilioni composition of metathesis products, as
indicated by the fact that conversion did not iasee further for longer reaction times. After
venting the autoclave, the reaction mixture wasyaed by GC/MS.

Regardless of the catalyst used, the formationhefexpected product of self-metathesis (7-
tetradeceneC14) was accompanied by different co-products whichewdentified as isomers of
1-octene (2-, 3-, and 4-octene) and linear oleig€,3 (scheme 2.6). This behaviour was in line
with that already reported for the metathesisuadlefins carried out in liquid pha$&®*3*In
particular, the isomerisation reaction of the stgrialkene could occur either due to the acidic

sites of the supporf®® or by an addition-elimination sequence mediatedabyetal-hydride
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species as observed elsewhere forRdigher internal olefins (&C,3) derived from the cross-

metathesis of the reageB$ and of its isomers

/\]-/\t/\/
-octene
1-octene self-metathesis 7-tetradecene
Cs Cia
\ |
NN SIS
~ 1-octene C
NN noneirne( 9)
2-octene cross-metathesis PN
‘ i tridecene (C13)
/\]./\t/\/ NN N
-octene
N, N decene (C10)
3-octene cross-metathesis +
NN NN
\ i dodecene (C12)
NN
NN L-octene NGRS
4-octene cross-metathesis undecene (C11)

Scheme 2.6Self- and cross-metathesis reactions were cathlygsupported R®;. The isomerization

(i) of 1-octene was promoted by the supppl,0s) or by metal hydride specie
Results are reported in table 2.2.

Table 2.2.The self-metathesis of 1-octene in se@@h different RgO; supported catalysfs

4 Cat Support Conv Products (%, GC) Selectivity
at.
(Sn, m*g?) (%,GC) " iso° Cross* Ci14° (%) '

1 Re-A 7-Al,04 74 1 2 71 96
(257)

2 Re-A y-Al.0; 37 1 2 34 92
(200)

3 Re-A 7-Al,04 71 1 2 68 96
(257)

4 Re-A,  Meso-porous AlO; 33 2 3 28 84
(362)

5 Re-AS Si:Al-TUD-1¢ <1 <1
(298)

6 Re-S Re-SiQ <1 <1
(696)

 All reactions were carried out for 2 h, at 35 ¥#Sjng 1-octene (5 mmol) and the catalyst (0.5enghé molar
ratio olefin:Re = 23.7° The reaction conversion (% by GC) was referreltanetathesis (olefins §C;4) and
isomerization compounds (scheme 2%)Yotal amount (% by GC) of isomerization by-produ¢®-, 3- and 4-
octene)® Total amount (% by GC) of products of the crosgatiesis reaction (olefinse@;5). ¢ Total amount (%
by GC) of 7-tetradecene: theandcis ratio was 3.8-4.0" Selectivity towards the product of self-metathep.,
(Area %, GC)/conversion (%)] x 100.
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Alumina emerged as the optimal support for the Rideactive phase. In particular, catalysts
Re-A; and Re-A prepared fromy-Al,03 (Puralox alumina, S= 257 nf/g), proved to be the best
ones, yielding conversions of 74 and 71%, respelstiafter 2 h (entries 1 and 3).

The reaction conversion was lower (33-37%) on B¢hA, (ony-Al,O3; Alfa-Aesar, & = 200
m?/g) and Re-A (mesoporous AD,, Sa = 362 nf/g) (entries 2 and 4).

Remarkably, catalysts Re-A8nd Re- S supported on alumina-silica and on silica, respebtj
were not active at all (entries 5 and 6).

2.1.3 Batch Conditions: Discussion and Conclusions

Under the examined conditions, the nature of supp@rAl,Os;, mesoporous alumina,
mesoporous silica-alumina, and Re-incorporatedagilplays a critical role in the efficiency of
catalytic systems used in this work. It is gengratjreed that a monomeric tetrahedral structure
of ReQ, species, is stabilized over the alumina surfadoe:nbetal centre forms three equivalent
Re=0 moieties and a Re-O-Al bond with an acidic @blup on the support (blue line, scheme
2.7)%0%7

O—p|—
Al o\A

0]

Scheme 2.7Pictorial view of possible Rhenium oxide interaatwith the alumina surface

Although the nature of these interactions are sttl fully understood, it is plausible that the
higher the surface area)Sf the solid alumina, the better the dispersibthe active phase and
the corresponding catalytic performarficBhis reason may account for the results of enfrigs
of table 2.2. In the presence of scCd3 a solvent, the Re:Aample supported onyaAl,03 of
257 nflg, allows a higher conversion with respect toReeA, catalyst prepared onyaAl ,03 of
200 nf/g. However, definite conclusions on metal dispersind particle size cannot be drawn.
The TEM analysis of Re-fand Re-Ashows the-phase in the shape of grains of 5-6 nm, while
the Re-oxide particles are not clearly distinguidbatheir size being less than 1 nm. Oikaata
al. have reported a similar restiit.

As far as the mesoporous alumina support is cordertine higher activity reported in the

literature for mesoporous AD; was obtained with high-surface area supports (6§6).%° In
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our case the mesoporous Reeatalyst (3=362 nf/g, entry 4, table 2.1) was not as active, and
is comparable to that of Re;Acompare entries 2 and 4, table 2.2), probablytdube surface
area being not sufficiently large.

The surface area, but mainly effects of the aciditgupports, should be considered to discuss
the behavior of other catalysts in table 2.2. Tle®©Rsupported on Si:Al-TUD-1 (Re-A¥and
inserted directly into the sol-gel matrix of theatgst (Re-$) show no activity (entries 5-6). The
Si:Al-TUD-1 has a relatively low surface area (288g), while Re-$ has a very large surface
area, though the amount of Re in the silica masitow (2.8 wt.%) due to the method of
incorporation: the active phase is therefore likegs available on the surface. However, effects
of the solid acidity appear even more importanthis case as silica supports possess a lower
surface acidity with respect to alumiffaThis difference has been claimed to explain the
generally poorer activity of silica-supported Reeexin the metathesis of olefifs*®3An
example is the metathesis of 1-butene which isrtegdo take place at temperatures not below
750C, in the presence of a &&/SiO, (6%) catalyst?’

To conclude, in the presence of s¢gC&3 a solvent, different catalysts based on Reeoai@
active for the self-metathesis of 1-octene. Thoagly alumina, preferably in thephase, is a
convenient support. The use of other solid matesakh as alumina-silica or silica as such, Kill
the metal activity. This fact seems mainly attréhlé to the lower Brgnsted and Lewis acidity of

the supports compared to alumina.
2.1.4 Continuous Flow Conditions: Results

The experimental test on the continuous flow reastihas been carried out in a period of four
months, at the Lab. of the Clean Technology Graimyersity of Nottingham. This short period
did not permit an in-depth investigation, and sampects have not been deepened/clarified as
hoped. For this reason, results presented in tluigk,walthough promising, remained at a
preliminary stage and it was not possible to caithe investigation further back in Venezia,

due to the lack of the appropriate apparatus ty @at reactions under such conditions.

I. System set ugContinuous flow (CF) reactions have been carriedabuhe Laboratory of
the Clean Technology Group of Prof. M. Poliakoffnitkrsity of Nottingham, under the
supervision of Prof. P. Licence. Figure 2.2 shovsl@ematic diagram of the automated sgCO

continuous flow apparatus used for the experiments.

53



116" Pipe —————— Data Connection l:l Digital Pressure Gauge Thermocouple Thermocouple + Heater

Figure 2.2.Piping diagram of the automated apparatus foregaEtions using scGO

Some key features of the system are briefly sunmedri) Two reciprocating pumps (P1 and
P2) are dedicated to the delivery of £&hd the organic substrate to the reactor R. Bothps
can be programmed to control separately the flol@sraf the solvent and of the substrate.
Accordingly, a virtually indefinite number of diffent compositions of the substrate/solvent
mixture can be pumped to the reactorThe pressure of the system is checked continydusl
an automated back pressure regulator (BPR). Thefuse expansion system (BPR) to control
the pressure, and of the g@ump to control the flow rate makes the apparatase stable and
reliable with respect to the common approach fartiooous scC@ flow apparatué? iii) A
small volume reactor (R), usually an 1/4" pipeused in order to decrease the time required to
reach a thermal steady state. The reactor is hesdtéde desired temperature by means of
cartridge heaters placed inside an aluminum blogktrolled by a programmable heating
controller.iv) A high pressure sample loop (SL), placed betwberbase of the reactor and the
BPR, allows to inject aliquots of the reaction e from the outflow of the reactor bed directly
into the gas chromatograph (GC). In this wan-line real timé& analyses of the reaction
outcome can be performed at the operating pressufres reactor. This also specifically allows
the collection and analysis of gaseous and volptibeluctsv) The pressure and temperature are
logged at several points throughout the system congouter (PC). So, a continuous monitoring
of these parameters throughout the reaction isaable.

Compared to batch processes, the CF conditiong 88i@Q have a number of synthetic and
environmental advantages. Among others it is ptesdit i) control and tune the reaction

parameters (P,T, flow) to optimize the reactioncoute;iii) recover products and unconverted
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reagents on exit, and remove the gaseous by-podict ethylene in the metathesis), at the
same time avoiding depressurization (and the rmklatgergy costs) and GQecycle;iv) in
general, reduce reactor volume (process-intensidicacompared to batch processes with the
same productivity. In addition, a critical issuebaftch metathesis in scGQhat partly limited
our previous investigation, is the high sensitivfythe supported Re-oxide catalysts to traces of
oxygen or watet. This complicates the experimental setup due tontéed to operate under a
rigorously inert atmosphere and at the same timénk a high temperature (550 °C) activation
of the catalysts with their use at 35 °C under, @@ssure in an autoclave. Lengthy procedures
are therefore required to achieve good reprodutgibiBy contrast, CF conditions allow the
practical advantage of activating and using thalgsts in a single reactor without discontinuity,
under a controlled atmosphere (inert or L@ avoid Re-oxide deactivation. To do so, the
apparatus of figure 2.2 was slightly modified by timtroduction of a secondary line for the
activation gas (B. Also, an additional line for air was implementélhis was used to re-
activate the catalytic bed at the end of the readin order to study the possibility ofimsitu

recycling of the catalyst.

Il. Self-metathesis of 1-octene over@#£)+Al,Os. Based on the results of our previous batch
experiments, the self-metathesis of 1-oct@3gscheme 2.6) was chosen as a model reaction,
while ReO; ony-Al, O3 was selected as a catalyst. In particulak),O3 from Puralox-Condea
(As = 257 g™, see table 2.1), was the support. A new catabaiople (Re-4) was prepared
according to the same procedure described forysasaRe-A and Re-A (table 2.1). The a metal
content was 7%.

Initial experiments were carried out to verify thatability of the designed apparatus (figure
2.2), and to standardize the steps of the procediura first test, a tubular reactor (1/4" pipe:
volume = 1.67 crf) h = 15.2 cm, g = 0.375 cm) was totally filled lwthe Re-A sample (1.50
0). The catalyst was activated at 550 °C (1.5 ldeua N stream. Then, it was cooled to 35 °C,
and fed with a mixture o€Cg in scCQ: CO, was delivered at a pressure of 90 bar with a
volumetric flow rate (Eo,) of 1.0 mL mir, while the olefin was pumped at a volumetric flow
rate (k) of 0.1 mL min' (Further details of the procedure are in the erpamtal section).
Under these conditions, the molar fraction of leaet (¢ in the 1-octene/scCOflow was
2.8x10°.% After 8 min, the conversion of 1-octene was 18.8% GC). The self-metathesis
product 7-tetradeceneC{,) was obtained with a 97% selectivity. Other praduwere cross-
metathesis compounds (linear olefing @3, scheme 2.6), and isomers of 1-octene (iso, 2-, 3-

and 4- octene, scheme 2.6). Ethylene and liglgsenoetathesis alkenes (linear olefins@)
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were also observed. However, as for batch condit{par. 2.1.2), the reaction conversion and
selectivity were calculated by omitting the fornoatiof ethylene and light cross-metathesis
products.

At the end of the reaction (420 min), the catalysis kept in the reactor and reactivated
through a two-step thermal treatmadita calcination at 550 °C, 4 h, in an air streaftofeed by
i) a further heating at 550 °C, 1.5 h, in adtream. Then, the ResAvas re-used to carry out an
additional metathesis reaction according to coon#idescribed above (35 °C, 90 bar.E 1.0
mL min?, Fe, = 0.1 mL min'). After 8 min, both conversion (20%) of 1-octemel aelectivity
(96%) towards 7-tetradecene were very similar &fittst experiment.

These two preliminary tests indicated that contusufiow (CF) conditions were suitable for
the metathesis reaction and apparently, the catabysd be recycled with no loss of efficiency.

[ll. The effect of the reaction temperatute.order to improve the reaction conversion, the
temperature effect was investigated. Two experimg@) and (b)] were run under the
conditions described above (90 batpf= 1.0 mL mir*, Fc, = 0.1 mL min): in the first (a) the
reactor temperature was kept constant at 35 °Aewhthe second test (b) the catalytic bed was
heated, from 35 to 100 °C, with a rate of 0.2 °® hduring the reaction.

In both reactions, the reactor outflow was sampled analyzed by GC every 22 min. Figure 2.3
shows the two reaction profiles, where the amodirit-octene, 7-tetradecene, iso (2-, 3- and 4-

octene) and cross (linear olefing-C,3), along with the reactor temperature, are plottsiime.
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Figure 2.3.Reaction profiles for the self-metathesis of leoet (a) isothermal conditions (35 °C);

(b) heating ramp temperature conditions (35-100 °C)

Similar reaction profiles were obtained: in thestfid5 minutes, the (initial) conversion of 1-

octene was ~20%, and it dropped to less than 5%inwg hours of reaction. Apparently, the
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increase of the temperature had no remarkabletedffethe reaction outcome, except for a slight
increase of the isomerization by-products (~8%otal} over 80 °C [figure 2.3 (b)].

This was a rather unexpected result. To gather nmfoemation on it, the behavior of the
conversion had to be consider at the very beginointpe reaction. Accordingly, a set of five
isothermal experiments was carried out: keepinghallother parameters unaltered (90 bas, F
= 1.0 mL min', Fc, = 0.1 mL mint), the reaction temperature was set to 35, 100, 120 and
150 °C, respectively, and the mixture at the oudfethe reactor was sampled after the first 5-8
minutes of reaction.Figure 2.4 reports the initial conversion and pheduct distribution as a

function of the temperature.
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—A— conversion
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Figure 2.4.The effect of the reaction temperature on théainitutcome of the CF

metathesis of 1-octene

The increase of the temperature from 35 to 100Mifraoved the conversion of 1-octene from 20
to 50%, while the selectivity towards 7-tetradecmmaained good at > 95%. However, a further
enhancement of the temperature to 110-120 °C peatlacsignificant drop of both the initial
conversion and the selectivity. This latter duetbigher formation of isomerization and cross-
metathesis products. Finally, at 150 °C, the isara&on of the starting alkene became the major
(if not exclusive) observed transformation. Undects conditions, an almost quantitative

conversion of 1-octene was obtained, though lems B30 of 7-tetradecene was detected.

" As described in the experimental section, the € analysis was started only when a regular ftdverganic
solution was visually detected by the operatohangample collector (SC). This, and the plausibhbe difference to
reach a steady state of the system in each readtidrio a fluctuation of the time of the first Galysis in the
range of 5-8 min after the start of the organic pyi®2). For this reason, the data presented invtbi& are to be
considered as preliminary results.
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Overall, a positive effect on the self metathe$ig-octene was manifested up to 100 °C; then,
an additional temperature increase highly disfagddihe reaction. This aspect certainly deserved
a more in-depth analysis which, however, was natsipte due to time limitation of the

investigations carried out at the University of tiagham.

IV. The effect of the pressurdt 100 °C, under the same conditions used for tlewipus
experiments (fo, = 1.0 mL min', Fc, = 0.1 mL mint), three reactions were carried out at
different pressures, setting the BPR (figure 2126 90 and 150 bar, respectively. Figure 2.5
reports the composition of the mixtures sampletti@treactor outflow, after the first 5-8 minutes

of reaction.
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Figure 2.5.The effect of the pressure on the initial convansi

In the presence of subcritical G@60 bar, do, = 0.099 g/mL, vapor phadd, the initial
conversion was low (15%), though 7-tetradecene thassole product. The increase of the
pressure up to 90 bar (supercritical conditionsgocd= 0.16 g/mL*®), almost tripled the
conversion (46%) with only slight effects on thdf-seetathesis selectivity (93%). However, a
higher pressure of 150 bar (supercritical condgtjaho, = 0.33 g/mL*®), had a negative effect
on the reaction outcome: the conversion decre&®3@¥%) and the formation of by-products of

cross-metathesis (8%) was favored.

V. The influence of the volumetric flow rate ofcteme.Under the (relative) best conditions
of temperature and pressure identified by the previtests (100 °C and 90 bar, respectively),
possible effects due to variations of the voluneeflow rate of the reactant 1-octenejFwere
investigated.
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Three experiments were run by setting the @& 0.04, 0.1 and 0.5 mL miln respectively.
Under these conditions, the flow rate of O@as kept constant atc& = 1.0 mL min'. This
meant a change of the molar fraction of 1-octenthénl-octene/scCCilow to the reactor: the
Xc, were 1.1, 2.8 and 14.1 x%Ooperating at flow rates of 0.04, 0.1 and 0.5 mlni
respectively. Figure 2.6 reports the compositiothef mixtures sampled at the reactor outflow,

after the first 5-8 minutes of reactions,the molar fraction .
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Figure 2.6.The effect of the volumetric flow rate of 1-octerethe initial conversion/selectivity

In the range of lower flow rate €= 1.1+2.8x10), the conversion was of 50-60%, while it
dropped to 12% at a higher flow ratec{()s 14.1x10°). The self-metathesis selectivity was
always rather constant (87+9298)Overall, the five-fold increase of the volumetiiiow rate of

the starting alkene (from 0.1 to 0.5 mL Mjrproduced a corresponding five-fold decrease @f th

initial conversion (from 60 to 12%).

VI. Reactivation of the catalyshs mentioned before, a general advantage of CFitonsl
with respect to batch ones, is the option of atifigaand using catalysts in a single reactor
without discontinuity, even operating under a colfed atmosphere. In the specific case of
metathesis, CF modes would allow to minimize anyoRiele deactivation caused by accidental
contacts of the catalytic system with air and mwest For this reason, CF conditions would
appear also suitable to recycle the same catddgtiowithout removing it from the reactor. These
considerations were proved true and viable by ¥peements: an effective re-activation method
was set up according to a two-step thermal treatnmewhich the metathesis catalyst was first

heated at a high temperature (550 °C), in an aast (for 4 h), and then, at the same T, iba N
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stream (1.5 h). For example, this procedure allowed same reactor bed of Reg/y-Al,0O3
(ReAs) to be used and recycled for all the experimegponted in figures 2.3-6.

An additional investigation of the catalyst reaation was carried out. A new reactor (same size
of the previous one: volume = 1.67 trh = 15.2 cm, @ = 0.375 cm) was filled with a fres
sample of the Re-Acatalyst (1.50 g). Then, seven subsequent reactir® run. Each
experiment was performed at 100 °C, 90 bar, wific@ = 1.0 mL mift, and a B, = 0.1 mL
min™. Conversions and product distributions were deireethby GC, after the first 15 minutes
of reaction. At the same time, also isolated yi@lfig-tetradecene collected at the BPR out flow,

were evaluated. Results are reported in figure 2.7.
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Figure 2.7.The reactivation of the catalyst

The initial catalytic activity was preserved thrbogt the set of reactions: after the sixth
reactivation of the catalyst, no substantial vasieg of the reaction conversion, selectivity, and

isolated yield of the self-metathesis product Tat¢cene, were appreciable.

VII. Comparison between different solvents: se@® n-hexaneScCQ as a solvent/carrier
for the metathesis reaction under CF conditions w@aspared with a conventional liquid
medium for such a reaction-Hexane was used a model hydrocarbon solvent.s Res the
catalyst. Although the molar concentration was aveoient parameter to compare kinetic
profiles in liquid solvents, this was not suitabde supercritical solvents as pressure effects and
the related significant solvation effects, were aotounted for. The mole fraction of 1-oct&he
{Xc: = [Cg]/([Cg]+[solvent])} appeared like a more appropriate paeger for a coherent
comparison. Therefore, the molar fraction of 1-net€Xc,) in the 1-octene/scCQOmixture (Xc,

= 2.8x10%) was the same of that used in the 1-octehekane solutiof®
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Three experiments, (i, iii) were performed) in the presence of scGQhe reaction was carried
out at 100 °C, 90 bar, with ac& = 1.0 mL min', and a E. = 0.1 mL mif". Under these
conditions, the reactor was fed with a molar flaterof 1-octene (M&) of 0.6 mmol mift; ii)

in the presence af-hexane as a solvent, the reaction was carrieatal®0 °C, 90 bar, and with
a volumetric flow rate of the organic solutiors¢lFof 3.05 mL mift. This allowed a molar flow
rate of 1-octene (M) equal to 0.6 mmol mih the same used with scGdii) in the presence
of n-hexane as a solvent, the reaction was carriedroigr the same conditions of experimient
except for Bo which was reduced by a factor of 6, and set tonfL5min™ (the corresponding
MFc, was 0.1 mmol min). The composition of mixtures sampled at the @aottflow were
determined by GC after the first 5-8 minutes ofctiea. Also, isolated yields of 7-tetradecene
collected at the BPR outflow were evaluated after first 15 minutes of reaction. Results are

reported in table 2.3.

Table 2.3.Comparison between the use of sg@@dn-hexanée

MFc, Conv Products (%, GC)° Sel.  Yield
# Solvent b ;
[mmol min™] (%) ° Iso Cross Ga (%) ¢ (%)
1 CO 0.6 53 7 46 87 57
2 n-hexane 0.6 -
3 n-hexane 0.1 36 8 28 78 27

& All reactions were carried out at 90 bar, 100itCthe presence of ResAs the catalyst. Experiments were run
under the following conditions: entry 1¢ds= 1.0 mL mift and a E. = 0.1 mL min®; entry 2, Ko = 3.05 mL mift;
entry 3, Ko = 0.5 mL mift. ® Molar flow rate of reactant 1-octene to the catalped.® The initial reaction
conversion was determined by GC after the firstraiutes ¢ Products. Iso: total amount of isomers of 1-oct@ne
, 3- and 4-octene); Cross: total amount of prodatisross metathesis of 1-octene (olefinsGzs); Ci4: amount of
the product of self-metathesis 7-tetradecériéhe selectivity was defined towards the producteif-metathesis
Ci4 [C14 (Area %, GC)/conversion (%)] x 100. It was evatuhafter the first 5-8 minuted.Isolated yield of crude

7-tetradecene collected at the BPR out flow afterfirst 15 minutes.

Two important aspects emerged. First, when thetoeaas fed at the same MFof 0.6 mmol
min® (entries 1-2)the conversion was 53% using scC&3 solvent/carrier (entry 1), while the
reaction did not proceed at all in the presence-loéxane (entry 2). Second, only operating at a
lower flow rate (Bol = 0.5 mL min'; MFc, = 0.1 mmol miff), the metathesis took place fin

hexane (entry 3); though, the conversion (36%) lwasr than that achieved in sc&O

VIII. The reaction profile and the deactivationtbé catalystFigures 2.4-2.6 report the initial
outcome of the self-metathesis of 1-octares the trend of conversion and selectivity in thstfir

61



few minutes (from 5 to 8 min) of the reaction, aduaction of the most representative
parameters such as T, P and However, if the process was followed at differtamte intervals,
then the corresponding reaction profile was sintethose reported in figure 2.3 (a) and (b): in
other words, a rapid catalyst deactivation occurred

As an example, figure 2.8 shows the profile obt@ifox an experiment of 4 hours carried out at
100 °C, 90 bar, with ade, = 1.0 mL min* and a €, = 0.1 mL mirt.
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Figure 2.8.The profile of the CF reaction of 1-octene at 130and 90 bar (€, = 1.0 mL

min® and a €, = 0.1 mL mir?)

The Cg conversion rapidly decreased within the first hamiparticular, after 20 min, it was more
than halved (from 48 to 18%), and in 1 hour, itpred dramatically to 1/6 of its initial value.
The catalyst was no longer active after the firebars.

As a first hypothesis, traces ob Or H,O in the stream fed to the reactor seemed a plausib
cause for a such fast deactivation of the catabytitent’® Accordingly, a set of experiments was
run by replacing the Food grade £@urity = 99.97%) used as a carrier/solvent far @F
reactions of figure 2.3-2.8, with a higher £@rade (SFC grade; purity = 99.99%). Moreover,
degassed 1-octene was also used. Results areetpotable 2.4.

The results clearly showed that the use of a @iffe€Q grade (SFC), even in combination with
degassed 1-octene, did not improve significantlg tiie of the catalyst: regardless of
conditions/quality of reactant/solvent, conversiamnd selectivity were similar at comparable
reaction times. The deactivation of the catalyst theerefore other reasons. Some of them, are

given in the discussion section.
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Table 2.4.The use of different CQypes and of degassed 1-octéne

1-octene t Conv Products (%, GC)°¢ Sel.
# CO, grade . b d
treatment (min) (%) Iso Cross Gs (%)

5-8 56 4 52 93
1 Food none

60 12 3 1 9 75

5-8 61 7 54 88
2 SFC none

60 3 1 2 67

5-8 60 7 53 88
3 SFC degassed

60 21 5 2 14 67

& All reactions were carried out at 90 bar, 100itCthe presence of ResAs the catalyst. Experiments were run
under the conditions of figure 2.8¢d= 1.0 mL min* and a & = 0.1 mL mir". ® The reaction conversion was
determined by GC’ Products. Iso: total amount of isomers of 1-oct@ie3- and 4-octene); Cross: total amount of
products of cross metathesis of 1-octene (olefigeCfg); Ci4: amount of the product of self-metathesis 7-

tetradecené The selectivity was defined towards the producself-metathesi€ .4 [C14 (Area %, GC)/conversion

(%)] x 100.

It should be noted that catalyst deactivation waseoved also operating withhexane as a
solvent. As an example, figure 2.9 shows the praidlitained for an experiment of 4 hoursin

hexane, carried out at 100 °C, 90 bar, and witlolammetric flow rate of the organic solution

(Fso) of 0.5 mL min' (condition of entry 3, table 2.3).
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Fig 2.9.The reaction profile using-hexane as solvent

In n-hexane, the overall behavior looked different wigspect to scCO(figure 2.8). The

reaction conversion (and therefore the catalytitvitg) remained rather steady at its initial value
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((B0%) for the first 90 min of reaction (~30% by GCThen, in the subsequent 60 min (a total of
150 min of reaction) the conversion rapidly decegla® zero. The catalyst deactivated alsp-in
hexane as a solvent, though apparently, its life l@ager than in scCOIt should be noted
however, that conditions of figure 2.9 were not panable to figure 2.8: in the presence of
scCQ a much higher molar flow rate of 1-octene @)Rvas used (0.6 mmol nifnvs 0.1 mmol
min™), implying a higher reactant loading per time uower the catalyst. Therefore, a faster

deactivation in scC@seemed a logical consequence.
2.1.5 Continuous Flow Conditions: Discussion

Our results on the self-metathesis of 1-octene undetinuous flow (CF) conditions show
both analogies and differences with the same m@actinder batch conditions. Although
preliminary, some salient aspects are here coresider
i) As for the batch process, scgfroves to be a suitable solvent (carrier) forriection when
Re-oxide supported og-Al,O3; is used as a catalyst. In particular, at 100 9Guré 2.5
demonstrates that the @Phase transition from vapor (60 bar) to its supkcal state (90 bar),
remarkably improves the reaction outcome. Howelbgrcontrast to batch conditions, the CF
process is sensitive also to higher {Bessures (and densities): a further increase #0no
150 bar provokes a reduction on the conversioh®ftarting alkene (figure 2.5). Although this
behavior has presently no clear reasons, at le@staspects should be considered. For one, the
occurrence of local density enhancements (LDEsgrelty the density and the composition of
the local environment around the solute molecutesn@odified with respect to the bulk of the
supercritical solver®®® may offer an explanation for the improvement obsenas the
supercritical conditions are reach€&h the other hand, the release of ethylene and tgjie
gaseous olefins as co/by-products of self- andsenostathesis equilibria could be disfavored by
a high pressure of GODynamic conditions of the CF operating mode megoant for the
sensitivity to the C@pressure which is not observed under the batchemod
ii) As for the batch process, the CF metathesis@Os@roceeds with a higher conversion, yield
and productivity compared to a conventional ligs@vent such as-hexane (table 2.3). The
gas-like diffusivity and the liquid-like density dhe supercritical medium that have been
described in previous chapters (chapt. 1, pardr€}he most plausible reasons for this behavior.
iii) At 35 °C, the highest possible conversion isiy®3% under CF conditions. A value by far
lower than that achieved (65-70%) under the batcden Once again, the different reaction

environment of dynamigs static conditions likely accounts for such a resul
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The temperature has a dramatic effect on the owanfithe CF process (figure 2.4). At 100 °C,
the conversion of 1-octene increases up to 60% witelf-metathesis selectivity abP0%.
Though, a further enhancement to 150 °C, complatepresses the desired reaction in favor of
the isomerization of the starting alkene. This varavell matches literature data reporting that
at a high temperature (usually over 100 °C), metathcatalysts, particularly Re//y-Al,Os,
become efficient for the C-C double bond isomeiasathanks to the Brgnsted acid sites. the
hydroxyl group on the catalytic surface) of the mop**3*4

iv) An advantage of the CF operating mode is that#talytic system (R©./y-Al,O3) selected
for metathesis reactions can be activated and used single reactor, thereby avoiding its
exposure to traces of air or moisture. The latterkamown to produce a severe deactivation of
Re-oxide. Notwithstanding this, CF experiments shbat at 100 °C, even after a short initial
period (120 min), the reaction conversion is halved andheadly, it drops to almost zero in the
next two hours. This result is hardly ascribabléhi® quality of both the reactant and the carrier:
the use of SFC grade GOr Food grade C§£ and of degasses 1l-octene do not improve the
catalyst performance. Other facts should be coreiddea) in the presence othexane as a
solvent (figure 2.9), when the catalyst is fed vatmolar flow rate of 1-octene much lower than
that used with scCO(0.1 mmol mift vs 0.6 mmol mift), a steady conversion (30%) is
maintained for the first 90 min of reaction. Thigsggests that the catalyst deactivation is
controlled by the rate of saturation of the actiwetal sites by the organic reactant pumped
through the reactor bed. b) The recycle and refiskeocatalyst is possible only on condition
that a high temperature treatment of the systegaiged out, including a (re)calcination step
(550 °C, 4 h) in an air stream. On the contraryhéf catalyst is only heated at 550 °C, in an inert
flow (N2), then the re-activation fails. This demonstrdated oxidative conditions are crucial to
restore the active metal sites, suggesting that #ie formation of oligomers and/or of
carbonaceous residues (coke) cannot be ruled aingdthe reactioff® It should be noted
however that catalyst deactivation is observed ate8b °C (figure 2.3) where the onset of side
reactions (oligomerisation and coke formation) éssl probable. In this case, a plausible
explanation for catalyst deactivation can be gigensidering the reaction mechanism. For both
homogeneous and heterogeneous catalysis, it igalgnaccepted that the metathesis reaction

proceedwia the metal-carbene mechanism (scheme?.8).
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R'HC=CHR R'HCTCHR RHC=CHR
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[Met]=CHR [Met]—(»CHR [Met]=CHR'
s RHC=cHR  RHCTCHR RHCTTHR RHCjCHR
[Met]=CHR' [Met]lCHR' [Met]=CHR

Scheme 2.8The metathesis mechanista metal-carbene

Although the route of formation of the metal-carede.g. [Met]=CHR) is not fully clarifiec?®
this mechanism describes the metathesis througltdbsdination ¥ia 1) of the olefin at the
vacant site of the transition metal of the metabeae moiety, followed by the formation of a
metallacyclobutane intermediate. This metallaciglenstable and cleaves to form a new metal-
carbene and a new olefthln the case of rhenium oxide based catalysts, whie well know to
deactivate, it is generally accepted that a redecglimination of the metallacyclobutane
intermediate may occur (scheme 23)his intrinsic deactivation mechanism is probathig
main cause of deactivation of these systems, amisalways operative.

R, A

Re”<><H ]
H
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| » -
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Scheme 2.9The reductive elimination on Re based catalysts

In our case, the reduction of Re below its optimomidation state by this deactivation
mechanism is a plausible explanation for the deatitin of the catalysts. However, the reasons
why this deactivation process is so effective urilercondition investigated in this work are not
clear to us. Overall, these aspects require a imodepth investigation which will the object of
future studies.

V) If the initial reaction outcome is consideredg(ffi5-8 min of reaction), figure 2.6 shows that at
100 °C and 90 bar, a five-fold increase of the m@dtric flow rate of 1-octene €F) corresponds

to an equivalent (five-fold) decrease of the reactconversion. In other words, under the
investigated CF conditions, the rate of consumptbri-octene per mass unit of the catalyst
does not vary. This suggests that regardless oflthe rate, the catalytic system is always

operating at its maximum allowed activity.
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2.1.6 Continuous Flow Conditions: Conclusions

Although the use of scGQas a metathesis solvent in place of traditionghnic solvents
represents an improvement towards greening theepsodiy itself it is not necessarily an
innovation. It becomes such only when seCentributes to enhance other aspects of the
chemical transformation as well, particularly if nhakes the reaction faster compared to
traditional conditions, or if it overcomes a teclugical barrier towards more efficient operation.
One such instance where scC@Gas a significant advantage over traditional sdlve is
suggested by the results of this preliminary ingaesgion. As in the batch mode, CF metathesis
reactions catalysed by R&/y-Al,O; proceed with both higher conversion and produsgtiin
scCQ than inn-hexane. Under such conditions, the catalytic systan also be re-used: after 6
recycles, no loss of efficiency is appreciable.oha@ern however, is posed by the relatively fast
deactivation of the catalyst. This behavior has@ndly no clear reasons and it will be the object

of further studies.
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- Michael Reaction -

2.2 Green Methodologies for the Michael Reaction
2.2.1 Introduction

The Michael reactioff is the conjugate addition of nucleophilic carb@edes to electron

deficient olefins (scheme 2.1%).

EWG"
— L =\ base 4(—/
EWG' EWG"
EWG'
donor acceptor Michael adduct

EWG = Electron Withdrawing Group

Scheme 2.10The Michael Addition. EWG’= COR, COOR, NCetc. ; EWG"= COR,
COOR, CN, NG, SOPh, etc.

Thanks to its versatility, the process is recoghiaemong the fundamental pillars of carbon-
carbon bond forming reactions, and it finds a nunab@pplications in organic synthesfs.
Scheme 2.10 clearly shows that the Michael additias also a great potential from the green
chemistry standpoint: in fact, it is a catalytiopess with no by-productise. with a 100% atom
economy. This green perspective however, is hardticed under the conventional conditions
used for such a reaction, for a number of reasdmsng them|) traditional base catalysts for
the Michael addition, both organic and inorganicegn such as NaOH, DBU (1,8-
diazabicyclo[5.4.0Jundec-7-ene) and alkylaminederoflead to the formation of undesirable
side-products, such as polymerization-, bis-additiand self condensation- by-producii;
classical solvents are irritating/toxic/carcinogesompounds such as aromatic hydrocarbons,
tetrahydrofuran (THF), dichloromethane (&) and acetonitrile (MeCN). In this context, a lot
of efforts have been done in the past 20 yearsmfwave the eco-compatibility of the Michael
addition, especially by developing new homogeneand heterogeneous catalysts able to
enhance the reaction selectivity. For what speificconcerns the work presented in this PhD
thesis, a brief overview follows on the Michael atan carried out using nitroalkanes as
carbonucleophiles.

Nitroalkanes are important starting materials ia tbrmation of carbon-carbon bonds. Since
the nitro group can be transformed into a varidtjuactionalities>® the Michael addition of

nitroalkanes to electron-poor olefins provides avemient method for the preparation of a
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number of synthetic intermediat&sDifferent classes of both homogeneous and hetaemes
systems have been used for such a reaction.

In the presence of homogeneous organic base databysh as tetramethylguaniditie,
diisopropylamine®*8 tri-n-butylphosphing® and DBU®® multiple Michael adducts are often
formed in significant amounfé. Remarkable results for the synthesis of mono-gubest
compounds have been obtained by using basic (fsstf) ionic liquids such as 3-butyl-1-
methylimidazolium hydroxide, [bmIm]OEE In this case the reaction is highly selective taisa
the formation of Michael monoadducts using nitreakgs with botho,3-unsaturated -ketons -
esters and -nitriles (scheme 2.11). The processtplace under solventless conditions and very

good isolated yields (up to 90%) are achieved.

77 o,

R R

[bmIm]OH 0]

CN
R = CHy OCH,

Scheme 2.11The Michael addition using [bomIm]OH

Monosubstituted compounds have been obtained alsassing solid bases(g. K.CGO;) in
combination with an ionic liquid such as Aliquat®6&* In this case, the Michael addition of
nitroalkanes tax,3-unsaturated esters produgesitro esters, under rather green conditions, that
is in the absence of solvents and under ultrasoaidiation®
A number of different heterogeneous catalysts Hmen employed for the Michael reaction of
nitroalkanes; though, these methods often show iitapbdrawbacks. For exampi¢:KF can be
applied as such but its low activity imposes the aéa large excess of nitroalkafidij) the
adsorption of KF on neutlor basi€’ alumina greatly enhances the efficiency of theebas
catalyst, yet, an excess of nitroalkane is requisatd low to moderate yields of Michael
products are obtainéd; i) weakly basic macroreticular resiisand different types of
alumin&”’° can be used but their activity is limited to aheat restricted class of Michael
acceptors such as,f-unsaturated estéfsor conjugated enon86’® Among heterogeneous
systems, good results have been instead reporieg sispported alkylamine catalysts, such as
Amberlist A-27* or KG-60-NE}:"? these solids catalyze the Michael addition of hmiimary
and secondary nitroalkanes with a numberag-unsaturated ketons, esters, sulphones and
nitriles with good to excellent isolated yieldsmbnoadducts.
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In light of these results, in this PhD thesis tiheestigation of the Michael reaction with
nitroalkanes as donors, has been articulated thromg different lines [(a) and (b)], based on the
use of heterogeneous (a) and homogeneous (b) siataly

2.2.2 Heterogeneous Catalysis: Results

Our previous successful experience on the alkertathesis (paragraphs 2.1) where the use
of dense C@ as a solvent was coupled to heterogeneous caalysimpted us to consider
whether the same concept could be applied to the ohthe Michael additions. The literature
analysis showed that this was a substantially uoesg area: no references were available on
the combined use of scG@nd heterogeneous catalysis for the use of nikanals as Michael
donors.

In particular, the additions of nitroethane andafititane to cyclohexenomeere chosen as
model reactions (scheme 2.12). Conventional salidlgsts for Michael reactions were used for

our investigation: different bases such as basimelda and KF supported on alumina fitted our

Scope.
Michael Michael Michael
accptor donor adduct
0] 0]
R cat.
T, =
NO, R
NO,
al d1,2 m1,2

R = 1) CHg; 2) CH,CH,CH,
Scheme 2.12Michael additions of nitroalkanes over solid cpstd

Under these conditions, supercritical carbon diexad a solvent was compared to solvent-free

conditions and to two traditional organic liquid dieesuch as THF anttheptane.

I. Catalysts.Four different heterogeneous catalysts were usdie(2.5): two basic aluminas
from different commercial sources, Baker and MaeheNagel, labeled as [/Ds;]g and
[Al ;03]\ respectively; KF supported on Macherey Nagel ahamiabeled as [KF/ADs]v, and a
mesoporous alumina, labeled as@dlmeso The sample of supported KF (KF loading = 0.35
mmol g*) was prepared according to a standard impregnéitgmique’> Mesoporous alumina

was prepared according to a procedure describétbititerature’®®
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Table 2.5.Basic solids used as catalysts

Material type Source Label
Al,O4 Baker [ALOs]s
Al,O3 Macherey Nagel [AD3]

KF over ALO; Macherey Nagel and ref.73 [KF/A]m

mesoporous ADs; Ref. 30a [AJOs] meso

II. Michael reaction of nitroethane and cyclohexeaaunder solvent-free conditiongitial
experiments were run in the absence of solventsefiimental conditions were chosen according
to previously reported Michael additions of nitlakmes tou,f—unsaturated ketonés.

In a typical reaction, a glass reactor shapedtastaube, was charged with cyclohexenake (
0.1 g, 1.04 mmol), nitroethand1 0.156 g, 2.08 mmol), and the catalystfad]g (0.2 g). Then,
the reactor was heated at the desired temperadré@) and the mixture was kept under
magnetic stirring throughout the reaction. Sammeshe reaction mixture were analysed by
GC/MS at different time intervals. At the end oétreaction, the Michael adduct was isolated
and its structure was confirmed by MS dhRtINMR spectra. Results are reported in figure 2.10,
were the conversion of cyclohexenoaé)(and the selectivity towards the Michael produ¢i3

nitroethyl)cyclohexanonen(l, scheme 2.12) are plotted against the reactios. tim
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—&— conversion
404 —v— selectivity
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Figure 2.10.Michael reaction o1 with d1 catalysed by basic [ADs]g, 40 °C

A substantially quantitative conversion (95% by G@as reached after 4 hours with the

exclusive formation of the Michael product 3-(1rodthyl)cyclohexanonen{l). Once the
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reaction was complete, the catalyst was filtered, the crude compoundl was isolated with a
90% yield.

According to this procedure, catalysts of table @4 ,0;3]m, [KF/AI2O3]lm and [ALOs]mesd
were compared. Reactions were carried at 40 °Caaalyzed (by GC/MS) after 2 hours. Figure
2.11 shows the results. For a more complete cosgrarihe behavior of [ADs]g as a catalyst

(figure 2.10, 2 h) is also reported.

conversion
selectivity
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[ALO,]; (A0,  [KFALOJ, [ALO,]

meso

Figure 2.11.Michael reaction o1 with d1 catalysed by basic materials

Under solvent-free conditions, different aluminaswaell as [KF/AbOs]y showed a comparable
performance: high conversions (~80-90%, by GC) Hd@Po selectivity towards the produntl
were obtained in all cases.

Two additional experiments [(a) and (b)] were @drout to examine whether the catalysts could
be recycled. [AIOs]g and [KF/ALOs]m were used to this scope. Conditions were thoseritesl
above (40 °C, 2 h). At the end of a first reactioatalysts were filtered, washed with,@f re-
activated at 400 °C for 2 h in a dry air flow, atien reused. This recycling procedure was
repeated once more. Figure 2.12 reports the reshéisconversion of cyclohexenorgl) and
the selectivity to the Michael product 3-(1-nitdog)cyclohexanonenil) are plotted against the

number of recycles.
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Figure 2.12.The recycle of catalysts [ADs]s (a, left) and [KF/AJOs]w (b, right)

The reaction outcome did not show significant #res with both catalysts. After two recycles,
the conversion wasn average 80% for [ADs]g, and 90% for [KF/AdOs]m, respectively, while
the selectivity towardsnl was 100% in all reactions. Notwithstanding the treédy high
catalyst loading (the weight ratio Q = catalgét= 2), [Al,O3]g, and [KF/ALO3]m could be re-
activated and re-used with no substantial losscovity. However, it should be mentioned that
due to the nature of alumina, each recycle stepdirioto a loss of ~20% of the initial weight of
the catalyst during the filtration/re-activatiorgsence (details are in the experimental section).
This posed a practical limitation to the numbereafycles.

[ll. Comparison between solvent-free conditions ao8Q as a solventThe next step of the
investigation on the Michael reaction of cyclohexe® @1) and nitroethaned(l) was devoted to
a comparison between the use of supercriticaj @0a solvent and solvent-free conditions as
described in the previous paragraph. ;3]s and [ALOs]meso Were used as the catalysts.
Reactions in scCOwere carried out in an autoclave (V = 5.3 mL)4@at°C. The reactor was
charged with cyclohexenonal 0.1 g, 1.04 mmol), nitroethand1( 0.156 g, 2.08 mmol) and
catalyst (0.2 g). The C{Qpressure was set at 90 bar corresponding to ar rfrataion (X;1) of
cyclohexenone in the GOsolution equal to 1.8x10 Under these conditions, previous
experiments showed that both cyclohexenone andetiitane were completely soluble in segCO
The reaction mixture was magnetically stirred fondurs. Then, the reactor was depressurized
and the mixture was analysed by GC/MS. Resultsshosvn in figure 2.13: the conversion of
cyclohexenone obtained both in the presence of s&@@® under solventless conditions (data of
figure 2.11), is reported using [ADs]g and [AbOs]meso@S catalysts.
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Figure 2.13.Michael reaction o1 andd1l at 40 °C (W = 2). The conversion of cyclohexenander

solvent free conditions and in the presence of sq8Mbar) as a solvent

With respect to the solvent-free conditions, the o scCQ induced a dramatic drop of the
reaction conversion which decreased from 80% to 20%AIl,Os]g, and from 91% to 16% on
[Al 203]mesoCatalysts, respectively. A dilution effect appebagplausible reason for this result.

In all reactions, the selectivity was 100% towatts Michael produatnl.

IV. The comparison of scGvith different organic solvent¥he use of scCfas a solvent
for the Michael reaction of scheme 2.12 was conmpaoethat of conventional organic liquid
media such as-heptane and THF. As for the metathesis of alk¢pas 2.1), the molar fraction
of the limiting reactant (¥ of cyclohexenone) appeared like the more apprtgppgarameter for
a coherent comparison between the supercriticattatiquid solutions used for the reactions.
Initial experiments were carried out at 40 °C foh,2using [KF/ALOs]m as a catalyst, with a
molar ratio (W)aldl = 2, and a weight ratio (Q) catalylsi: = 2. For each of the chosen
solvents (scC@ n-heptane and THF), four reactions were run opegadinfour different values
of Xa10f3.1,1.8,1.2t0 1.1 x 1 respectively. Three sets of experiments wereopeidd.

ScCQ. According to the procedure above described four&g2.13, reactions in scGQvere
carried out by setting the G@ressure at 80, 90, 120 and 150 bar, respectidelf0 °C, this
corresponded to a G@ensity of 0.278, 0.485, 0.718 and 0.780 g'mmespectively.
n-Heptane.Experiments were carried out by adjusting the @doce used under solvent-free
conditions. Four solutions of cycloexenonenimeptane (d = 0.683 g rii. were prepared at
different molar concentration of cyclohexenone {Mof 0.07, 0.08, 0.12 and 0.21 mol*L
respectively, and then used in different amoun&8§(112.7, 8.5 and 5.0 mL, respectively) to
carry out the reactions.
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THF. Reactions in THF were carried out under the saoraitions used fon-heptane. Four
solutions of cyclohexenone in THF (d = 0.889 g tlwere prepared at different molar
concentration of cyclohexenone {1 of 0.13, 0.15, 0.22 and 0.37 mot'Land then used in
different amounts (7.7, 7.1, 4.8 and 2.8 mL, repely) to carry out the reactions.

Figure 2.14 reports the results. The reaction cmime of each experiment is plotted the
molar fraction (%) of cyclohexenone.
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Figure 2.14.The Michael reaction @il anddl catalysed by [KF/AIOs]y, in presence of different

solvents at different concentrations

Main aspects emerging from this investigation weéréor all the solvents tested, the conversion
was slightly sensitive to the variation of the nidiaction ofal. A three-fold increase of X
(from 1.1 to 3.1 x 18) did not remarkably enhanced the reaction coneerghat ranged from
50 to 67% im-heptane, from 42 to 61% in THF and from 22 to 36%cCQ. ii) Regardless of
the molar fraction %4, the conversion was considerably lower in se@@n in liquid solvents;
also, a higher conversion was always obtained-lveptane with respect to THH.) under all
conditions of figure 2.14, the conversion was alsvédgwer than in the absence of solvents
(compare to figure 2.11).
These results confirmed the negative effect of tidifu on the reaction rate. Also, if one
considered only liquid solvents, figure 2.14 showleat the reaction was slower in THanin
n-heptane even when molar concentrations were cablgafin the range of 0.12-0.22 mot)L
In all reactions, the selectivity was 100% towatds Michael produatnl.

To further compare scGQwith organic solvents, an additional set of expents was run

using [AbOs]meso@s a catalyst. Reactions were carried out in sq@@bar) n-heptane and THF,
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under the same conditions of figure 2.14 (40 °@),2and using a molar fraction.Xof 1.8x10%
Results are reported in figure 2.15.
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Figure 2.15.The Michael reaction ail anddl catalysed by [AlOs]meso at Xa1 = 1.8x10%, in the

presence of different solvents

As for previous experiments (figure 2.1é}heptane turned out to be the better solvent: én th
presence of [AlOs]meso@s the catalyst, the conversion (73%) was evemawnea with respect to
[KF/AILOs]y. Yet, it (conversion) was still lower than undehv&nt-free conditions (90%, figure
2.11). The outcome of reactions carried out in sc@ in THF was comparable and by far,
worse with respect to heptane (the conversion saentl 14%, respectively).

In all cases, the selectivity was 100% towardsMiehael producml.

V. Comparison of different solvents in the Michaelaction of nitrobutane and
cyclohexenone.The Michael reaction of nitrobutaned?) and cyclohexenoneal) was
investigated under solvent-free conditions, anddayparison, in the presence sgC®heptane
and THF as solvents.

[KF/AI 03] and [AbOs]meso Were used as catalysts. Reaction conditions werget of figure
2.15, except for the fact that nitrobutard®?:(0.214 g; 2.08 mmol) was used in place of
nitroethane. The results are reported in figuré2.1

A general trend could be inferred from the compeeaanalysis of figures 2.14, 2.15, and 2.16:
regardless of the Michael donor [nitroethané&)(or nitrobutane d2)], solventless conditions
always promoted higher conversion of cyclohexena@meong the solvent usedsheptane was

better than THF and scGQhese latter offering a somewhat comparable padace.

76



100

FEE solvent-free
v/} n-heptane
o0
N THF
5
O]
2 60
S
c
2 404
9]
>
e
[e]
)
20
0
[KF/ALO,]y [ALO3] 1 eso

Figure 2.16.The Michael reaction @il andd2 (40 °C, 2 h, %; = 1.8x10°) under solventless conditions

and in the presence of different solvents

Under solvent-free conditions in the presence d#/Bd,Os]m, once the reaction was complete,
the catalyst was filtered and the product 3-(lehitityl)-cyclohexanoneng2) was obtained in
89% isolated yield. The structure of the producs wssigned through MS aftd NMR spectra.
Less clear was the behavior of the catalysts. énfitist studied reactiora(+d1), [KF/AI;Os]m
showed a higher activity than [ADs]mesoin both THF and scCf{ the reverse occurring i
heptane (figures 2.14, 2.15). In the second studkadtion 41+d2), [KF/Al,O3]um gave always
better results than [ADs]meso bOth in the presence and in the absence of salvemt the other
hand, if one considered the two carbonucleophilésogthane and nitrobutane), no remarkable
differences (of the conversion) were observed WAl O3]y was used (figures 2.14 and
2.16, left). While, im-heptane only, [AlOs]mesoallowed a higher conversion dil (73%, figure
2.15) with respect td2 (43%, figure 2.16, right).

Overall, there were no obvious advantages in usa@ compared to other organic liquids as
solvents for the investigated Michael additionslv8etless conditions always allowed the best

results.
2.2.3 Heterogeneous Catalysis: Discussion

A dilution effect probably accounts for the lowamneersion observed for the investigation
reaction carried out in the presence of solvenhweéspect to solvent-free conditions. This
appears in line with previous results reportedthar solvent effect of the Michael addition on
a,B-unsaturated ketoné$.These papers also offer an interpretation fordifierent behaviour
between polar and apolar solvents. According teghf&uthors, the catalytic activity involves the

absorption of the reactants on the catalytic serfé#che polar solid materials. When a solvent is
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added, the decrease in the effective concentratiothe reactants on the catalyst surface,
resulting from competition between the reactantstae solvent for the surface, is thought to be,
among other factors, the reason for the sharpraeah yield. Moreover, this consideration on

the competitive absorption on the catalyst surfices an explanation to why less polar solvents
show relatively better yields compared to polavents. This explanation fits our results when

n-heptane is compared to THF: in all cases, regssdié the catalyst, the less polar medium, the
higher the conversion.

In lights of these considerations, scClooked like a promising solvent for the Michael
reaction: it is in fact an apolar solvent, with@gsity comparable to light hydrocarbons (such as
n-heptane), and together with its low viscosity aigh diffusivity, scCQ was expected to favor
even more tham-heptane the absorption of the reactants on pealaiysts. Unfortunately the
behavior of the supercritical fluid was not as etpd, and the use of scg@id not improve the
reaction rate and conversion. Apparently, the weakis acidity of CQ™ plays an important
role in our case, when solid materials such aslaaminas are used as catalysts. In particular,
under the conditions investigated here for the MMahreaction, C®is certainly chemisorbed
over the basic sites of solid &s.”® This acid-base interaction between acid,@@d the basic

catalyst results in a decrease of the catalytiwict
2.2.4 Heterogeneous Catalysis: Conclusions

The Michael addition of primary nitroalkanes to loyeexenone in the presence of various
basic aluminas as catalyst, is not improved byuse of supercritical COas a solvent, with
respect to conventional solvents suchnaseptane and THF. Moreover, the highest reaction
conversions were achieved under solvent-free condit However, from the environmental
standpoint, solventless conditions are particulapealing, but the procedure here reported
suffered the drawback of the use of stichiometscess of nitroalkanes. The heterogeneous
catalysts tested (table 2.5) were effective catdtysthe reactions investigated, allowing to carry
out the reaction under solvent-free conditions wilb0% selectivity towards the Michael

addition products, and with conversion on avera@@%-
2.2.5 Homogeneous Catalysis: Results

As mentioned in chapter 1 (par. 1.3), ionic liqu{tls) have elicited phenomenal interest, in
particular among chemists who develop novel systiemslean catalysi§’ However, a degree
of controversy still exists concerning their abselgreenness: a limitation of ionic liquids often

lies in their manufacturing process, that is freglyeun-green. For what specifically concerns
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the work presented in this PhD thesis, a brief we&r is now considered for the case of
phosphonium based ionic liquids.

Phosphonium based ionic liquids, that have beerwknand used for a long time as phase
transfer catalyst& are particularly appealind, owing to their ease of preparation with high
purity, to their transparency, and to their highstability toward thermal and chemical
degradation compared with the homologous ammoniahts.sTheir conventional synthesis,
however, involves two potentially environmentallydvarse steps: quaternarization of a
phosphorous atom, usualby alkylation with hazardous alkyl halides, folladvey a halogen
anion metathesis step that produces equimolar ammainan inorganic saff. An example is
given in scheme 2.13.

® ©  NaBF © ©
RsP+ CHyl ———— RyPHCH; | ——— 2> R4PCH; BF, + Nal

Scheme 2.13Synthesis of a phosphonium based ionic liquiggiosphine

guaternarization and (ii) anion metathesis

In addition, the materials thus prepared inevitabbntain residual undesirable halide ions.
Although the overall synthesis can be optimized mumber of ways, for example by halide-free
transformationd! they still often use hazardous and highly toxicagents such as
dimethylsulfate (DMS§? and generate unwanted by-products.

Looking for a greener synthetic route to these nwte Proionic (Production of lonic
Substances GmbH) has recently patented and conatisedi a method for the quaternarization
of phosphine¥ using dialkyl carbonates, that yields an alkylcewdte or hydrogencarbonate
anion®® The second steps involve metathesis of the aniiim aBrgnsted acid. These ionic
liquids are commercialized as water-methanol sohstiwith the trademark CBILS®. We
found this methodology interesting, but the pateas rather cryptic on the synthetic conditions,
the characterization, the stability, and regardiregstorage of these ionic liquids.

These reasons along with the long-standing inteoésthe research group in the use of
dialkylcarbonates as green alkylating agents (da#f®c%%® prompted us to begin an
investigation focused on two activitien: the synthesis of ionic liquids via methylation of
phosphines with dimethyl carbonate (DMCYp obtain methycarbonate- or hydrogencarbonate-
exchanged phosphonium saliig; the use of these task-specific (basic) ILs aalygstis for the

Michael additions involving mainly nitroalkanesdanors.
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I. Catalysts preparation: a green synthesis of pihasium based ionic liquiddiwo basic
phosphonium ionic liquids were prepared through thethylation of a trialkyl phosphine
followed by an inorganic anion methatesis.

A mixture of trioctylphosphine (TOP) and DMC wag s®react in a sealed steel autoclave at
140 °C. The experimental conditions for the reacteere chosen according to the previous
knowledge of the research group on the methylatagtivity of DMC?®" different phosphine to
DMC molar ratios, different reaction temperaturasd the addition of co-solvents were tested.
Attempts to carry out the reaction in the absenfcaddoled solventsi.e. simply by heating a
mixture of TOP and a 5-fold molar excess of DMQvad impractical and yielded unidentified
side products, probably due to the immiscibility tbe reagents. However, by adding equal
volumes of methanol and DMC, the reaction of TORtwe completion in 20 hours undep N
atmosphere. The synthesis was carried out on aliziiotp of TOP, with a 6-fold molar excess of
DMC (details are reported in the experimental segtiThe resulting clear solution was simply
stripped of methanol and DMC under vacuum to vyietghantitatively the pure
trioctylmethylphosphonium methylcarbonate salt: TR@@CQMe). The product was perfectly
clear and colourless and stable in air up to 0% °C, and was fully characterised ¥y and
3C-NMR spectra of the neat liquid. TRREC-NMR spectra provided a wealth of information
relative to the carbon backbone, and on the pwfitthe compounds. In addition, quantitative
integration of thé®C resonance peaks allowed to confirm cation toraaiguimolarity.

The synthesis of the second ionic liquid was cdrriemut by reaction of
trioctylmethylphosphonium methylcarbonate salt TQE0O,Me) with water (scheme 1.16, eq.
b, R =n-Oct). lonic liquid TOMP(OC@Ve) was stirred under air with water (8.5-fold nmola
excess) at 40 °C for 2 hours. Excess water andanetiwere removed under reduced pressure
to quantitatively vyield the pure trioctylmethylplpd®nium hydrogencarbonate salt
TOMP(OCQH). The product was a deliquescent white solidpain temperature, and was fully
characterised b{H- and**C-NMR spectra.

Overall, this first part of the investigation alled us to standardize simple reaction conditions

for the use of DMC as a green methylating agettiénsynthesis of basic phosphonium salts.

II. Michael reaction of nitroethane and cyclohexeaocatalysed by ionic liquids under
solvent-free conditionsAs both the (OCeMe) and (OCG@H) anions were expected to impart
medium to good basicity to TOMP(OGKde) and TOMP(OCG@H), these ionic liquids were
investigated as basic homogeneous catalysts foMtbleael addition of nitroethanall) with
cyclohexenonedql) (scheme 2.12).
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Experiments were carried out in a glass reactopesthas a test tube and equipped with a side
screw-capped neck for the withdrawal of samplesaaodndenser. The reactor was charged with
a mixture of cyclohexenonal 1.00 g, 10.4 mmol) and nitroethargl(0.937 g, 12.5 mmol)
and thermostated at 40 °C. Different amounts of FO®CQH) were used: initially, the molar
ratio (W') between IL and cyclohexenone was vainetthe range from 0.02 to 0.11.

Under such conditions, TOMP(OGK) showed an extraordinary high activity as a bzalyst
for the reaction. A quantitative conversion wascheal in a few minutes with the sole formation
of the expected Michael adduutl (scheme 2.12).

In order to conveniently follow the reaction, thre@nt of TOMP(OCGH) was decreased by
one order of magnitude. Additional experiments weaeied out using a W’ (IL:cyclohexenone)
molar ratio of 0.004. Under these conditions, alke activity of TOMP(OC@Me) was
investigated.

The results were eventually compared to those médiaiusing conventional basic organo-
catalysts able to generate carbonucleophiles froich&&l donors: sterically hindered tertiary
organic amines such as DBU, DMAP, DABCO, and phagphe base;R-Bu were considered.

Also sodium bicarbonate and sodium hydroxide weegior comparison.

\N/ Y
9 @ A e

DBU DMAP DABCO phosphazene base P,-t-Bu

A

Scheme 2.14

All reactions were run without solvent. A mixtureayclohexenonegl: 1.00 g, 10.4 mmol) and
nitroethane 1: 0.937 g, 12.5 mmol) was set to react at 40 °Cftwours in the presence of a
base catalyst (either an IL or compounds of sch2rié) used in 0.004 molar equivalents with
respect to cyclohexenone. At the end of each @mact sample of the reaction mixture (~0.01
mL) was purified through a small column of silical §¢~0.25¢g of silica, eluent diethyl ether, ~2
mL), and analysed by GC/MS. Table 2.6 reports ésalts.

TOMP(OCQMe) and TOMP(OCG@GH) proved to be more efficient catalysts, yieldmgction
conversions of 87 and 86%, respectively (entriasd 2). Based on these (conversion) data, the
efficiency of phosphonium salts was comparablehtt bf the very strong phosphazene base
(pKa = 27, entry 3, conv. 82%), and superior td tifaDBU (pKa = 24, entry 24, conv. 77%).
Moreover, IL and phosphazene base allowed the sixeldormation of the desired produnt,

while DBU promoted minor side-reactions with an @leselectivity not exceeding 92%.
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Other organic/inorganic bases showed a negligibkny, activity for the investigated Michael
addition (entries 5-8).

Table 2.6.Michael reaction of nitroethane with cyclohexenasing different bases

# Catalyst pKa Conv (%, GC) Selectivity’
1 TOMP(OCQMe) 87 100

2 TOMP(OCQH) 86 100

3 Phosphazene basetFBu 27°%¢ 82 100

4 DBU 24%¢ 77 92

5 DMAP 18%¢

6 NaOH 15.7 7 100

7 DABCO 8.5%¢

8 NaHCQ 6.4¢

& Conditions: 40 °C, 2 hours, no solvent, catalystwhexenone molar ratio = 0.0d°4SeIectivity (%,
by GC) towards Michael addition product 3-(1-nitfod)-cyclohexanonenl. ¢ pKa’s of entries 3, 4, 5, 7

refer to acetonitrile solution§pKa'’s of entries 6, 8 refer to aqueous solution.

A more in-depth analysis of reactions of entrie2,13 and 4 was carried out by monitoring
the processes during their first 60 min. In patacuGC analyses of the reaction mixture were
performed at time intervals of 10-20 min.

The relative reaction profiles are shown in fig@r&7, where the consumption of cyclohexenone
and the selectivity towards the Michael additioomdarct 3-(1-nitroethyl)-cyclohexanoneny)

are plotted versus the reaction time.

All reactions showed a similar behavior: they pexed to a large extent (conversions of 50-
70%) in the first five minutes. Then, they slowenwh to reach an almost constant conversion
(75-85%) after 30 min. Despite this analogy, thenparative analysis of figure 2.17 also
indicated that TOMP(OC#) gave (slightly) better results in terms of réactrate and final
with respect to the corresponding methylcarbonalieTOMP(OCQMe), Pi-t-Bu and DBU. To
improve this comparison, other tests would havenbsecessary on a larger scale, to further
reduce the amount of the catalysts, and so theioea@ate. However, due to time limitations,
this study was not addressed.
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Figure 2.17.The Michael addition afil anddl1. Reaction profiles using different catalysts

lll. Michael reactions of other donors and acceptorcatalysed by ionic liquid
TOMP(OCQH). The very promising results obtained with the useT@MP(OCQH) as a
catalyst for the Michael additions with nitroethapeompted us to examine the activity of this
phosphonium salt in the presence of other carbeoptillic precursors. In particulasther
nitroalkanes such as nitrobutard?) andp-dicarbonyl compounds such as dibenzoylmethane
(d3: CHsCOCH,COGHs) and dimethylmalonatedd: CH;OCOCHCOOCH;) were chosen as
Michael donors. Cyclohexenonal] and ethylvinylketonea2 CH;CH,COCH=CH) were used
as acceptors: thanks to the abundant literatuth@mise of compouna for Michael reactions,
this seemed a convenient substrate to test and arenmew reaction conditions. Scheme 1.17
reports the reaction.

Experiments were run in the absence of solvent, mnging from 4 to 40 °C, and by using a
molar ratio TOMP(OCgH):Michael acceptor of 0.01-0.004, the onium saksng a genuine
catalyst. The results are collected in table 2. ¢nhsolated yields are reported for each of the
shown product after FCC purification. For a morenptete comparison, the table indicates also

the reaction o1 with nitroethane discussed in the previous pagagra
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Table 2.7.TOMP(OCQH) catalysed Michael addition reactichs

Michael Michael donor W Time T Product Yield ®
acceptor (mol:mol) (h) (°C) (m, %)
L O
1 NO, 0.004 2 40 moz 81
di mi
Co O
2 NO, 0.01 14 40 NO, 88
Q d2 m2
______________________ b -
1 (@] O Ph
a
3 PhMph 0.02 72 40 Ph 55
O
d3 m3
______________________ 5 -
o o d
4 >0 o~ 0.01 2 40 p o 82
d4 ma
L oS
5 NO, 0.004 2 4 NO, 94
di m5
______________________ (}_\:?
6 o NO, 0.004 2 4 NO, 95
d2 m6
______________________ \ . =
(@] (@] Ph
d3 m7
______________________ 5 <
o o d
8 >0 o~ 0.01 2 4 P Q 81

d4 ms

Molar ratio W' =

a All reactions were carried out under solvent-freenditions. °

TOMP(OCQH):enone’ Isolated yields of Michael addition produats

The Michael adducts (compounate-m8) were fully characterised by MS afid NMR (details
are in the experimental section). The use of TOMRMH) catalyst was clearly not limited to
nitroethane, but it could be extended to nitrobetand to-dicarbonyl compoundd3 andd4,

as well. Also, ethyl vinyl ketone was a practicabbeeptor.
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In the presence of cyclohexenone, at 40 °C, alitr@as gave good yields (>80%) of mono-
adduct derivatives, except when dibenzoylmetharne wgad: in this case, a rather long reaction
time was necessary (72 h) and the correspondinduptavas isolated in a 55% yield (entry 3).
The results were even better with ethyl vinyl ketothis ketone, perhaps due to a reduced steric
hindrance with respect to cyclohexenone, allowedrédaction to proceed at a lower temperature
(4 °C) and with excellent yields in all cases (&E49 entries 5-8). The Michael addition aif-

d4 to a2 was also tested at rt: under such conditions,>xdunm@ of mono- and bis-adducts was

instantaneously formed (results are not reported).
2.2.6 Homogeneous Catalysis: Discussion

I. Green synthesis of phosphonium based ionic dguiThe quaternarisation of
trioctylphosphine (TOP) with DMC vyields the triobtyethylphosphonium methylcarbonate
ionic liquid TOMP(OCQMe). As already described in chapter 1 (par. IDNMC can act both
as a methylating and a carboxymethylating agefitefee 1.7). In the present case however, the
reaction temperature and the related solvatiorcesfé offer the conditions to discriminate the
dual reactivity of DMC. At 140 °C, the reaction Wwetn the aliphatic nucleophilic phosphine
and DMC plausibly occurs through a direct nuclebphattack of the phosphine to the DMC
methyl group (scheme 2.15, eq. 4).The competitive mechanism vyielding the
carboxymethyltrialkylphosphonium methoxide salth@me 2.15, eq b), followed by elimination
of CO,, do not take place; alternatively, even if thebcalymethylation step is possible, it would
be masked by the reversibility of such a reaction.

Bai2
RsP:

O
R
|
- > R_FI)@CH:,; @O)J\O/CHS (a)

O
Hee~ J_cH,
(@) (@) R

(@] O ®
€} S )
HiC. ~_CH % R,P O-CH R,P—CH, O—CH; + CO (b)
Sjl\o 3 3 %O 3 3 3 3 2
RsP: HaC
Bac2
R = n-Oct

Scheme 2.15

Albeit the reaction is somewhat energy intensiie, grocedure shows remarkable synthetic and
environmental advantages: not only it proceeds withuantitative yield, but it represents a
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100% atom economic process, it avoids the use>af tand dangerous methyl halides and of
DMS, it is totally halogen free, and it does najuiee work-up with additional solvents to isolate
and purify the products.

It should be here pointed out that the general renmental issue associated with the
preparation of most ionic liquids begins upstreaith Whe starting phosphorous compounds that
are often toxic. For example, tertiary phosphinesprepared from toxic and dangerous;RHd
a-olefins® It should also be noted that the methylation obsghines with DMC has a few
recent, scarcely described, precedents in thalites: the preparation of CBILS®Commercial
CBILS®© are sold as water-methanol solutions, for a reéisainis not clear to us, but maybe due
to the degradation of the methylcarbonate anion @@&) under their reaction conditions.
Nonetheless, in our case, the ionic liquid is peiyestable as such, and it is certainly preferable
to isolate it in its pure liquid form.

The treatment of TOMP(OCM®e) with water affords the trioctyl-methyl-phospliom
hydrogencarbonate ionic liguid TOMP(Ogd) (scheme 1.16, eq. b, R 8-Oct). This
transformation of the methylcarbonate anion inte tlydrogencarbonate anion may take place
either (a) by direct hydrolysis of the methylcaratmanion with water acting as a nucleophile
(top reaction, scheme 2.16), or (b) by an acid-basetion with water acting as an acid in
analogy to scheme 1.16 (eq. c), followed by meltygrogencarbonate decompositi§rand

CO, sequestration by hydroxide (bottom, scheme 2.16).

0
® %J\O/H + CHOH

o o 1L
S _CHjz + H,0
Q G g CHe * H2 (a) hydrolysis

(b) proton| exchange reaction

o]
@ O

Hoa Xy CH
Q OH + O)J\O 3
I .
Q = trioctyl-methyl-phosphonium

Scheme 2.16Pathways for transformation of methylcarbonate mtdrogencarbonate anion

Although this mechanism has not been investigatetl available data do not permit a choice
between path (a) and (b) of scheme 2.16, the neztiiydbnate anion is probably basic rather than

electrophilic, thus favouring the bottom pathway.
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[I. Michael reactions. TOMP(OCQMe) and TOMP(OCgH) are expected to be somewhat
basic, but in fact their behavior exceeded our etgtions, as they catalyse the Michael addition
of nitroethane to cyclohexenone more efficientharthany of the other strong organic and
inorganic bases tested, even when used in a mérmad% with respect to cyclohexenone (table
2.6).

Comparison of the pKa’'s (measured in L) of sterically hindered tertiary organic amines
(DBU, DMAP, DABCO) and phosphazene baset-Bu, plus sodium bicarbonate and sodium
hydroxide, indicates that phosphazene (pKa = 2feasmost basic together with DBU (pKa =
24), followed by DMAP (pKa = 18), NaOH, DABCO, ahthHCQ.%® Table 2.6 shows that this
basicity scale parallels the catalytic activity niole observed for the Michael addition of
nitroethane to cyclohexenone, with phosphazendlipglthe highest conversion (82%, entry 3,
table 2.6) after 2 hours. The ionic liquid cataty§OMP(OCQMe) and TOMP(OCGH), on the
other hand, reach > 85% conversion with 100% delgcivith respect to the substrates under
the same conditions. These conversions are evéethilgan with phosphazene base-Bu and
DBU. DABCO and DMAP are completely inactive, asaslium bicarbonate.

The comparison of the catalytic activities of th@odtylmethylphosphonium bicarbonate
TOMP(OCQH) and of NaHCQ@ (entry 8, table 2.6) is particularly striking, s
TOMP(OCQH) behaves as a base approximately 2 orders of itndgnstronger (pKa > 25)
than bicarbonate, suggesting that the basic prepeof the (OCGH) anion are tremendously
enhanced when coupled to the phosphonium catior. réason for the high basicity of the
methylcarbonate and bicarbonate anions is still ahedr, and may depend on the lypophilic
environment surrounding the anions and on solvaitects, as well as on the orientation of the
negative charge with respect to the cation.

Comparison of the (OCMe) and (OCG@H) anions, indicates that the reaction catalysed by
TOMP(OCQMe) is slightly slower than with the correspondihgdrogencarbonate (figure
2.17), implying that TOMP(OCE1) is more basic than the methylcarbonate analogue,
notwithstanding the pKa’'s of the acid base reastioh their respective anions (5.6 and 3.6
respectivelyf® However, not only the basicity of anions, but alfwe role of the
trioctylmethylphosphonium cation should be consderit is well-known that phosponium
cations possess a weak Lewis aciditand that a great affinity exists between phosph®and
oxygen atoms?® In our case, a plausible hypothesis is the coatitin the P center of the
catalyst acid to the carboxylic oxygen of the rawect,3-unsaturated ketone (cyclohexenoag,

of scheme 2.17), with the formation of an acid-badduct. This would enhance the electron
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withdrawing character of the carbonyl group, thgrehcreasing the electrophilicity of the

double bond, and the reaction rate of the Michddlteon as well.

[R3R'F@}——o:<j>

Scheme 2.17

The above considerations likely hold true for diéiet carbonucleophile precursors and other
electrophilic C=C bonds: TOMP(OGH) in fact, proves to be an efficient catalyst the
Michael addition of both nitroalkanes afiellicarbonyl compounds to the twegP-unsaturated
ketones (cyclohexenone and ethyl vinyl ketoak,and a2, respectively). Table 2.7 however,
shows remarkable differences of reactivity. Fornepke, in the reaction with cyclohexenone,
nitrobutane is a poorer nucleophile than nitroethéentries 1-2), and so is dibenzoylmethane
with respect to dimethylmalonate (entries 3-4).ddntrast, ethyl vinyl ketone (entries 5-8) is a
much better Michael acceptor than cyclohexenondriésn1-4), the former and the latter
requiring reaction temperatures of 4 °C and 40réGpectively. Steric effects acting on both the
nucleophilic and the electrophilic terms of theastigated processes offer an explanation for

such a behavior.
2.2.7 Homogeneous Catalysis: Conclusions

A green two-step procedure has been developeché&piteparation of ionic liquids starting
from phosphines and DMC. In the first step, a cladourless halide-free ionic liquid precursor
TOMP(OCQMe) is isolated quantitatively and pure from thaater (autoclave) simply by
vacuum stripping of methanol and excess DMC. Algiothe reaction conditions using DMC as
methylating agent are more energy intensive (T & 9@, sealed reactor) than those required
with highly toxic dimethylsulfate (DMS) and methighlides (CHX) as alkylating agents, this
apparent limitation appears largely compensatedhbygain in greenneé8 including safety,
handling, and absence of wastes. In the second $@MP(OCQMe) can be simply anion
exchanged using water (and no solvents) to vyielé torresponding phosphonium
hydrogencarbonate salt TOMP(O&® in high purity and quantitative yield, withouny

workup.
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The ionic liquids TOMP(OCeMe) and TOMP(OCGH) showed very striking basicity, and
catalyze the Michael addition of different nucleidgd precursors such as nitroalkanes nd
dicarbonyl compounds, to electron poor C=C bonds,pfunsaturated ketones. In all cases, the
reaction proceeds with high yield and selectivityen just in the presence of 0.4 mol% of ionic
liquids with respect to the Michael acceptor. Matep especially TOMP(OC#) proves to be
more active than known strong hindered bases cdiovetly used for such reactions.
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CHAPTER 3

Organic Carbonates as Green
Reactants for C-N Bond Forming

Reactions
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- Glycerol Carbonate -

3.1 The Reaction of Glycerol Carbonate with PrimaryAromatic Amines in the Presence

of Y- and X-Faujasites

3.1.1 Introduction

In the past two decades, the increasing demandifiduels, particularly biodiesel, has
stimulated a great deal of research devoted toctimmistry of glycerol, and generally
speaking, to its conversion to high added valuentbals! Glycerol in fact, is a natural
source of G building block and the major co-product in the usttial production of
biodiesel* according to a recent estimatée sole European market will receive some
additional 1.0x1Btonn/y of pure glycerol in the current year, 20IThis impressive number
(almost tripled since 2005)means an urgent need to discover and develop ativaey
methods for the use of glycerol itself or of itgigatives.

In this context, due to the long standing intexdsbur group for eco-friendly reagents and
solvents of the class of organic carbonatéise attention was caught by glycerol carbonate

(GlyC, 1a 4-hydroxy methyl-1,3-dioxolan-2-onsgcheme 3.1).
0
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Scheme 3.1The synthesis and the multiple reactivity of G‘in

H

This compound is prepared through the transestatin of dimethyl carbonate (DMC) or
ethylene carbonate with glycerol [scheme 3.1, pafhs and (b), respectively]°° In
particular, path (a) represents a genuine greethegis where the reaction of a renewable
material (glycerol) and a non toxic compound (D& performed catalytically and in the

absence of added solvents. Methanol is the onlproduct. GlyC finds applications in
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different sectors. It is used as a solvent for is@s, colours, cosmetics, and
pharmaceuticald® while its prominent role as a reagent, is in thbritzation of multi-
functional carbonate-based polymé&rsPaths (c)-(f) of scheme 3.1 illustrate the multiple
reactivity of GlyC. The oxygen atom of the hydroxgtinyl function of GlyC serves as a
nucleophile, while both carbonyl and alkyl carbdomas (C2 and C5, respectively) show a
typical electrophilic charactéf.For example, GlyC reacts with carboxylic acid datives
or aldehydes (XCOR) to vyield the corresponding mst& enol ethers [path (c)};on the
other hand, the reactions of different nucleoph{dgH: phenols, alcohols, aliphatic amines)
with GlyC form both carboxyalkylated and alkylatggroducts [paths (d) and (e),
respectively], which, eventually, may lose £[path (f)].

Although this versatile reactivity opens a variatly synthetic perspectives, it poses the
problem to control the product distribution. Asealdy mentioned in chapter 1 (paragraph 1.4),
an analogous situation is observed also with Idgalkyl carbonates: scheme 3.2 exemplifies the

case of the reaction of dimethyl carbonate (MeG@@€ DMC) with primary aromatic aminés.

O
NHMe NHMe  NMe, NH™ "OMe
X DMC X
| - \ ) NH; —> + | (@)
/ ~ Faujasite / = R/ =
Y= 80 95% NHMe NHMe NMe, NHCO,Me N(Me)CO,Me

SR @ @ SR

OMe OMe OMe
Y =90-91%
R =H, Alkyl, Alkoxy, Cl, NO,; DMC = MeOCO,Me

Scheme 3.2The product distribution for base- and zeoliteabated reactions of DMC with primary

aromatic amines

In the presence of a base catalysig(an alkaline carbonate), anilines react with DMC to
produce mixtures of methylanilines and carbamasetidme 3.2, path (a), top right]. The
reaction selectivity is even less satisfactory i ambident nucleophile such g%
aminophenol, is used [path (b), bottom right]: naty methylation and carboxymethylation
take place at the amine function, but the OH graumethylated as weff This outcome
however, is dramatically affected by the nature thie catalyst used. When the

transformations of scheme 3.2 are carried out @beali metal exchanged faujasites.d.
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NaY or NaX, FAU) as catalyst$, the exclusive formation of mong-methylanilines is
observed [scheme 3.2, paths (a) and (b): up antbrboteft, respectively}®> Both the
alkylation selectivity and the chemoselectivity ¢iie overall process are efficiently
controlled by faujasites: neither bismethylations nor side-reactions of other nuclebphi
terms of ambident amines, take place.

These results prompted us to investigate whethéf &lad NaX zeolites could be used to
exploit the electrophilic reactivity of glycerol gnate as well. Accordingly, the reaction of
GlyC with primary aromatic amines was investigaitedhe presence of faujasites as catalysts.
We found that this class of zeolites are not offiicient catalysts for the process, but they are
also able to direct the reaction chemoselectivatyards the formation dN-alkyl derivatives,

namelyN-(2,3-dihydroxy)propyl anilines (scheme 3.3).

OH
NH, 0 NH/\[
OH

)J\ FAU
|\ + O 0 5 |\ + CO,
/- — //
R OH R
R = H, OCHjs, Cl, OH
Scheme 3.3

The reaction however, does not proceed exclusiaslp direct nucleophilic substitution at the
C5 position of GlyC: evidence proves that an inediate species is formed and that both
transesterification and hydrolysis reactions argolved to obtain the final product. A
mechanism has been proposed to discuss this néastheme.

3.1.2 Results

I. GlyC as an alkylating agent of anilindhe reaction of GlyC with aniline2f) was
chosen as a model to begin the study. Four diftefisarasites (FAU) were used as catalysts:
three of them, namely NaY NaYs and NaX were commercially available compounds
(from Aldrich and Strem), while the fourth specimeas a LiY zeolite prepared through an
ionic exchange reaction from Na¥* The relative amounts of reactants and of the gsis|
were defined according to our previously reportedcpdures on the alkylation of primary
aromatic amines with dialkyl carbonatemitially, a mixture of aniline (0.5 g, 5.4 mmol),
and GlyC (0.76 g, 6.5 mmol) was set to react ded#nt temperatures (90, 110, 140, and 160
°C), in the presence of the NgYaujasite (the weight ratio, Q = Na¥Xa was 1.5). Due to
relatively high viscosity of GlyC, diethyleneglycdimethylether [MeO(CkK).O(CH,),OMe,
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diglyme: 2 mL] was used as a co-solvent, to allow umiform stirring of the reacting
slurry!® The same procedure was repeated at 140 °C withttiex catalysts, Nay LiY, and
NaXa (the weight ratio, Q = FAlZa was of 1.5). All experiments were run twice, atbaemt
pressure, in an open vessel. The reaction mixtwmeze analyzed by GC/MS, after 2 and 4
hours, respectively. Four products were observéa 6@, scheme 3.4): the two major
derivatives 8a and4a) were isolated and fully characterised 'y and**C NMR, while the
structure of minor compoundia and6a, was assigned from their MS spect&esults are

reported in table 3.1.

O OH

X >°
o o J/\/OH J/\/

NH, \_& HN/\[OH NH/\[O>:O NH NH °

OH o
OH
e + + +
NaY

2a 3a 4a 5a 6a

m/z 167 193 167 193

Scheme 3.4

Table 3.1.The reaction of aniline with GlyC in the presenééifferent faujasite$

Sa T t Conv Products (%, GC) ¢
# FAU 2w o c
(m</qg) (°C) (h) (%) 3a 4a ba 6a
1 90 2 18 11 7
2 110 2 50 23 22 4 1
3 2 79 47 31 1
NaY, 748 140
4 4 93 64 27 1 1
S 2 92 66 24 2
160
6 4 96 74 18 2 2
7 2 85 45 33 4 3
NaYs 900 140
8 4 89 58 23 4 4
9 _ ; 2 84 51 29 3 1
¢ LiY 140
1 4 94 54 24 6 2
1 f 2 13 12
NaX n.a. 140
12 4 22 20 2

& All reactions were carried out in presence of yigg (2 mL) as the solvent. The molar ratio Glya:was of
1.2, while the weight ratio FAQa was of 1.5° Surface area of faujasites reported by supplfeEsich experiment
was repeated twice; the values for conversionsaamaunts of products (%, determined by GC) wereatlerage of
two runs that not differed more than 5-7%iY was obtained by an ion exchange reaction, fiéaY,. ¢ Entry 10:

an unidentified product (8%, GC) was obserVédot available.
101



In the presence of the NaYfaujasite, by raising the temperature from 90 & EC, the
reaction conversion increased smoothly up to atsalislly quantitative value (96%, entry
6). N-(2,3-dihydroxy)propyl aniline3a) was always the main product up to a maximum of
74% at 160 °C (4h: entry 6). The formation of compod 4a was also significant: at a
moderate conversion (5098a was present in an amount comparable to th&aof3a and
da: 23 and 22%, respectively; entry 2). As the reactproceeded further, the ratfa3a
dropped considerably (entries 4-6a3a = 0.24-0.42). In all cases, the total quantity of
compoundsba and 6a was in the range of 1-5% (entries 1-6). At 140 &b, additional
experiment was carried out for 4 h under an in&i) (@atmosphere: both the conversion
(91%) and the product distributiog 62%; 4a 27%) were not substantially different to
those reported in table 3.1 (entry 4).

The activity of other Y zeolites (NaYand LiY) was similar to Nay: after 4 hours at 140
°C, the range of aniline conversions was 89-94%triesn 8 and 10). These reactions
however, yielded a higher formation of both compaaiba and6a (8%, in total), and in the
case of LiY, of an unidentified by-product (8%, foote e, table 3.1). Under the same
conditions, the NaX zeolite was much less efficighe conversion was only 22%, and a
mixture of4a and6a (20 and 2%, respectively) was obtained (entry 12).

An additional experiment was carried out by usingC&; as a base catalyst:under
conditions analogous to those reported in entrids(&ble 3.1), aniline (0.5 g, 5.4 mmol) and
GlyC (0.76 g, 6.5 mmol) were set to react at 140 ifCthe presence of KOz (0.75 g, 5.4
mmol) and diglyme (2 mL). The mixture rapidly tuchto a white thick slurry plausibly due to
the precipitation of a GlyC-derived alcoholate @uie 3.5)

S
OH (o) K®

o0 —>» o 0

T b

(@) (@)
Scheme 3.5

Then, a very sluggish reaction was observed: aftéours, the conversion of aniline was
12% and compounda was the sole product.

The investigation was continued with the use ofydwaYa as a catalyst. In order to clarify
the product distribution, an additional reactionsvearried out at 140 °C, and it was monitored

(by GC/MS) at different time intervals. Conditiowgre those of entries 3-4 of table 3.1, except
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for the Q ratio (NaX:2a) which was slightly diminished from 1.5 to"YFigure 3.1 reports the
results.

The analysis of the kinetic profile showed threamaspectsi) a good selectivity (up to 90%)
could be achieved towards the alkyl derivatB& the amount of this compound increased
progressively with time, until it reached a ratloenstant value[{ 85%) after 430 minji)
products4a and6a followed a typical intermediate-like behaviourethconcentrations went up
to a maximumd4a: [150%,6a 15%) in the first 60 min, and then dropped t ld#wan 10%4a)

and 3% 6a), as the reaction proceeded furth@r), the amount oba was always very low (1-
3%).

100

80

60 - " HN/\[O\FO HN/|/\/OH
L. S
E ><o\_\. 0.0

Q
O . .
O\‘o A HN 0
40 H [
o
] .\
[ J
20 - oA
[ ] \
/ B
d _10 %m‘
o /O o T
0 ——5 7 i & & —
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time (min)

Figure 3.1.The profile of the reaction of aniline with Gly@rcied out at 140 °C in the presence of NaY

as a catalyst (Q = 1)

Figure 3.1 therefore suggested that the desiredupto@a) was not obtained through an
exclusive nucleophilic substitution of aniline BetC5 position of GlyC. The intriguing feature
was the presence of compoundia and 5a, particularly 4a, which apparently formed and
disappeared in favour df-(2,3-dihydroxy)propyl aniline 3a@). Accordingly, a set of new
experiments was devised to study the reactivitgabha and6a as such, and of other plausible

co-products in the reaction mixture.

lI. The investigation of the reaction mechanigxhfirst, compoundsla, 5a and6a had to
be isolated. Aniline (0.5 g, 5.4 mmol) was set ¢aat with GlyC under the conditions of
figure 3.1 (140 °C, Q =1). After 90 min, the reactiwas stopped at a 71% conversion, when
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4a, 5a and 6a were present in 48, 13 and 4% amounts, respegti&paration of the
mixture was performed by flash column chromatogyagRCC) on silica gel, using a
gradient elution with petroleum ether/ethyl acetatdutions. Compounda (0.42 g, 2.17
mmol) was isolated in a 40% yield. Unfortunatelpthib5a and 6a were not obtained, not
even in trace amounts; all subsequent experimemtged out to separate these derivatives by
FCC with eluants of different polarity, were alwaysmsuccessful. Compounda was
plausibly formed by the direct condensation of iaeil with GlyC (scheme 3.6): this
hypothesis was corroborated by the fact that vanyjlar reactions were catalysed by alkali
metal exchanged faujasites. For example, the deligadr of benzyl alcohol to dibenzyl ether
took place at a high temperature (200 °C) over RhYhis observation prompted us to
examine the role of the co-product water (schentg@ & promote hydrolytic processes of
carbonate-like derivativeda and 6a, and of GlyC itself, in the presence of faujasites

catalysts.

+ H,0

0
HO NH
e % FAU /\[ =0
I o
4a

Scheme 3.6

The reactions of botha and GlyC with water were carried out under coodti similar to
those reported on entries 3-4 of table 3.1: at 30a mixture ofda or GlyC da 0.2 g, 1.0
mmol; GlyC: 0.76 g, 6.5 mmol), was set to reachwifater (20-120 pL; the molar ratio®:4a
and HO:GIlyC was 1), in the presence of Nataujasite (the weight ratio NaYsubstrate was
1.5), and diglyme (1 mL) as a solvent. Experimavagse run for 5 hours. Results are reported in

(0]
NH >=o NaY,
@ o + H,0 % no reaction 1)

scheme 3.7.

4a
O
NaY OH
0O O +HO0 —>» Hoy\/OH + CO, (2)
\_Q/QH conv.'n: 80%
Scheme 3.7
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Compound4a proved to be quite stable to hydrolysis: the GC/B&lysis of the mixture
showed no reaction (eqg. 1). On the contrary, glyeecarbonate was substantially hydrolysed to
glycerol (eq. 2): théH NMR spectrum of the mixture indicated that thacte®n proceeded with

a conversion of 80%. This last finding along witheme 3.6, suggested that glycerol was a
plausible co-product of the reaction of anilineh@lyC*! If so, the investigation of the direct
reactions of glycerol (Gly) with both aniline add, appeared worthwhile. At 140 °C, a mixture
of aniline or4a (aniline: 0.5 g, 5.4 mmo#a 0.2 g, 1.0 mmol), was set to react with glycerol
(0.58-0.32 g; the molar ratio Gly:aniline and @g:was 1.1 and 3.5 respectively), in the
presence of Nay faujasite (the weight ratio NaYsubstrate was 1.5), and diglyme (1 mL) as a
solvent. Experiments were run for 5 hours. Resuksreported in scheme 3.8.

NH
2 oH NaY
© + }OH % no reaction (1)
OH
OH
“[ \—o OH NH“[ i1
© } NaYp OH 0]

OH —>» + Q (2)

OH
OH 3a: 35%

Scheme 3.8

Although the NaY zeolite was plausibly able to bata the dehydrative condensation of aniline
with GlyC (scheme 3.6), the analogous reactionroliree with glycerol was not allowed, the
amine being recovered unaltered (eq. 1, scheme B8jead, compounda gave a clean
transesterification reaction to produlie(2,3-dihydroxy)propyl aniline3a) in a 35% amount
(eq. 2, scheme 3.8). This last result suggestedxtomine whether an external addition of
glycerol affected the outcome of the reaction olirre with GlyC.

Accordingly, at 140 °C, aniline was set to readihwslyC under the conditions of figure 3.1:
after 60 min, glycerol (0.25 g, 2.7 mmol; this ambwas adjusted to have a Glgmolar ratio
of [11) was introduced in the reaction mixture. The tieacprofile is reported in figure 3.2.
The addition of glycerol had two significant effed) the conversion of aniline stopped abruptly
at (60%. Aniline did not react further even after alpnged reaction time (7.5 £J;ii) the
concentration profiles o8a and4a showed an initial sharp increase and decreasgectgely
(between 60 and 120 min). Then, the further slomsamption o#da was the mirror image of the
formation of the producda. In other words, once Gly was added, the transBségion of 4a to

3a(scheme 3.8, eg. 2) was the sole observed process.
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Figure 3.2.The reaction of aniline and GlyC with added gly¢ero

Overall, this analysis indicated that faujasiteartigularly NaY, were not only effective
catalysts for the desired process, but they alsdrobed the final selectivity by tuning the
distribution of products in the reactions of scheie&s, 3.7 and 3.8.

lll. The loading and the recycle of the cataly®b. detail the effect of the catalyst loading, the
reaction of aniline with GlyC was examined in thregence of different amounts of NaYOther
conditions being equal to those of entries 3-4abfd 3.1 [140 °C, GlyC:aniline molar ratio (W)
= 1.2, diglyme (2 mL) as the solvent], the expenisenere carried out for 5 hours, by varying
the NaYa:aniline (Q) weight ratio in the range of 0.2-2.eTtesults are reported in figure 3.3 in
which the conversion of aniline and the selectivibyvards producBa?® both determined
through GC/MS analyses, are plotiegisusthe Q ratio.

100+

1 o
90 '\.
] /O\O
80 ® O
70
60 |
O ]
O] .
2. 504 o —e— Conversion
= —o— Selectivity
X 404
30 ] J
20
104
1 ]
0 T T T T

0,00 0,25 ' O,:SO ' O,|75 ' l,IOO ' l,|25 ' 1,50 ' l,|75 ' 2,00 '
Q (Weight ratio NaY ,:aniline)
Figure 3.3.Trends for conversion and selectivity towards pci@a, in the presence of different
amounts of NaX catalyst
106



The conversion (C) of aniline and the selectivity Ba (S35) showed a similar trend. Both
parameters increased substantially (C from 50 8;9%, from 2 to 80%) as the Q ratio was
augmented from 0.2 to 1. Then, a further incredsthe catalyst amount (1.5<Q<2) had only
minor effects: the conversion remained rather @nsat[B0% and the selectivity slightly
increased up to 85%. Apparently, after 5 hours, rtite of consumption of both aniline and
compound4a (to produce the final produdg) were not significantly improved at(}.

Finally, two sets (A and B) of recycling experimemtere carried out. In the first set (A), the
reaction of aniline with GlyC was run under the a@itions of entries 3-4 of table 3.1 (140 °C, W
= 1.2, Q = 1.5) for 4 hours. Then, the catalystYNawas filtered, thoroughly washed with
MeOH, and dried under vacuum (70 °C, 18 mbar, agbth The recovered zeolite was re-used
under the conditions above described (entry 3et8hl). The cycle of activation/reaction was
repeated once more. In the second set (B), theatpgrconditions were identical to those of set
(A), except for the fact that both the fresh anel tbcycled faujasite were calcined at 400 °C in
an dried air stream, before use. All reaction nriesuvere analysed by GC/MS, after 4 hours.
Figures 3.4A and 3.4B report the results for experits of sets (A) and (B), respectiveélhe
conversion of aniline and the % amounts of majadpcts 8a and4a) are plotted against the
number of recycles (N). To complete the view, fegi3.4A and 3.4B also illustrate the data

related to the fresh catalyst (N = 0).

100
1 W7Z) Conversion 100+ B

(I Product 3a
E—1Product 4a

72 Conversion
Product 3a
E—1 Product 4a

% by GC
% (by GC)

N (Number of recycles) Number of recycle (N)

Figure 3.4.The recycle of the Naxfaujasite. (A): data refer to a not calcined gat(set A). (B): data

refer to a calcined catalyst (set B). All reactiavrese carried out for 4 hours at 140 °C

The reaction conversion (C) did not change appbfcwmith the number of recycles, but it was
affected by the thermal treatment of the catalyts& C values ranged between 92-97% for
experiments of the set (A) (not calcined faujaditgyre 3.4A) and 80-85% for set (B) (calcined
faujasite, figure 3.4B).
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The product distribution was even more sensitiveht® handling of the zeolite before the
reaction: the ratia:4a was rather constant (2.0-2.3) during the recydleéhe not calcined
catalyst (figure 3.4A), while it dropped considdyatsom 1.5 to 0.6 (with the increase of N) in
the case of the calcined zeolite (figure 3.4B).

Additional experiments were carried out to furthevestigate these aspects. Since the
calcination was expected to remove large amountsvater adsorbed on the catal§sta
gravimetric analysis was carried out on two idaitfeesh samples of NaY(3.0 g): it was found
that the water loss (by weight) was 23 % and 9%r difte solids were calcined (400 °C, dried air,
4h, 80 mL/min) and evacuated at 70 °C (18 mbartroght), respectively.

The calcined sample was then allowed to stand enogren air (rt, 8 h), until it recovered its
original weight. The solid was dried mildly undescuum (70 °C, 18 mbar, overnight), and
finally, it was re-used to catalyse the reactiorawiline and GlyC under the conditions of entry
3, table 3.1. After 4 h at 140 °C, the conversiasW0% and the rati®a:4a was 1.9, in line
with the results of figure 3.4A.

In summary, two facts emerged:the calcination of the faujasite produced a negagffect on
both the reaction conversion and on the disappearar the intermediate compourth;
however,ii) if the calcined solid was allowed to recoveratgyinal degree of hydration, then the

catalytic activity was substantially restored.

IV. The reactivity of other anilines and the isabat of the corresponding N-(2,3-
dihydroxy)propyl-derivativeslThe reaction of GlyC with other primary aromaticiags such
asp-chloroaniline,p-anisidine, ang-aminophenol g-XCgH4sNH»; 2b: X = CI, 2c. X = MeO,
2d: X = OH), was examined in the presence of the N&jasite.

The reaction conditions were similar to those ugedaniline (table 3.1, entry 4), except for
the temperature and the reaction time: these pdeamevere chosen after a preliminary
screening of the reactivity of compoungis-d.

In addition, to test whether these transformatioosld be scaled up, all experiments were
carried out starting from bothD.6 and[2.5 g of each amine. Accordingly, a mixture of the
primary amine (5.4 or 21.5 mmdp: 0.69 or 2.64 g2c. 0.66 or 2.71 g2d: 0.59 or 2.39 ),
GlyC [the molar ratio (W) Gly@ was 1.2], was set to react in the presence of NNafve
weight ratio (Q) Na¥X:2 was 1.5] and diglyme (2 or 8 mL) as a solvent. Tdmaperature was
170, 160, and 140 °C fd&b, 2c, and2d, respectively. The reaction mixtures were analyzed
by GC/MS. Up to three products were observed farheaf the reactant substrate3q,
scheme 3.9).
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Once the reactions on the larger scale (21. 5 mohdb-d) were complete, the major
derivatives 8b-d) and compounddc were isolated by FCC. These products were fully
characterised b¥H and**C NMR. The structure of other compountts5b, 6¢, 4d, and6d was
assigned from their MS spectfalo complete this investigation, also the reactibaniline with
GlyC was carried out on a 2.0 g sc&e:(21.5 mmol), at 140 °C. The corresponding denagati

3awas isolated by FCC. Results are reported in tal2e

Table 3.2.The reaction of GlyC with different amings-d catalyzed by the faujasite Na¥

Products (%, CG )
Substrate T time  Conv (%, CC) Yield
# Initial amount . h op b o ©
p-XCeHaNH (mmol) ) () (%) 3 4 5 6 3%
1 5.4 170 22 69 65 3 1
2b: X = Cl
2 21.5 170 72 45 34 9 13
3 5.4 160 6 90 73 10 7
2c. X = OMe
4 21.5 170 7 86 64 22 61
5 5.4 140 5 88 75 8 1
d 2d: X= OH
6 21.5 140 22 78 65 7 1 61
7 5.4 140 7 93 84 6 1
2a X=H
8 21.5 140 16 88 80 8 65

 All reactions were carried out in presence of g (2 mL: entries 1, 3, and 5; 8 mL: entries 2adqd 6) as the
solvent. The molar ratio Glya-d was 1.2, while the weight ratio NaXa-d was 1.5° The reaction conversion
was determined by GC/MS analysésThe isolated yields of crude produ@a-d were evaluated after the FCC
separation? Entries 5 and 6: 4 and 5% of unidentified by-prctdurespectively Data taken from figure 3.1, Q=1.

All the tested amines gave the correspondig2,3-dihydroxy)propyl-derivatives3a-d.
However, p-anisidine 2b) and especially,p-chloroaniline gc) required more severe

conditions (entries 1-4): both higher temperatuf®80-170 °C) and longer reaction times
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were necessary with respect ppaminophenol Zd) and aniline 2a) (entries 3-4). For
example, in the reaction @b (5.4 mmol), the conversion was of only 69%, aft2riurs, at
170 °C (entry 1). The reaction time was also depaehdipon the starting amount of the
amines: regardless of the temperature, the largkesitansformations were considerably
longer than the low-scale ones (amines: 21.5 aAdrBnoles, respectively; compare entries
1-2, 5-6, and 7-8).

Finally, the isolated yields of compound8a-d did not exceed 65% (entries 2, 4, 6, and 8).
During the flash-column chromatography (gradienitieh: petroleum ether/ethyl acetate,
from 9:1 to 1.9 v/v), the desired products weretlgaro-eluted with the residual GlyC and
glycerine. Experimental conditions to optimize theparation technique were not further
investigated.

3.1.3 Discussion

I. The comparison of different catalyst@able 3.1 and figure 3.1 clearly indicate that hlka
metal-exchanged faujasites, especially of the Yetygre good catalysts for the investigated
reaction. This is the first ever reported case hiclv zeolites are claimed to promote the
alkylation reaction of aromatic amines with glyderarbonate.

As already mentioned in chapter 1 (paragraph fadjasites are often described as amphoteric
solids whose acid-base features are tuned by beth.éwis acid character of their metal ions
(usually N4&, Li*, K*, and C%) and the basic nature of the oxygen atoms of in@iaosilicate
framework'>?® In particular, the basicity of oxygen atoms is trotied by the Si/Al ratio
(ranging from 1.0-1.5 to 1.5-3.0 for X and Y typespectively) of the solid: in the presence of
the same cation, X faujasites result more basia i@ Y ones. This behaviour plausibly
accounts for the striking differences shown inéaBll, where NaY is by far, more active than
NaX (entries 3-4 and 11-12).The trend seems further substantiated by the f18e@®0s. this
base catalyst is even less efficient than NaX (®eh8.5)*

Finally, the minor differences observed between Yhype zeolites (NaX, NaYs, and LiY:
entries 3-4, 7-8, and 9-10) may be attributed shight variation of both the Lewis acidity and
the surface area (748-900/g) of the solids.

II. The reaction mechanismnilines and dialkyl carbonates diffuse within thelar cages
(supercavities) of zeolites, and they are adsogradarily through two modes of interaction:
i) H-bonds between NHgroups and oxygen atoms of the lattice, apZécid—base reactions
of the metal cations on the surface of the solithlgat with both the aromatic rings of

amines and the carbonate fragments of dialkyl caabes?® In a similar fashion, also the OH
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functions of alcohols undergo H-bonds with faujesito form alcoholate-like speci&s.
Scheme 3.10 depicts the overall pattern of adsmmptor the model case of aniline and
glycerine carbonate on a Na-faujasite: both H-bofndd) and acid-base reactions (blue) are
highlighted®

O N /---
I H T H o :Os
"Na- _/Al:o , \ \ A
® 26%20% 0% 0% 000
S Si _
O/S'\O/S'\O/ﬁl‘la:O/ o~ \O/gl\o SKg

Scheme 3.10Pictorial view ofthe adsorption of aniline and glycerol carbonater @a/Na-faujasite

This complex network of interactions implies thia¢ taromatic amine and GlyC experience a
nucleophilic (shaded section, left) and an elediiop (shaded section, right) activation,
respectively.

Accordingly, two reactions are favourdgithe NH group is assisted to attack GlyC through
a Si2 reaction occurring preferably at the less hindeZ& position of the cyclic carbonate.
Compound3a and CQ are directly produced (scheme 3.8); water, co-adsorbed on the
faujasite®® initiates the hydrolysis of GlyC at its C2 positigcarbonyl carbon), to form
glycerol (scheme 3.7, eq.2). The difference in 8w and possibly in the requisites of
adsorption of aniline and water mostly account tloe fact that the reaction of aromatic
amines at the carbonyl carbon of GlyC is forbiddEis reflects an even more general trend
observed in the reactions of anilines with dialkgrbonates catalyzed by faujasites: these
transformations never produce carbamates (ArNpR)G>*

Water entrapped in the catalyst can play a furtbé: it may allow the protonation of the
alcoholate-like moiety derived from GlyC (dashedtsg®m, scheme 3.10), to favour the2S
process for the formation of compour (scheme 3.6). This compoundaj in turn,
displays a peculiar reactivity) despite a carbonate structure, its hydrolytiacége does
not occur, in contrast to what observed for GlyCh@me 3.7: compare eq.1 and 2). This
behaviour has presently no clear reasons, thoufjareint modes of adsorption of the two
carbonates4a and GlyC) at the catalyst surface, might be cosrgd.ii) Compound4a acts

as the typical intermediate species: once formeds consumed through its reaction with
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glycerol, to produc&N-(2,3-dihydroxy)propyl aniline3a) as the final derivative (scheme 3.8,
eq. 2).

It should be noted here that faujasites are cawlia transesterification processes even
when bulky electrophilesi.g. triglycerides) and different alcohols includingygérol, are
used®® Nonetheless, figure 3.2 clearly indicates that direct addition of glycerol to the
reacting mixture of aniline and GlyC, does not cimtted the overall process. Rather, the
competitive adsorption of glycerol at the polarfage of the faujasite cataly&tjnhibits the
conversion of aniline.

Finally, the lack of direct condensation betweeilim@ and glycerol (scheme 3.8, eq. 1) is
plausibly due to relatively modest reaction temp@e in the presence of zeolites or acid
solids as catalysts, the dehydration of glyceralally takes place at & 250°C, preferably

over 300 °C¥’ The reaction mechanism of scheme 3.11 combindbede considerations.

OH

HN/\[
a OH

-

N S

NH HO

a
b
i /5—\ NaY 32
SIS W
2a © b O/EOE o
H,0 4a _o)]\o
| ¥ OH
H,0 _ | HOo  OH |
- CO; i L Qlj____f
’ NaY

Scheme 3.11The reaction mechanism

This hypothesis should also assume that the rateshé formation and the consumption of
glycerol are balanced to avoid its accumulationtie reaction mixture. Otherwise, the

conversion of aniline would stop (figure 3.2).

[Il. Other reaction intermediates/product$he structure of compoundsa and 6a has
been proposed from the analysis of MS spectra (seh8.4 and figure 3.1). A further
support to the formation of these products canfbered by the behaviour of glycerol formal
(GlyF). It is well known that GlyF exists as an dduium mixture of two cyclic acetal

alcohols: 4-hydroxymethyl-1,3-dioxolane and 5-hydrd,3-dioxane T and8, respectively)
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(scheme 3.12, eq. &.
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Scheme 3.12

The similarity between the structures of GlyF anly@suggests the occurrence of an
analogous equilibrium also for the case of GlyG/oirning a six-membered cyclic isomer of
1 (compound9: scheme 3.12, eq. b). If so, the reaction of sacarbonate9) with aniline
would substantiate the presence of both prod&asand 6a. A more in-depth NMR
investigation of commercial samples of GlyC is emtly under progress to corroborate this
hypothesis® Once the structures 6f and6a will be confirmed, their reactivity, particularly

the unexpected intermediate-like behavioubaffigure 3.1), will be examined.

IV. The catalytic activity and the recycle of tlaeijasite.In the presence of NayY figure
3.3 shows that the conversion (C) of aniline aral ghlectivity for compoun8a (Sz,) reach
rather constant values[0% and [B0%, respectively), once the weight ratio (Q)
NaYa:aniline is> 1. One may conclude that ab@Q reactants no longer saturate all active
sites of the zeolite, and consequently, both theagef aniline and the reactions involving
other species (scheme 3.11), plausibly proceeteahtaximum rate allowed by the reaction
conditions. Hence, the conversion and the selggtmust level off.

The comparison of figures 3.4A and 3.4B clearlyitates that the Nayfaujasite can be
re-used after a mild thermal treatment (heating(atC, under vacuum, figure 3.4A), but the
activity of the zeolite drops if it is recycled aftcalcination at 400 °C (figure 3.4B). All
faujasites are rather thermally stable materiatserdfore, no morphological-structural
variations are induced by thermal treatments bedowat 400 °C* In addition, experimental
evidence proves that the efficiency of the calcigathlyst is significantly restored once the
solid is allowed to recover its original level ofdration?* These observation give a further
support to the mechanism proposed in scheme Jhglexttensive removal of water from the
catalyst (calcination) affects both the hydrolytieavage of GlyC and the formation of the

intermediateda, so that the overall process is disfavoured. Dideteanet al. have observed
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a similar behaviour also in the hydrolytic decompios of phosphonate esters catalysed by a
NaX faujasite: in this case, an increase of thealgdt activity was obtained once a
controlled amount of water was available at thdimeeurface®’

V. Other anilines.Three major aspects emerge from table 3)2The reactivity trend
shown by aniline ang-substituted primary aromatic amineg-Gl<<p-OMe<<Hp-OH)
does not follow the nucleophilicity scalp-Cl<H<p-OMe<p-OH) expected by the electronic
properties of the aromatic substituents. Although electron-withdrawal effect of the "Cl
group may account for the slowest reactionpathloroaniline, steric reasons offer a good
explanation for the faster alkylation of anilinetlwirespect tg-anisidine*? the bulkier the
substituent (OMevs H) the more difficult the diffusion of the amineithin the catalytic
pores, and consequently, the lower the reactioa ratsimilar behaviour was observed also
in the methylation of primary aromatic amines witiethyl alkyl carbonates in the presence
of faujasite catalyst¥. Finally, the adsorption modes of the reactantsukhbe considered:
in the case op-aminophenol Zd), despite the moderate steric hindrance ofpHi@H group,
the capability of the hydroxyl substituent to foertra H-bonds over the catalytic surface
(scheme 3.10) along with its strong electrondomptoharacter, may account for the
comparable reactivity d¥d and anilineii) Multi-gram scale processes (entries 2, 4, 6,&nd
require a significantly longer reaction time wighspect to small-scale reactions (entries 1, 3,
5, and 7). The high viscosity of GlyC and the phgtinature of the catalyst (fine powder)
are the most plausible reasons for this behavionrthe larger scale, the reaction mixtures
are thick slurries whose difficult stirring may faw the onset of mixed chemical- and
diffusion-controlled regimesiii) The moderate yields of produc8-d suffer from the
difficult separation of the unreacted GlyC and o by-product glycerine. It should be noted
however, that alternative routes for the synthediscompounds3 are not always more
efficient (average yields: 36-90%), and most of, albmpared to the safe glycerine
carbonaté? they are based on the use of very toxic and cagenic reagents such as

glycidol [(oxiran-2-yl)methanol] and aryl halidés.
3.1.4. Conclusions

The catalytic reaction of primary aromatic aminathvGlyC offers a genuine green route
for the synthesis oN-(2,3-dihydroxy)propyl anilines3), in which the use of a glycerol-
derived and innocuous alkylating agent such aseglge carbonate, is coupled to eco-safe
solid catalysts such as alkali metal exchangedafatgs. Among the investigated zeolites,

NaYa has been the most efficient catalyst. Although Navust be used in a relatively high
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amount, it allows a fine control of the selectwibwards the desired compoun8sand it
can be recovered and recycled without any losssgferformance.

Experimental evidence suggests that at least twusemutive reactions account for the
formation of N-(2,3-dihydroxy)propyl anilines. Accordingly, a nfemnistic hypothesis has
been formulated through four major steps catalybgdthe faujasite:i) the nucleophilic
attack of anilines at the C5 position of GlyC, tolled by a decarboxylation process, which
yields directly compounds; ii) the dehydrative condensation of anilines with Glyvhich
generates water and carbonate-like species (condsodh as intermediatesjii) the
hydrolysis of GlyC to glycerine and GQiv) the transesterification of compoundswith
glycerine, which also ends up in the formation ompounds3. The recycling experiments
corroborate the role of water adsorbed over thampoatalytic surface: faujasites can be re-
used without any loss of activity and/or selectivibnly if they are activated under mild
conditions (70 °C, 18 mbar) which avoids an extemsemoval of water from the catalysts.
The nucleophilicity scale of the investigated amk (-Cl<H<p-OMe<p-OH) does not
account for the observed trend of reactivipyQl<<p-OMe<<Hp-OH). This latter is better
explained through the combined effects of both tetecc and steric properties of
substituents, which alter not only the amine nuglelcity, but also the diffusion/adsorption
of reagents within the catalytic pores of the faiigs.

Although these alkylation reactions are rather gpeintensive, an added value is the
possibility to scale up the processes to multi-ggeparations with isolated yield§65%)

of compounds3 comparable to those reported for more conventionathods based on
highly toxic starting materials (glycidol and ahglides).

Future studies will be devoted to a more in-deptlkiestigation of other by-products/
intermediates, in particular compounsisand6 (schemes 3.4 and 3.9), whose isolation and

structural definition will possibly improve the nteanistic interpretation.
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- The Green Domino -

3.2 Sequential Coupling of the Transesterificationof Cyclic Carbonates with the

SelectiveN-Methylation of Anilines Catalysed by Faujasites: d Green Domino”
3.2.1 Introduction

Chapter 1 (paragraph 1.4) of this PhD thesis hasn bdevoted to the discussion and
properties of dialkylcarbonates and to their raeego-friendly reagents in the greening of
synthetic organic transformations. In particulae tiise of light organic carbonates such as
DMC and DEC has been considered in place of comwealt highly noxious alkyl halides,
dialkyl sulfates, and phosgene, in both alkylatiow carbonylatin reactiorg.

As a reminder, some of the most relevant green cispelated to the use of dimethyl
carbonate ara@) DMC is a safe non-toxic reagent which very ofteay act simultaneously
as a reaction solventi) both methylation and carboxymethylation involvilyMC are
catalytic processesji) the only co-products are MeOH (recyclable in piphe to the
synthesis of DMC) and CQandiv) reactions of DMC are slightly, if at all, exotiaic.*®

A more in-depth analysis of the catalytic systemgolved in these transformations shows
another potentially valuable aspect: when X- andzedlites (alkali metal exchanged
faujasites) are used these solids are not only able to catalyze mettojlaand esterification
reactions of several nucleophiles with DMC (sche3nk3, left), but they also promote the
transesterification of ethylene and propylene cadbes (EC and PC, respectively) with
methanol to yield DMC (scheme 3.13, rigft).

0
ArNH
ArNHCH,4 2 OJ\O
- I
DMC eolites R'
ROH Me-. _Me
ROCH (MXMY) ~ peoH 0" o
RCO,H
RCO,CHs
M = Li, Na, K
R'= H, CH,

Scheme 3.13The use of zeolites as catalysts for the chemisitdialkyl carbonates

These considerations inspired a novel investigagiomed to exploiting the dual reactivity
of the zeolites for a sequential reactiar, in succession: the synthesis of DMC, followed by

its reaction with a nucleophile to yield the me#tyn and esterification products. The
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concept has been named “green domino” in this vaort employs faujasites, preferably of

the X-type, to catalyze the reactions illustratedcheme 3.14.

0
zeolite O
0" "O +2MeOH Me-. OJL o~ Me + HOCH,CH(R)OH (a)
1b-c E +
t ArNH, ArNH,
\\ : ’/
A1 zeolite
!
]
beeennee- >  ArNMe, + CO, + MeOH (b)
R =H, Me

Ar = Ph, p-MeCgHy4, p-MeOCgH,, p-Cl, p-NO,

Scheme 3.14

In particular, when a slurry of a cyclic carbondEC, 1b; PC, 1¢), methanol, a primary
aromatic amine (ArNE), and a solid zeolite is heated to 180 °C in aclatkactor, two
sequential reactions occur: a transesterificatioacgss [scheme 3.14, path (a)] which
generates the active methylating agent dimethybaaate, followed by the selective
methylation of the amine [path (b)] which forms tb@responding bi®d-methyl derivative
(ArNMey) in yields up to 98%. Experimental evidence canfrthat methanol is not
involved in the alkylation step (scheme 3.14: daspath) and that the transformation is
unequivocally mediated by DMC. Interestingly, itakso highly chemoselective: in fact, the
competitive reaction of anilines with cyclic carladesl1b-c to yield theN-(3-hydroxy)alkyl
derivatives [ArNHCHCH(R)OH, R = H, CH], is not observed. Overall, the faujasite
catalyst significantly intensifies the process sinDPMC is formed and its alkylating
capability exploitedn situ

Under the same conditions, the use of higher alsotethanol,n-propanol and glycerol) is
not successful to produce the correspondirglkylamines. In these cases, diethyl, dipropyl
and glycerol carbonates form, but anilines reast alith the starting ethylene carbonate, to

give mixture ofN-alkyl andN-(B-hydroxy)ethyl derivatives (ArNHCECH,OH).
3.2.2 Results

I. The transesterification of ethylene carbonateéhwinethanol.The initial experiments
were carried out to test the activity of faujasitesthe transesterification of ethylene

carbonate (EC) with methanol (scheme 3.14, a: R)=HiVe different zeolites, namely MX
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(M = Li, Na, K) and MY (M = H, Na) were used as alysts. Four of them were either
commercially available (NaX and NaY) or synthesifbK and KX) by ion exchange using
LiCl or KCI.** HY instead, was obtained by calcination of a comuia NH,Y solid.*’ The
main features of these materials are reportedaretperimental section.

The transesterification reactions were performedtamhperatures of 110-150 °C, in a
stainless steel autoclave (150 mL) charged witlylette carbonate (EC: 2.2 g, 25 mmol),
methanol (8-30 mL), and the faujasite catalyst [WeEght ratio Q = EC:FAU was ranged
from 4.8 to 31.4]. After 5 hours, the reactor wagpidly cooled to rt and vented, and the
reaction mixture was analyzed by GC/MS. Resultsraported in table 3.3. In all cases,
major products were dimethyl carbonate and 2-(hygrethyl methyl carbonate 10)
(scheme 3.15%

0
J_ MeOH, FaU 0 o
O O=< — Me. J\ .Me + Me. J\
\_/ (- HOCH,CH,OH) SIS 0" oY
EC 10  OH

Scheme 3.15

The reaction outcome however, was greatly affebtethe nature of the catalysts. At 110 °C
(Q = 4.8), alkali metal exchanged faujasites of ¥agype (MX, M = Li, Na, K) generally
afforded both higher conversions (81-97%) and higyields of dimethyl carbonate (50-
80%) with respect to the NaY zeolite (compare estii-3 and 4), and to the more acidic HY
solid, by far the least effective catalyst (entjy 5

Accordingly, the commercial NaX zeolite was chosen continue the investigation.
Additional experiments were carried out at highemperatures and with different NaX
loadings. At 130 and 150 °C (Q = 4.8, entries 6tfi¢, conversion of ethylene carbonate was
substantially quantitative, but the product digitibn was not improved.

At 110 °C, the zeolite proved to be efficient evanlower loadings: when the Q ratio was
increased in the range of 7.8-15.7 (entries 8-Ypraversion of 96% was attained, while the
proportion between DMC and compourdd did not substantially change compared to

previous tests.
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Table 3.3. The transesterification of ethylene carbonaté WMeOH in presence of different faujasifes

FAU MeOH EC:FAU T Conv Products (%, GC)
#
(9) (mL) @Qwtw)® (°C)  (%)° "DMC 10 Others’
1 NaX (0.45) 30 4.8 110 93 73 12 8
2 LiX (0.45) 30 48 110 81 50 26 5
3 KX (0.45) 30 4.8 110 96 80 6 10
4 NaY (0.45) 30 4.8 110 79 17 57 5
5 HY (0.45) 30 4.8 110 26 8 14 4
6 NaX (0.45) 30 4.8 130 97 80 7 10
7 NaX (0.45) 30 4.8 150 96 74 7 15
8 NaX (0.28) 30 7.8 110 96 78 10 8
9 NaX (0.14) 30 15.7 110 96 82 10 4
10 NaX (0.07) 30 31.4 110 86 65 20 1
11 NaX (0.14) 15 15.7 110 83 70 12 1
12 NaX (0.14) 8 15.7 110 71 48 23

2 All reactions lasted 5 hourS. Q was the weight ratio between ethylene carbomate faujasite® Both

conversion of ethylene carbonate and the produstrillition were determined by GE.Others: unidentified
products detected by GC/MS analyses.

However, a further decrease of the catalyst quaastwell as of the volume of methanol (8-

15 mL) resulted in a drop of both conversion anl@evity towards the formation of DMC
(entries 10-12).

[I. The N-methylation of anilineThe next step of the investigation was to test waet
DMC, once prepared through the reaction of scherit®,3ould be used as a methylating
agentin situ, without isolating it from the mixture. Aniline2§) was chosen as a model
nucleophile. Experiments were performed at tempeestof 130-180 °C, in a stainless steel
autoclave (150 mL) charged with anilinga( 0.5 g, 5.4 mmol), ethylene carbonate (2®-
4.0 g, 23-46 mmol), methanol (30-50 mL), and theXNaujasite catalyst. In particular, four
sets of conditions were useid:molar ratio (W) EQa = 4, methanol 30 mLii) W = 8.5,
methanol 30 mLjii) W = 4, methanol 50 mL;iv) W = 8.5, methanol 50 mL. The weight
ratio Q' =2a.FAU was ranged from 1 to 3. After different timearvals (4-24 h), the reactor
was cooled to rt and vented, and the reaction mextwas analyzed by GC/MS. Two
additional tests (a-b) were carried out in the abseof a) ethylene carbonate and of b) the
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zeolite. Four main products were identified: th&tiructure was assigned by GC/MS and by

comparison to authentic samples (scheme 3.16).I1Reme reported in table 3.4.

OH Me. OH
NHMe NMe, HN~ "1 VeSS~

000 C

Scheme 3.16

Table 3.4. The reaction of aniline2g) with ethylene carbonate and methanol, catalyzelddX zeolite

MeOH 2a:FAU,Q EC:2a, W T t Conv Products (%, GC)°
(mL) (wt:wt) 2 (mol:mol)® cC) (h) (%) © 11a 12a 13a 14a Others
1 30 - 4 150 8 -
2 30 1 4 120 20 43 18 5 16 4
3 30 1 4 150 8 65 17 22 11 15
4 30 1 4 180 8 82 26 36 7 10 3
5 30 1 8.5 165 8 88 21 44 7 15
6 30 1 8.5 180 8 97 8 64 3 19
7 30 2 4 180 8 96 5 40 26 20 5
8 30 3 4 180 8 99 9 13 35 30 11
9 50 1 4 150 8 24 20 4
10 50 1 4 180 8 64 35 29
11 50 1 4 180 24 88 24 64
12 50 1 8.5 180 8 82 21 61
13 50 1 8.5 180 16 99 5 89 5

2 Q' was the weight ratio between aniline and thé&XNeaujasite.” Molar ratio between ethylene carbonate and
aniline.€ Conversion of aniline® The structure of productsl-14awas assigned by GC/MS and by comparison to
authentic samples dfla 12aand13a Others were unidentified compounds detected byMSCanalysest In the

absence of faujasite.

At 150 °C, aniline was recovered unaltered in theeace of faujasite (entry 1). By contrast,
in presence of NaX, (Q’ = 1), conversions of 65 8280 were measured after 8 h, at 150 and
180 °C, respectively (entries 3-4). Under theseddmons, a moderate conversion was
observed even at 120 °C (entry 2: conv. 43%, 20rhg formation of both compoundda
and 12a (N-methylaniline andN,N-dimethylaniline) proved that a methylation process
occurred in all cases. By using methanol in theeabe of ethylene carbonate at 150-200 °C
for the methylation of aniline in the presence loé faujasite, no conversion was observed,
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thereby confirming that DMC was the active methiyigtagent (scheme 3.19.

NH,

MeOH
NaX

no reaction

T =150-200 C

MeOH: 30 mL

NaX: Q=1

No ethylene carbonate

Scheme 3.17

However, under the conditions of entries 2-4, tleéedivity was never satisfactory: the
presence of sizeable amounts (17-26%) of prodli8tsand 14a indicated that competitive
methylation and [-hydroxy)ethylation reactions, mediated by DMC attylene carbonate
respectively, took place to comparable extents. ighér loading of ethylene carbonate
[conditionsii): W = 8.5], improved aniline conversion (88-97%trees 5-6), but it did not
produce significant changes of the methylation &telay: the total amount of methylamines
(11a+ 12a=65-72%) remained less than three times the amouhBaandl14a (22-23%).
The formation of the latter compounds was in famtdred by the use of higher catalyst
loadings (Q’ = 2-3, entries 7-83a+ 14a= 46-65%).

Although methanol did not take part in the alkybatireaction (scheme 3.17) it played a
crucial role on the reaction outcome: the increafsgs volume (from 30 to 50 mL), had two
effects: a) it lowered the conversion (tables 8@mpare entries 4 and 10, and 6 and>12);
and b) it greatly improved the selectivity towattie exclusive formation of methylamines
(entries 9-13). Under these conditions, when théami@atio ethylene carbonate/aniline (W)
was augmented from 4 to 8.5, the reaction becarserfaand the bis-methylation process
predominated (entries 9-11 and 12-13). At 180 °@raa NaX zeolite catalyst, the green
domino of scheme 3.14, produced dimethylanilid2af in very high selectivity and yield
(89%, 16 h: entry 13). Compouri®a was purified by FCC (petroleum ether/diethyl ether
95:5 v/v), and it was isolated in a 85% vyield.

[Il. The N-methylation of primary aromatic aminesth alkylene carbonated.o extend
the scope of the green domino procedure, diffeagilines (R'GHsNH,: 0.5 g;2b: R’ = p-
Cl; 2c R’ = p-MeO; 2e R’ = p-Me; 2f: R’ = p-NO,) were set to react with both ethylene and
propylene carbonates [ECLL) and PC 1c), respectively]. Experiments were run under
conditionsiii) andiv) previously described for aniline (W = 4-8.5, Q1= T = 180-200 °C,
MeOH = 50 mL). In all cases, the structures of mid were assigned by GC/MS and by
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comparison to authentic samples (scheme 3.18).

The reaction of aniline2@) with propylene carbonate was also investigatadalfy, two
further experiments were aimed at improving theralfemass index of the green domitfo.
The reactions of aniline arngtanisidine 2c¢), were performed by decreasing the amounts of
both the catalyst and ethylene carbonate: Q' anchiés were set to 0.1 and 3, respectively.

In these cases, the temperature was increasedtdCLResults are reported in table 3.5.

hi
o ©o
\_4R
R@—NHZ R RONHMe + R'ONMeZ
2a-c,ef 1lla-c,e f 12a-c.e

R =H, Me
R'=a: H; b: CI; c: MeO; e: Me; f: NO,

Scheme 3.18

Table 3.5. The reaction of different aniline2&c, e, f) with alkylene (ethylene and propylene)

carbonates, and methanol, catalyzed by NaX z€olite

Products (%, GC) €

Alkyl R'CegHJNH, 2:NaX  1:2° T t  Conv Yield
Carb. R": (@)° (molmol)® (°C) (h) (%)* 11 12 Others (%)
1 EC 2c: p-MeO 1 4 180 16 95 9 86
2 EC 2c:pMeO 1 8.5 180 8 100 100 98
3 PC 2c:pMeO 1 8.5 180 8 96 9 87
4 EC 2e:p-Me 1 4 180 24 92 12 80
5 EC  2e:p-Me 1 8.5 180 8 95 8 83 4 78
6 PC  2e:p-Me 1 8.5 180 8 90 12 78
7 EC  2b:pcCl 1 8.5 180 28 99 9 90 87
8 PC  2b:p<Cl 1 8.5 180 28 91 23 68
9 EC 2fpNO, 1 8.5 200 24 16 16
10 PC 2a: H 1 8.5 180 24 97 8 8 3
11  EC 2a: H 0.1 3 190 24 81 25 51 5
12 EC 2c:pMeO 0.1 3 190 24 87 18 69

2 All reactions were carried out using 0.5 g of substrate Za-c, e, f), and 50 mL of MeOH’ Q’ ratio was in the
range of 0.1-1° Molar ratio between alkylene carbonate and anifit@onversion of the substrafeThe structure of
products ArNHMe and ArNMgewas assigned by GC/MS and by comparison to autheamples. Others were
unidentified compounds detected by GC/MS analydsslated yields of compound£b, 12¢, and12e
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Five main features emerged from this investigation:
a) No competitive formation oN-(B-hydroxy)ethyl derivatives due to the reaction of
ethylene or propylene carbonates with the amine etem®erved. Thé&-methylation reaction
promoted by DMC was the sole observed processdoh ef the tested amines.
b) Different aryl substituents on the anilines aféal the final outcome. A reactivity scale
was clearly evidentp-anisidine >p-toluidine = aniline >p-chloroaniline >>p-nitroaniline.
For example, after 8 hours at 180 °C (W = 8.5)pnmesence of ethylene carbonate, the
reactions ofp-anisidine 2¢) andp-toluidine Qe) showed comparable conversions (100 and
95%, respectively) and,N-dimethyl p-anisidinel2cwas obtained in a 100% vyield (entry 2),
while 2e gave a mixture of mono- and Wismethyl derivativesX1le+ 12¢ in 8 and 83%,
amounts (entry 5). Under the same conditions, ¢aetion ofp-chloroaniline b) required a
considerably longer time: a conversion of 91% waached after 28 h (entry 7). The
corresponding products of mono- and di-methylatfdhb + 12b) were observed in 9 and
90% quantities, respectively. Finallg;nitroaniline @f) reacted only at 200 °C: after 24 h,
notwithstanding the high temperature, a modest emion of 16% was attained (entry 9).
c) As in the case of aniline, the increase of therdtlo from 4 to 8.5 improved the
methylation rate for botp-anisidine ang-toluidine (compare entries 1-2, and 4-5).
d) Both ethylene- and propylene-carbonate (EC a@pd®uld be used to produce DMC and
to methylate amine2a-c, e, f. However, the use of EC allowed faster reactioith wespect
to PC. For example, after 8h at 180 °C, compold (p-MeOCGHs;NMe,) was obtained in
100 and 87% GC vyields using EC and PC, respecti(etyries 2 and 3). Likewise, in the
case of p-toluidine and p-chloroaniline, the amounts of products?2e and 12b (p-
MeCsHsNMe, and p-CICsH4sNMe,) were higher with EC than with PC (compare entbe$
and 7-8). A similar behavior held also for anilivehose reaction with propylene carbonate
(entry 10, table 3.5: conv. 97%, 24 h) was slothan that with ethylene carbonate (entry
13, table 3.4: conv. 99%, 16 h).
e) The green domino proceeded even when NaX wad insa catalytic amount (Q’ = 0.1)
and ethylene carbonate was slightly over the stamktric quantity (W = 3) (entries 11 and
12). Although a temperature of 190 °C was necestaajlow sufficiently rapid conversions
of both aniline andp-anisidine, these results proved not only the gétalrole of the
faujasite, but also that the overall flow of maadsi involved in the process, could be
improved to make the transformation more green awdnomic. However, further
optimization of the conditions/ parameters willthe object of future studies.

Once reactions of entries 2, 5 and 7 were completeN-dimethyl- p-anisidine, p-
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toluidine andp-chloroaniline were purified by FCC (petroleum efdesthyl ether, 95:5 v/v):
they were isolated in 98%, 78%, and 87% yieldspeetvely.

IV. The reaction of anilinevith ethylene carbonate and light alcohols (ethaaad n-
propanol).The reaction of aniline and ethylene carbonatedis®h3.14) was carried out also
with ethanol andch-propanol in place of methanol. Experiments werdqrened at 180 and
200 °C under the conditions of table 3.5 (W = &5= 1). Three products were identified by
GC/MS and by comparison to authentic samples (seh@r9)>? Results are reported in
table 3.6.

HN/\/OH NHEt
N O
_/
13a 15a 16a

Scheme 3.19

Table 3.6.The reaction of aniline2@) with ethylene carbonate, in presence of ethanokoropanol,

and NaX zeolite cataly$t

Products (%, GC)°

Alcohol ° T t Conv
(mL) (°C) (h) (%) © 132 15a 16a  Others
1 EtOH (50) 180 15 93 80 2 11
2 EtOH (70) 200 15 96 39 2 38 17
3 EtOH (90) 200 15 94 50 3 11 10
4 EtOH (110) 200 15 89 43 A V! 8
5 n-PrOH (90) 200 15 92 55 32 5

@ All reactions were carried out using 0.5 g of #méline, 0.5 g of NaX (Q’ = 1), and 4.0 g of ethydecarbonate
(W = 8.5)." Different volumes of EtOH were used (entries 158:to 110 mL). Entry 5: 90 mL af-PrOH.°
Conversion of aniline? The structure of productk3, 15 and16a, was assigned by GC/MS and by comparison to

authentic samples. Others were unidentified comgsuletected by GC/MS analyses.

In the presence of ethanol, the conversion was (B§r96% after 15 h), but the selectivity
was elusive: mixtures of3a and 16a (total of 77-81%) were always obtained along with
minor amounts ofl5a (2-4%) and other unidentified by-products (8-17%itries 1-4). A
larger volume of ethyl alcohol (from 50 to 110 ndiyl not substantially improve the product
distribution. Productd3aandl16awere observed also in presencengiropanol (entry 5): in

this case, not even a traceMpropylaniline (PhNHPr) was detected.
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V. The reaction of anilingvith ethylene carbonate and glycerti. a previous paragraph
(3.1) a synthetic route to glycerol carbonate (Qly@as described through the
transesterification of ethylene carbonate (EC) wgjthicerol (Gly) [scheme 3.1, path (B)].
Moreover, it was demonstrated that GlyC acted a@,a-dihydroxy)alkylating agent of
aromatic amines, in the presence of faujasitesaalysts. These results prompted us to
investigate if the green domino was still possivlgen aniline was set to react with ethylene
carbonate and glycerol, in place of methanol (sah8m4). Reaction conditions were chosen
accordingly to the results presented in paragragh 8 mixture of aniline Za, 0.5 g, 5.4
mmol), ethylene carbonate (EC, 0.5 g, 5.75 mmollamaatio EC2a W ~ 1.1) and zeolite
[NaX or NaY, 0.5 g; weight ratio2a:FAU (Q’) and EC:FAU (Q) were equal to 1] was set t
react at 140 °C with different quantities of glyske(Gly; 3 g, 32.5 mmol; 5g, 54.2 mmol,
molar ratio Gly:EC W’ = 5.6 and 9.4, respectively)ue to relatively high viscosity of
glycerol, some experiments were also carried ouhépresence of dense €20 bar, see
experimental for details) as a dispersing agentaltow a more uniform stirring of the
reaction slurry. Three products were identified G/MS (scheme 3.20). Results are

reported in table 3.7.

B —
O AW OY

Scheme 3.20

Two main features emerged from this investigatigrthe NaY zeolite was a more efficient
catalyst than NaX, consistent with results presgimeable 3.1. Both in the absence or in the
presence of C®as a dispersing agent, the reaction conversionthadyield of3a were
higher using NaY instead of NaX (compare: entrieendl 5, 4 and 7)j) the increase of the
glycerol amount did not improve the reaction seleist significantly: when the molar ratio
Gly:EC (W’) was raised from 5.6 to 9.4, only a $ligincrease on the yield dda was
observed (compare entries 2-3 and 6-7). Althougmpmund3a was plausibly due to the
formation of glycerol carbonate, thereby provinige bccurrence of green domino reactions,
the maximum yield and the selectivity 8k did not exceed 47% and 62%, respectively
(entry 5). The increase of the reaction temperatir@wved some benefit: in an additional
experiment carried out at 170 °C (conditions ofrgri), the conversion was 69% and the

yield of 3awas 48%.
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Table 3.7.The reaction of aniline2@), EC and Gly at 140 °C in the presence of favgasdatalyst

Gly:EC Products (%, GC) ©
Conv

# FAU (W) Solvent® §

b (h) (%) 13a  3a  4a Others
(mol:mol)

1 - none 3 33 7 21 5
e : &G 3 A 5 i 3
_________________________________ NaX

3 3 30 13 16 1
_________________________________ 9.4 CQo

4 6 65 20 25 18 2

5 £ 6 none 3 76 18 47 5 6
e Nay : &6, 6 =5 36 56 33
e 54 e 6 = 56 35 5 3

& All reactions were carried out using 0.5 g of #éline, 0.5 g of zeolite (NaX, NaY, Q' = 1), andbQg of
ethylene carbonate (W = 1.1).Molar ratio Gly:EC.® CO, (120 bar) was used as dispersing agent; see
experimental session for detaifs.Conversion of aniline® The structure of products3a, 3a and 4a, was

assigned by GC/MS. Others were unidentified complsutetected by GC/MS analyses.

Nonetheless, the overall results were not encoogagind the reaction of aniline with

ethylene carbonate in presence of glycerol wadurtter investigated.

VI. The relative reactivity of dialkyl carbonat&he results of tables 3.4 and 3.5 showed that
when methanol was present in a relatively large warjothe competition between DMC and
ethylene carbonate as methylating and hydroxyetihgagents of primary aromatic amines was
suppressed, and tikemethylation reaction proceeded with a selectiupyto 100%. By contrast,
the corresponding reactions carried out with ethand propanol, took place with the exclusive
formation of products derived from ethylene carlier(@ble 3.6). To investigate these aspects,
the relative reactivity of DMC and ethylene carblenaas tested in competitive reactions with
aniline. Two sets of experiments were performe8atC (refluxing temperature of DMC) and
at 140 °C, respectively. In both cases, a mixtdrandine (0.5 g, 5.4 mmol), DMC (10 g, 111
mmol), and NaX (0.5 g, Q" = 1), was set to readhwdifferent amounts of ethylene carbonate
(EC). In particular, the molar ratio DMC:EC was reased from 1 to 5, 10, 20, and 40,
respectively. GC/MS analyses showed that major ymsdwere mondN-methylaniline 113
and monoN-(B-hydroxy)ethylaniline 138 (scheme 3.213 whose total amountl{a + 133)

corresponded to 97-99% of all the observed products
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Scheme 3.21
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13a

Results are reported in figure 3.5, where the rafticanilines13alla (GC amounts) is
plotted against the molar ratio DMC:EC. For a cemérevaluation, each set of data was

calculated at comparable conversions.
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Figure 3.5.Ratio ofN-(3-hydroxy)ethylaniline {38/N-methylaniline {18) as a function of the
DMC:EC molar ratio. Conversions of aniline are shaw parethesis. Black profile: reactions at 90 °C;

red profile: reactions at 140 °C

At 90 °C, in the range of conversions of 41-54B&(B-hydroxy)ethylaniline {33 was
always the main product even though ethylene catso(EC) was used in a considerably
lower amount with respect to DMC (black curve). Tiaio 13alla decreased smoothly
from [R7 to 5 while the molar ratio DMCa increased from 5 to 20. Remarkably, the
guantity of 13awas 1.5 times higher than that Rfmethyl aniline, even when DMC was
present in a 40 molar excess over ethylene carbonatder these conditions, ethylene
carbonate was understoichiometric with respecnibree.
An analogous behavior was observed at 140 °C. énréimge of conversions of 66-79%, the
ratio 13allavaried between 3 and 26 (red curve). Apparenkig, reaction temperature had
a limited effect on the relative rates of hydroxydation and methylation of aniline.
Ethylene carbonate was by far, more reactive th&hCDand the formation ofil3a was
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favored at all times, with respectida

Other experiments were run at 140 °C, in the preseri co-solvents of different polarity:
cyclohexane, 1,2-dimethoxyethane (DME), aMN-dimethylformamide (DMF). A mixture
of aniline (0.5 g, 5.4 mmol) dimethylcarbonate (3.9, 111 mmol), ethylene carbonate
(0.97 g, 11.1 mmol) (molar ratio DMC:EC = 10), aN&X (0.5 g), was set to react in
presence of these solvents (20-40 miL).
Results are reported in table 3.8. For a convengentparison, the table includes also the

reaction carried out without added solvents.

Table 3.8.The reaction of aniline2@) with ethylene carbonate and DMC, in presence aKNnd

different co-solvents

Solvent X DMC:EC T t Conv Products® Ratio
my)  © (motmo)® (C) () (6)° 1ia 13a Oters 13ailla

1 DMC(10) 3.08 10 140 1 75 6 69 11.5
2 CyH (20) 10 140 1 56 2 54 27
3 CyH (40) 202 10 140 2 61 61 o
4 DME(20) 7.2 10 140 1 68 4 61 3 15.3
5  DMF (20) 10 140 1 60 3 47 10 15.6
6 DMF (40) 383 10 140 3 59 8 41 10 5.1

& All reactions were carried out using aniline (@55.4 mmol), NaX (0.5 g, Q' = 1), DMC (10 g, 111
mmol), ethylene carbonate (0.98 g, 10.8 mmol), tedsolvent (20 or 40 mL of cyclohexane, of DMEdaf
DMF in entries 2-6, respectivelyj Dielectric constants were taken from ref. 8Molar ratio between DMC
and ethylene carbonatéConversion of aniline® The structure of produc#a and6 was assigned by GC/MS

and by comparison to authentic samples. Others weigentified compounds detected by GC/MS analyses.

Despite the excess of DMC used in all reactif@bydroxyethyl aniline 13a) was always
the preferred product, particularly in the preseatéhe apolar cyclohexane (40 mL) where
13awas the only observed product (entry 3). In theerqmlar DME and DMF (20 mL), the
ratio 13alla was [0 15 (entries 4-5), comparable to that reported gisinly DMC as a
solvent (11.5, entry 1). A larger volume of DMF (AQL) resulted in a considerable decrease
of the ratiol3allato 5.1 (entry 6). Higher dilution also caused lengeaction times for
both cyclohexane and DMF: conversions [0f60% were reached after 2 and 3 hours,
respectively (entries 3 and 6).

Finally, at 140 °C, a mixture of aniline (0.5 g45mmol), diethylcarbonate (13.11 g, 111
mmol) and ethylene carbonate (0.48 g, 5.4 mmoblgmratio DEC:EC = 20), was set to react

in the presence of NaX (0.5 g). After 2 h, the aasion was of 60%, and-(3-hydroxy)ethyl
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aniline (L33 was the sole product. No competition was obsehettveen ethylene carbonate

and diethyl carbonate.
3.2.3 Discussion

I. The catalytic activity of faujasitetn analogy to the reaction of GlyC described in the
previous paragraph (3.1), acid-base propertiesaofakites affect the outcome of both the
transesterification of ethylene carbonate and theery domino as well. According to the
acid-base scale proposed by Barthonféutable 3.3 shows that more basic MX systems
(entries 1-3) offer better performances than Na¥d ahY zeolites (entries 4-5) in the
synthesis of DMC by transesterification of ethylerterbonate with methanol. Even more
specifically, a comparison among X-type faujasiteicates that KX (entry 3) is more active
than NaX and LiX (entries 1 and 2, respectivelfipriks to the milder acidic character of K
with respect to Naand Li". These results match those observed by other Asfthim the
study of the transesterification of cyclic carb@sabver zeolites. In general, this reaction is
reported to be rather sensitive to the basic ptaseof the catalysts involved.

[I. The “green domino”. The results of table 3.4 show that in presencehef NaX
faujasite catalyst a mixture of aniline, ethylererbonate, and methanol react to produce
monoN- and bisN-methyl anilines Ila and12a as major products. In addition, in the
absence of ethylene carbonate, aniline is recovériy unreacted (scheme 3.17). This is
evidence of the fact that methanol does not aetfiess the methylating agent of the amine.
The most plausible explanation for the occurrenteampoundsllal?a, is through two
sequential processes: the transesterification dfylebe carbonate to yield dimethyl
carbonate, which in turn methylates aniline (sché&riel). This domino reaction may suffer
from the competition between the two organic cagies for the nucleophile (scheme 3.21),
and the formation oN-(B-hydroxy)ethyl anilines ¥3a and144d) is described accordingf.
Yet, 100% methylation selectivity can be achievedifcreasing the volume of methanol
from 30 to 50 mL (table 3.4, entries 4 and 11).sTieneficial effect is not likely to be due to
the shift in the transesterification equilibrium ethylene carbonate towards the formation of
DMC (scheme 3.14, path a). In fact, the ratio @& éguilibrium concentrations does not vary
significantly between the lowest MeOH:EC molar oar 27.0) calculated with 50 mL of
methanol, and the highest MeOH:EC molar ratio (534alculated with 30 mL of methanol
(table 3.9).
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Table 3.9.The excess of methyl alcohol over ethylene cartmna

EC:2a MeOH:EC

# Methanol (mL) )
(mol:mol) 2 (mol:mol)
1 30 4 34.5
2 30 8.5 16.2
3 50 4 57.4
4 50 8.5 27.0

2Molar ratio between ethylene carbonate (EC) antinen{2a), ® Molar ratio between methanol and ethylene

carbonate.

Why then the exclusive formation of methyl anilindda and 12a with respect to
hydroxyethyl amined3aand 14&? Reason may be that a further consequence oftheaise of
methanol is the reduction of the reaction rate {fistance, compare entries 6 and 13 of table
3.4). This result parallels the behavior reporteddeveral liquid-phase processes catalyzed by
faujasites in general, the more polar the solvent, the mbminpetes with organic reagents
for the adsorption on active sites of the polafasie of zeolites, and consequently, the lower the
reaction rates. In our case, a strong MeOH/fa@gasieraction may also play a further role on
the adsorption of dialkyl carbonates over the gétalsurface. In fact, IR and Raman
investigations demonstrate that DMC (and likelyylthe carbonate as well) is adsorbed over
zeolites through the formation of acid-base comgdeld and Il) with weak Lewis acidic sites

(e.g. N4 cations) of the framework of the aluminosilicateleme 3.223°>%’

Na+
0. O N
H3C CH3 O’ \O
\[or HaC™ \”/ “CHs
| o)

Na"

Scheme 3.22Interactions of DMC with Naof faujasites

These modes of adsorption of dialkyl carbonategp&aesibly altered when methanol is itself
co-adsorbed over the catalytic surface. Althougle tmature (and entity) of such a
perturbation is not presently clear, its effect nmagdify the relative reactivity of DMC and
ethylene carbonate, favoring the former (DMC). Thehavior becomes unpredictable if the
two organic carbonates are compared in the conmnetétlkylation of aniline catalyzed by
NaX (figure 3.5). In fact, in the formation d-(B-hydroxy)ethyl anilines {3a and 144,

scheme 3.16), the relief of some ring strain inykthe carbonate likely accounts for its
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higher reactivity with respect to DM&.Under these conditions however, a moderate effect
on the reaction selectivity is observed if co-sokgeare used (table 3.8). In polar solvating
media such as DMF, the methylation of aniline ssldisfavored than in apolar cyclohexane,
where the reaction may not take place at all. Bvislence further corroborates the results
above discussed: a large excess of polar MeOHsalber reaction environment to the point
that theN-methylation of aniline occurs on an exclusive basi

The outcome of reactions carried out with ethanotl a-propanol (table 3.6), is also
explained through the competitive reactivity of Ikjh carbonates. The alkylation rate of
several nucleophiles, drops by 1-2 orders of magieitby simply substituting DMC with
diethyl carbonate (DEC)>**“*°Accordingly, both diethyl- and dipropyl- carbonategich
form under the conditions of table 3$%.cannot vie with the more reactive ethylene
carbonate.

Table 3.7 shows that the “green domino” sequenaairacalso in the presence of glycerol
producing glycerol carbonate as an alkylating agananiline. Yet, the selectivity of the
reaction is not satisfactory. The relative highcasity of the reaction slurry, the adsorbtion
of glycerol over the catalyst and the differentieation/adsorbton of both EC and GIlyC,

should be considered to explain such result. Thspects will be object of future studies.

[Il. Different anilines and different cyclic carbates. Table 3.5 shows that the green
domino sequence is effective for different primarpmatic amines. The reactivity scale of
these compounds, leaves few doubts about the effemtyl substituents: thB-methylation
reaction is accelerated by electron-donating growgsle it becomes difficult with scantly
nucleophilic amines such aschloro- and particularlyp-nitro-aniline. This closely follows a
result previously described by this research grdopthe alkylation of aromatic amines with
DMC catalyzed by faujasite’s2°>°

Table 3.5 indicates that also propylene carborma@) promotes the selective methylation
of different anilines; though, the overall reactioate drops with respect to the use of
ethylene carbonate (EC). A plausible explanationme® from the study of the
transesterification of cyclic carbonates with metbia Arai et al.®* have reported that when
ethylene carbonate is replaced with propylene asabm the different steric hindrance of the
two carbonates accounts for a sharp decrease ativitg For the same reason, the
availability of DMC, and consequently tiNemethylation rates decrease in the green domino

promoted by PC.

131



3.2.4 Conclusions

An innovative and selective synthesis of bisnethyl anilines is described through the
reaction of aromatic amines, methanol and a cychcbonate. Although in the formal
stoichiometry of the process, methanol is the atigh agent (scheme 3.23), the overall
transformation proceedsia the coupling of two sequential processes, botlalgs¢d by

alkali metal exchanged faujasites.

@]
cat. R
ArNH,+ 20 O +2MeOH — ArNMe,+ 2CO, +2 >_\
HO OH
R
R =H, Me

Scheme 3.23

In particular, ethylene or propylene carbonate rgaeferably in the presence of a NaX
zeolite, with methanol, to produce dimethyl carbden@MC) whichin situ, acts as an
efficient methylating agent of anilines. This gredomino sequence, offers an original
approach from both synthetic and environmental dggamts: in fact, the transesterification
of cyclic carbonates with MeOH is the preferred -&gendly solution for the production of
the non toxic DMC, that itself possesses much bettel greener alkylation performances
than methanolN,N-dimethylanilines can be isolated good to excellent yields (78-98%),
starting fromp-substituted amines with both electron-donating awihdrawing groups;
though, the more nucleophilic the substraieg.(p-anisidine and-toluidine), the faster the
reaction. In addition, steric reasons likely acdo@mr the higher reactivity of ethylene
carbonate with respect to propylene carbonate.

The study of competitive reactions of aniline witlixtures of ethylene carbonate and DMC,
unequivocally proves that the cyclic carbonate e tbetter N-alkylating agent. This
notwithstanding, under thgreen dominaconditions, a methylation selectivity up to 99%, is
achieved. This intriguing and unpredictable resuéixplained mainly by the presence of MeOH
as a reagent/solvent, whose polar protic featutes ¢he modes of adsorption (and the
reactivity) of dialkyl carbonates over the surfatehe faujasites catalysts. The effects observed
in the presence of other polar and apolar co-stévéDMF, DME and cyclohexane), further

support these considerations.
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- Phosphonium-based lonic Liquids as Catalysts -

3.3 The Reaction of Primary Aromatic Amines with Akylene Carbonates in the

Presence of Phosphonium-based lonic Liquids as Cdyats

3.3.1 Introduction

In the previous paragraph (3.2), the hydroxyalkglatof anilines with ethylene- and
propylene- carbonate in the presence of zeolites lrgefly described. A more in depth
analysis of this reaction has been carried out $ipguphosphonium-based ionic liquids as
catalysts. Before discussing the results of thigestigation, a short overview on the
hydroxyalkylation of anilines and a summary of therk done in this field are given.

The hydroxyalkylation of primary aromatic amines agtensively used, especially in
medicinal chemistry, for the synthesis of aminohlss as intermediatéé.Despite the broad
scope, the reaction poses a major concern from baftbty and environmental standpoints:
conventional N-hydroxyalkylation methods are based on ethylend propylene oxides
which are highly toxic and carcinogenic compoufitisoreover, the flammability of these
oxides imposes low reaction temperatures or saalactors">°* Alternative reagents such as
ethylene and propylene halohydrins [X(g$OH, XCH,CH(OH)CHs; X = CI, Br] do not
reduce the overall impact of the procedff&®®>halohydrins are also very toxic and corrosive
products and their use generates stoichiometricuasoof halogenated salts which must be
disposed of®

In this context, alkylene carbonates (ethylene maabe and propylene carbonate: &@PC,
respectively) offer a valuable option for new hydralkylation protocols of anilines. Although
the catalytic insertion of C{Oon alkylene oxides still represents the most irtgodrroute for the
synthesis of both ethylene and propylene carbofi&fésonetheless the latter offer a number of
practical benefits over their parent oxides as waslbver halohydrins. Among theim:EC and
PC are classified as irritant but non-toxic produic) EC is a low-melting solid (35 °C), while
PC is a liquid, and both products are not flammgdilerefore, they can be used as stoichiometric
reagents without added solvenis) when ECor PC serve as hydroxyalkylating agents, ,G©
the only by-product. Thus alkylene carbonates censhfely used even for large scale
preparations, as documented by the extensive tliteraover the yeafS. Only few papers
however, claim the application of E&hd PC for the hydroxyalkylation of primary aromatic
amines (scheme 3.24, path®%)*° In the presence of different catalysts, the efficy of the

reaction is limited by the dual electrophilic chaea of the cyclic carbonates EE@dPC which
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may cause competitive acylation (possibly followmd cyclization§22%°*38¢5%scheme 3.24,
path b).

b a OH
0 ArNH/\( +ArNH)\/ +CO,

ANH, 0~ "0 Ar

. b ArNHJ\ /\(OH H,O \E =0
R

Scheme 3.24Competitive reactions of anilines with alkylenebzmnates

This behaviour is quite general for the reactioraoilines with both linear and cyclic dialkyl
carbonates, where mixtures Nfalkyl derivatives and carbamates are often obtaifig3437
Effective solutions to improve the selectivity tawalkylation have been recently proposed by
us through the use of two classes of catalygtxzeolites such as alkali metal exchanged
faujasites (FAU???° see previous paragraph 3.1 and 3.2) and more thgciéh phosphonium-
based ionic liquids (PILs). FAU and PILs howevéartks to their different acid-base properties
and steric requisites, promote different reactiottomes. FAU catalyze the formation of mono-
N-alkyl amineswhile the more active PILs steer the reaction tolwahe formation of bid-
alkyl derivatives. Scheme 3.25 describes some aateexamples: in the presence of FAU, eq. 1
shows the mond+alkylation of anilines with EC and P€and with glycerol carbonaféwhile,

eg. 2 refers to the PIL-promotéd N-dimethylation of primary aromatic amines with difént

methylalkyl carbonate®.

0]

ArNH, + O O

R

ArNH, + 2 H3C\O)k0’ R' ArN(CH3), +2R'OH+2CO, (2)

FAU: faujasites of Y- and X-type
PIL: ionic liquids based on phosponium salts
Ar = XCSH4-; X= OH, OCH3, CH3, H, C|, COQR", N02
R = H; CH;3, CH,OH
= CH30(CH,),0(CH3),0(CHy); CH30(CH,),0(CHy),; CH30(CHy),

Scheme 3.25SelectiveN-alkylation reactions catalysed by FAU and PILs
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Excellent alkylation selectivities (up to 98 %,catmplete substrate conversion) are achieved in
all cases, although, the reactions show a highatain energy irrespective of the catalyst (FAU
or PILs), which usually implies a temperature geedhan 140 °C. A more in-depth analysis of
this scenario indicates that the potential of @yelikylene carbonates as alkylating agents of
anilines is still largely unexplored; particulartipe use of PILs as catalysts for this process, has
been hardly investigated. In this work, we repbéttat temperatures in the range of 140-170 °C,
phosphonium-based ionic liquids catalyze the reaatif different primary aromatic amingsx¢
CeHisNH2; X = H, OCH;, CHs, Cl) with both ECand PC, towards the formation of the
corresponding bidd-hydroxyalkyl derivativesgX-CgHsN(CH,CH(R)OH),; R = H, CH] with a

high selectivity (up to 97%) at complete convergiecheme 3.26).

O

ArNH, + 20)1\0 PIL Hojﬁw/\(o"' +2CO,
{ R Ar R

R’

PIL: 13 different phosponium ionic liquids
Ar = XCgHy-; X = p-OCH3, p-CH3, H, p-Cl
R=H, CHg;

Scheme 3.26Selective bigN-hydroxyalkylations of anilines by ethylene andmyi@ne carbonates in

the presence of PILs catalysts

Interestingly, at 140 °C, the model reaction ofliaei with ethylene carbonate proceeds to
near quantitative formation of the ishydroxyethyl derivative, even without the assis&n
of any catalyst/promoter.

Up to 13 different phosphonium salts have been u$bdy have been prepared in order to
guarantee an accessible synthesis with high pant/high thermal and chemical stability, or
selected from commercial sources. In particulag,dbmbination of four cations such asitri-
butyl methylphosphonium ifBu)sPMe], trin-butylmethyl phosphonium p¢Bu);PMe], tri-
n-hexylmethylphosphonium mEHexyl)sPMe], tri-n-octylmethylphosphonium ¢
Octyl)sPMe], with bromide (Br), tosylate (TosO), methyrlsanate (OC@Me), chloride (Cl)
and iodide (I) anions, has been explored. Bromixdehanged PILs have proven to be the
most efficient catalysts; while, the variation dktcation structure presented a moderate, if
any, effect. A mechanistic hypothesis was formuatie rationalise the performance of the

examined catalysts.
3.3.2 Results

I. The bis-N-(2-hydroxy)ethylation of anilin€he reaction ofaniline Qa) with EC was
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selected as a model to begin the investigationviBusly reported resulté on the N-
methylation of primary aromatic amines with dialkghrbonates (scheme 3.25, eq. 2)
suggested the use of tri-isobutylmethylphosphoniagylate [(-Bu);PMe]TosO PIL1) as a
catalyst for a preliminary screening: this salt vgtable at a high temperature, commercially
available (in high-purity) and inexpensive. Twosséh and b) of experiments were carried
out by varying the loading of both the catalyst &tladylene carbonate, as well as the reaction
temperature. In the first set (a), a mixture ofliaei (2a, 0.80 g, 8.6 mmol), and ethylene
carbonate (ECjn a two molar excess over aniline), was set tactred 150 °C, in the
presence of different amounts BfL1 (the molar ratio Q =PIL1:2a was varied between
0.05 and 0.75). All reactions were stopped aftaro2rs and analysed by GC/MS. In the
second set (b), a mixture of aniline (0.8 g, 8.6 ahmmand PIL1 (0.1 molar equiv. with
respect to aniline, Q=0.1), was set to react wittreasing amounts of ethylene carbonate
(the molar ratio EQawas 2, 2.2, and 4), at two different temperatwe450 and 170 °C.
The reactions were monitored by GC-MS at time wdés of 2, 6, and 8 hours. For both sets
(a) and (b), the major products were the mono- twedbisN-(hydroxy)ethyl derivatives of

aniline (scheme 3.27: compounti3aand17a respectively).

L0

Eﬁm@@@@

Scheme 3.27Products observed in the reaction of aniline withylene carbonate catalysedmiy.1

Traces [11%) of N-phenylmorpholine ¥6a) and 3-phenyloxazolidin-2-ond.8a) along with
other unidentified by-products (total amount 1-5%gre also detected. Compouida was
isolated and fully characterised By and**C NMR, while the structures df3a 16aand18a
were assigned from their MS spectra and by commaris authentic commercial samplés
experiment was also conducted in the absence cfahBIL1. The results of sets (a) and (b) are
reported in figure 3.6 and table 3.10, respectivélythe figure, the red profile refers to the
overall N-alkyl selectivity (S.ak) expressed as:nGk = [(13atl7a/Conversion]x100 (left
ordinate), while the blue profile is the ratio a$-bto monoN-alkyl productsj.e. (17a/13g) (right
ordinate).
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Set (a), figure 3.6. At 150 °C, the reaction prasek even without catalyst (Q=0): the
conversion of aniline was of 48% and the mdhralkyl derivative 13a was formed almost
quantitatively (46%)3

100

I
90 /
804 . . —m=— Conversion -
] _/ —e— N-Alkyl Selectivity

70 4 / —A— Ratio 17a/13a

] Y
60 -/ &
~ 504 o
S 40335
40 /_. 2
i /A Q
30+ / L 0,27
20 .
10 /A/ L 0,04

0 T T T T T T T T T T T T T T
0,0 0,1 0,2 0,3 0,4 05 0,6 0,7
Q (molar ratio PIL1:2a)

Figure 3.6.The reaction of aniline with ethylene carbonate)(1C, 2h): effects of the

amount ofPIL1

However, the reaction outcome was improved by theici liquid: the conversion was
significantly larger (up to 73%) with the additioh even small quantities &?IL1 (molar ratio
PIL1:2a Q = 0.05 — 0.1) and, by further increasing thea@orfrom 0.1 to 0.75, the conversion
finally rose up to a quantitative value.
With respect to the uncatalysed process, the pceseiithe ionic liquid promoted the formation
of both the mono- and the bi$alkyl derivatives of aniline (compoundS8aand17a). Although
the overallN-alkyl selectivity was very high (Su= [(13a+17d)/conversion]x100 = 96-98%),
mixtures of product&d3aandl7awere always obtained. AtXD.1, the {7a/139) ratios were in
the range of 0.2-0.33 (blue profile, right ordirate

Set (b), table 3.10. Experiments were continued ebnstant Q ratioP(L1:2a) of 0.1/ by
varying the temperature and E@:ratio. At 150 °C, going from 2 to 6 h reaction és) a
substantially quantitative conversion (95-97%) walsserved with an excellenN-alkyl
selectivity (Si.ak: 95-98%; entries 1-2 and 3-4).
The ratio of bisN- to monoN-alkyl compoundsX7a134) also increased significantly, but it was
still in favour of the producl3a (50-51%; entries 2 and 4jhe reaction outcome was greatly
improved at 170 °C. Aniline was detected in tracwmants (3-4%) after only 2 hours (entries 5,
7 and 10), and, as the reaction proceeded furtbenpoundl3a was efficiently transformed in
the bisN-alkyl productl7awith yields of 86-95% (by GC, entries 9 and 12).
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Table 3.10.The reaction of anilinel@) with EC in the presence of [MéFgu);]TosO?®
Products (%) ¢

4 EC:2° X T t Conv Yield
(mol: mol) (°C) (h) (%,byGC)° 13a 17a 16a 18a Otherd (17a, %)
1 2 74 67 5 2
2 150
2 6 95 51 38 1 5
3 2 72 64 6 2
4 150
4 6 97 50 45 1 1
5 2 97 49 46 1 1
2 170
6 6 99 23 74 2
7 2 97 46 48 1 2
8 2.2 170 6 98 17 79 1 1
9 8 98 9 86 2 1 74
10 2 96 52 41 2
11 4 170 6 99 15 81 1 2
12 9 98 95 2 1 61

2All reactions were carried out using a mixture oiliae (2a, 0.8 g) and compourfiL1 in a 1:0.1 molar ratid.
The molar ratioethylene carbonate:aniliné. The reaction conversion and the amounts of produetse
determined by GC/MS analyses (columns 5 and 6.ewdisely). The conversion was referred to anilitiee (

limiting reagent)® Total amounts of unidentified by-products.

At both 150 °C and 170 °C, the increase of theZaCGnolar ratio (from 2 to 4) moderately
favoured the conversion df3ato the desired final produdi7a (compare entries 1-2 to 3-4,
and entries 5-6 to 7-8 and 10-11). Nonethelessnhwhe reaction mixtures were purified by
FCC (gradient elution: MeOH/diethyl ether/petroleather; from 0:1:4 to 1:7.5:1.5 v/v, total
of 650 mL), EC was partly co-eluted with compoulick; hence, the higher the amount of
ethylene carbonate, the lower the final isolatezlds (entries 9 and 12: yields of 74% and

61%, respectively}®

II. The synthesis of phosphonium based ionic ligjgRILs). The reaction of aniline with EC
was examined by using a total of 13 PILs. Fourhaim were prepared according to the new
green protocol developed in this PhD thesis andrdes] in chapter 2 (paragraph 2.2). Four
alkylphosphines (BP; R=n-octyl, n-hexyl, i-butyl, andn-butyl) were set to react with dimethyl
carbonate (MeOCge) as a green methylating agent, to obtain meihikylphosphonium
methylcarbonate saltBIL5-8 [scheme 3.28, (a)]. Other PILs were provided by thsearch
group: these compounds were obtained through amnamichange reaction d&?IL5-8 with
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Brgnsted acids [H-A, A= TosO, Br, and I; (schen®83(b)] to yield the corresponding tosylate,
bromide, and iodide saltPiL2-4, PIL9-12, and PIL13, respectively)along with methyl
hydrogen carbonaté €., the half-ester of carbonic acid). The latter wastable above -36 €

and immediately decomposed to form methanol ang @@s providing its built-in removal.

PILs prepared in this PhD work

e} (0]
MeOH ® o
M

PIL5: R = j-C4Hg; PIL6: R = n-C4Hog;
PIL7: R = n-CgH43; PIL8: R = n-CgH47

PILs provided by the research group

o)
® o ® ©o o
MePR;, o Me 4 HoA MePRy A +  H I mMe
PIL5-8 A=TosO, Br,1  PIL2-3, PIL9-12, PIL13
CO, + MeOH

Scheme 3.28The synthesis of PILs

The structures of all PILs used in this work aremsarized in table 3.11. These products were

obtained on a 2-3 g scale. They were fully charad by'H and**C NMR.

Table 3.11.List of lonic Liquids utilized in this work

Anion
Cation

[TosO] [OCO.Me] [Br] n
[I-BusPMe] @ PIL5 PIL9

[n-BusPMe]  PIL2 PIL6 PIL10
[n-Hex;PMe]  PIL3 PIL7 PIL11
[n-Oct:PMe]  PIL4 PIL8 PIL12 PIL13

& [i-BusPMe][TosO] was commercially available (Aldrich).

[Il. The bis-N-(2-hydroxy)ethylation of aniline the presence of different ionic liquids.
Preliminary experiments on the reactionamiiline with ethylene carbonate were carried out
with strongly basic IL such as-BusPMe][OCO:Me] and p-OctsPMe] [OCOQMe] (PIL5
andPIL8). Complex mixtures of products were always obtdirféor this reason, the use of

the methylcarbonate exchanged PIIRILG-8) was not further examined. Based on the
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results of table 3.10, tosylate and bromide-exckdngalts PIL2-4 and PIL9-12,
respectively), were then used. The complete contiiminaf four cations (from C4 to C8i-[
BusPMe], [n-BusPMe], [n-HexsPMe], and h-Oct;PMe] was available for these anions (TosO
and Br, table 3.11). A mixture of anilingd, 0.8 g, 8.6 mmol), ethylene carbonate (E@Y

a PIL (the molar ratika.EC:PIL was 1:2:0.1, respectively) was set to react at X7@&nd
the progress of the reaction was monitored by GCdl8me intervals in the range of 2-4
hours. Analogously to the commercRIL1, the major products were the desired mono- and
the bisN-(hydroxy)ethyl derivatives of aniline (compounti3aand17aof scheme 3.27)\-
phenylmorpholine 168 and 3-phenyloxazolidin-2-onel8a) were also detected along with
other unidentified by-products (total amount 3-12%he results are reported in table 3.12
which, for a more complete comparison, include® dle data related to compoufdL1
(entries 5-6 of table 3.10).

Table 3.12.The reaction of aniline with ethylene carbonat&7i °C, in the presence of different PfLs

) - t Conv Products (%)
(h) (%)° 13a 17a 16a 18a  Others
1 PIL1 2 97 49 46 1 1
2 MeP({-Bu);TosO 4 99 25 68 1 5
3 PIL2 2 80 57 17 5
4 MePn-Bu);TosO 4 96 42 41 8
5 PIL3 2 85 56 18 7
6 MeP(n-Hex);TosO 4 91 45 34 2 1 9
7 PIL4 2 97 48 51
8 MeP{n-Oct):TosO 4 100 36 58 1 5
9 PIL 2 98 13 64 9 4 7
MeP({-Bu)sBr

PIL10

10 2 98 9 61 12 3 12
MeP{n-Bu)sBr

PIL11

11 2 100 12 80 5 3
MeP{n-Hex):Br

PIL12

12 2 100 18 77 4 1

MeP{n-Oct):Br

2 All reactions were carried out at 170 °C, usingiatane of aniline a, 0.8 g), ethylene carbonate, and PIL in a
1:2:0.1 molar ratio, respectiveR/The reaction conversion and the amounts of preduete determined by GC/MS

analyses. Others were unidentified by-products.

At 170 °C, after 2 hours, the comparison of our elodILs showed thati) high aniline

conversions (80-100%) were reached in all casebromide saltsKIL9-12) were by far more
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efficient than tosylate one®IL1-4) for the transformation of the mord-alkyl derivativel3a
into the final desired biblalkyl productl7a The ratiol7a13awas 4-6.5 for bromideBIL9-

12, (entries 9-12), while it ranged between 0.3 arfidr osylatesPIL1-4 (entries 1, 3, 5, and 7).
Overall, the bromide-catalysed processes were awniisty over after 2 hours, while the
tosylate-catalysed reactions were far from compen after 4 hours (entries 2, 4, 6, and 8). In
the case oPIL9 andPIL10, an apparent drop of thid-alkyl selectivity (-ax) was observed
(entries 9-10). This was mainly due to the fornmatid N-phenylmorpholinel6a (9-12%). Two
additional experiments explained this result: urtderconditions of entry 1 (table 3.12), aniline
was set to react with ethylene carbonate in thegmee of water or of aq. HBr (both® and
HBr were used in 10% mol with respect to anilinéhile the addition of water had no
appreciable effects on the reaction outcome, alyt@taamount of ag. HBr prompted the

transformation of compount7ainto 16ain 70% GC vyield, after 18 hours (scheme 3.29).

O

/\/OH HO\/\ /\/OH
(=0
@ @ @ @
aqg. HBr

yleld.70%
Scheme 3.29The reaction of aniline and ethylene carbonath aitded water or aq. HBr

Traces of residual acidity (HBr) from the synthesisonic liquids (scheme 3.28), reasonably
accounted for the presence of the by-prodl@a in table 3.12. However, any attempt to

purify PIL9 and10to improve their performance, was not successful.

IV. The reaction of different anilines with ethydenarbonate.PIL1 and PIL12 [MeP(-
Bu)sTosO and MeRtOct)Br, respectively] were chosen as catalysts for¢aetion ofprimary
aromatic amines ptchloroaniline, p-anisidine andp-toluidine: compounds2b, 2c and 2e
respectively) with ethylene carbonate (EC).

A mixture of the primary amine (8.6 mmol), ethylezerbonate, and a PIL in a 1:2.2:0.1 molar
ratio, respectively, was set to react at tempeeatur the range of 150-170 °C. All reactions were
followed by GC/MS at different time intervals. Majproducts were the mono- and the Ni§2-
hydroxy)ethyl derivatives of the reactant amineshéne 3.30: compound$3 and 17,
respectively).N-[(p-substituted)phenyllmorpholined &: 1-4%) andN-[(p-substituted)phenyl]-
oxazolidin-2-ones 18: 2-4%) along with other unidentified by-productstél amount 2-8%)
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were also detected. Compouriis(b, ¢ ande) were isolated and fully characterised ‘i and
13C NMR, while the structures df3, 16 and 18 (b, c ande), were assigned from their MS
spectra.

L quo

SRR

2b,c.e 13b,c,e 17b,c,e 16b,c,e 18b,c,e
b: X=CI; c: X=MeO; e: X = Me

Scheme 3.30The products observed in the reaction of diffeeamlines with ethylene carbonate
catalysed byIL1 andPIL12

The results are reported in table 3.13 where, fonae complete comparison, also the data
related to aniline (tables 3.10 and 3.12) are ohetl

Table 3.13.Thereaction of different anilines with ethylene carhte catalysed bylL1 andPIL12 ®

Products (%) "
T t Conv 17
#  XCgH.NH, Catalyst .
e BLeo) ) 0° 13 17 16 18 Others (Yield, %) °
1 2a 170 6 99 23 74 2
2 X=H 150 6 95 51 38 1 5
3 2¢ 170 4 100 21 72 1 2 4
4 X=pMeO . 150 15 100 3 8 1 4 6 74
2e
5 X =nCH, 150 18 100 9 87 2 2 70
2b
6 x<pcl 170 14 100 17 72 4 3 4 62
7 2a 170 2 100 18 77 4 1
X =H
2c
8 xopmeo PIL12 150 4 99 16 71 2 2 8
9 2e 150 7 99 13 74 4 1 7
X= p‘CHg

& All reactions were carried out using a mixtureta primary amine (8.6 mmol), ethylene carbonate,@PIL in
a 1: 2.2: 0.1 molar ratio, respectiveR/The reaction conversion was referred to the pynamine. Both the
conversion and the amounts of products were detedrdy GC/MS analyses. Others: total amounts afentified

by-products’ Isolated yields of bid-alkyl derivativesl 7b, ¢ ande.
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Three main considerations emergédthe bromide exchanged PIL was more active than th
tosylate salt. At 150 °C for example, bgHanisidine ang-toluidine were completely converted
in 4-7 hours and in 15-18 hours, usiRf-12 [MeP({n-Oct)sBr] and PIL1 [MeP(-Bu)s;TosO],
respectively (entries 8-9 and 4-8);the reaction was of a general scope for diffeegnines. On
average p-anisidine (entries 3-4, and 8) was more reacthan p-toluidine (entries 5 and 9),
aniline (entries 1-2 and 7), apechloroaniline (entry 6)iii) as for the case of aniline, the FCC-
purification of bisN-alkyl derivatives17b, ¢ and e was rather difficult: these compounds

however, were isolated in reasonably good yiel@s7@%; entries 4-6).

V. The reaction of primary aromatic amines with pylene carbonateThree different PILs,
namely trit-butylmethylphosphonium tosylate and bromiéL[l andPIL9: MeP({-Bu);TosO
and MePi-Bu)sBr), respectively] and tm-octylphosphonium bromide PJ]L12: MeP(n-
Oct)Br)], were selected as catalysts for the reactioprionary aromatic amines (aniline apé
anisidine,2a and 2c respectively) with propylene carbonate (PC). A tomi& of the primary
amine (8.6 mmol), racemic propylene carbonate,thecchosen PIL in a 1:2.2:0.1 molar ratio,
respectively, were set to react at temperatureshénrange of 150-190 °C. An additional
experiment was carried out also in the absencdld. Rll reactions were followed by GC/MS.
The asymmetry of PC implied the formation of a nembf products whose structures are

outlined in scheme 3.31.

Y T3,

WY Y

OH OH
NH, O 19a,c x 20ac % 2lac x 222,
o PC + +
/g /\ﬁw Oj»“ 0
N N*"'(
X OH OH #“[N N)io
2a,c
a. X=H; .
¥ = O x 19'a,c X 20'a.c
¢: X =0OMe 21'a,c 22'a,c
X X

Scheme 3.31The products observed in the reaction of diffeemilines with propylene carbonate
catalysed byIL1, PIL9, andPIL12
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Major products derived from thid-alkylation of the reactant amines. The double eohilic
attack of the amine at the C in position 5 of P&@egase to bidN-(2-hydroxy)propyl derivatives
(compound=20a 200 as a pair of diastereoisomers in a 1:1 ratio.oA-negligible amount of
other bisN-alkylated compounds originated also from the ieacbf the amine at the highly
hindered C in position 4 of PC (compourf#a, 20'c): the ratio20/20'was ~ 4-58

Two isomeric morpholines,j.e. 2,6-dimethyl- and 2,5-dimethy-[(p-substituted)phenyl]
morpholines (compound&la 21c and21'a, 21'c, respectively; total of 3-11%), as well as two
isomeric oxazolidin-2-ones.e. 5-methyl- and 4-methy¥-[(p-substituted)phenyl]-oxazolidin-2-
ones (compound®2a, 22cand21'a, 22'c, respectively; total of 1-7%) were also detected.
Finally, pairs of isomeric unidentified by-produetgre observed (m/z = 193 in the reaction of
aniline; m/z = 223 in the reaction @fanisidine) in 11-25% yields. The isomeric ensemble
20/20' was isolated and fully characterised iy and*C NMR, while the structures df9, 21
and22 were assigned from their MS spectra. The resudtsegorted in table 3.14.

Table 3.14.Thereaction of different anilines with propylene cambte in the presence of PILs catalysts

Products (%) "

T t Conv 20

o XGRdRe Cast (C) () ()" 19 20 21 22 others (YiEld: %) °

1 None 170 16 1 1

2 190 10 3 3

3 X = H PIL1 190 54 98 41 36 10 1 11
___________________ 4 i S o R . -
5 __________________ S 10 a o e e 4 .

6 PIL1 170 21 89 48 18 4 1 18
7 __________________ =Moo PILS S 100 e 3 e e -

8 PIL12 150 24 100 6 58 6 7 23
& All reactions were carried out using a mixturehe primary amine (8.6 mmol), propylene carbonate, aPIL

in a 1: 2.2: 0.1 molar ratio, respectivelyThe reaction conversion was referred to the pynzmine. Both the
conversion and the amounts of products were detexdnby GC/MS analyses. Others: unidentified by-potsi

were constituted by two isomers (m/z = 193¥olated yields of bitN-alkyl derivatives20a, c.

In the absence of PILs, the conversion of anilireswegligible even at high temperature
(190 °C, entry 2). This remarkable difference wigispect to ethylene carbonate, was likely
due to the weaker electrophilic character of PCweler, the use of a catalytic amount of
PILs allowed the reaction of aniline with propylecerbonate to proceed up to completion.

Bromide exchanged salt®IL9 and 12) were also able to promote the transformation of
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monoN-alkyl products19 to bisN-alkyl derivatives20 (entries 4-5 and 7-8). This process
instead, was rather sluggish in the presence ofttlsglatedPIL1: for example, in the
reaction of aniline, the ratit9a/20a was in favor of the mono-alkyl compountiog) even
after 54 h at 190 °C (entry 3). A similar situatioeld true fop-anisidine (entry 6).

In any case, the poorer reactivity of PC impliechdoreaction times (>20 hours). This
increased the formation of by-products at the pthat the overalN-alkyl selectivity (S-a

= [(19+20)/ Conversion]x100) could not exceed 75%. A valbg, far, lower than that
achieved with ethylene carbonate (up to 97%, t8l8).

However, to the best of our knowledge, this was fir& ever reported reaction in which
organocatalysts, particularly PILs, were able tovate PC as an alkylating agent of primary
aromatic amines. Biblalkyl derivatives20 were purified by FCC and the corresponding
isolated yields were in agreement to their GC ants(antries 4 and 7).

3.3.3 Discussion

I. The reaction of aniline with alkylene carbonat#ise effects of PILSA first significant
feature of the reaction of aniline with ethylenebmaate comes from the analysis of figure 3.6.
At 140-150 °C, the process not only proceeds in dheence of catalysts but, under such
conditions, it yields selectively the bi{(2-hydroxy)ethyl derivatives of the amine with no
concurrent formation of carbamates. This behavieuather unexpected, especially if compared
to the literature data discussed in the introductischeme 3.24)3*%° Aniline is perfectly
capable, as a nucleophile, of discriminating betwte two electrophilic centres of ethylene
carbonate (the alkyl and the carbonyl carbons,e@sgely), with a preference for tigcarbon.
This preference is not altered by the action ofRHecatalysts. The cyclic structure of EC offers
two plausible reasons for this resull: on one hand, th&l-alkylation selectivity would be
favoured by the rigid 5-membered ring of EC whidahders access to the carbonyl carbionon
the other hand, the relief of some ring strain eguent to the alkylation of aniline with EC,
would allow even the non-catalytic reaction to . It should be noted that this last effect is
often offered to explain the higher reactivity tfidene carbonate with respect to linear dialkyl
carbonates™>®
Figure 3.6 and table 3.12 however, leave few doabisut the catalytic action of PILs. In
general, the alkylation rate of aniline with ECdisubled by the use of tosylate safs$L(1-4),
while the reaction is up to eight-fold acceleralgdthe more efficient bromide exchanged PILs
(PIL9-12). This effect is even more pronounced when prapylearbonate is the alkylating
agent (table 3.14)N-(2-hydroxy)propyl derivatives of anilinel@a and20a) form only in the
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presence of catalytic amounts of PILs, otherwiseeaation takes place at all. Also in this case,
bromide saltsRIL9 and12) offer a better performance than the tosyldédl .

A plausible reaction mechanism should considerattt®n of both the cationic and the anionic
parts of the PILs. Scheme 3.32 illustrates two kypses [for simplicity, only the moré~(2-

hydroxy)ethylation of aniline is shown].

PhNH2

H
E >=0+ PR, —»[ >=o PR, x]—= PhNHT \() —

I 1 PR, X @

OH A
— PhNHT 4 0=C=0--{PR,X] — *PR, X" +CO,

[*PR4X/']\ [O>=o—» */\LO>=0 — PhNH/\/ \(9) + PRy X (b)
;

OH
PhNH/l?/ +CO,
a

Scheme 3.32Mechanistic hypotheses for the moNeg2-hydroxy)ethylation of aniline with EC

Hpothesis (a) stands on the weak Lewis acidity bbgponium cation§ and the great
affinity between phosphorous and oxyd@mn initial coordination of the Pcenter of the
catalyst to the carboxylic oxygen of EC, producks tcid-base adduct)( a similar
structure, with pentavalent phosphorus, has besaried in the literatur

Although the carboxylic carbon of the compld® (indergoes electrophilic activation, no
reaction occurs at this position because of thal r:i;gructure of EC (see above), and of the
steric crowding imposed by the bulky phosphoniurtioze® Aniline directs its nucleophilic
attack to theB-alkyl carbons (in positions 3 and 4) of EC: bottese atoms are rather
accessible, and they experience an activating imiceffect caused by the strong
polarisation of the C=0 bond in the compld¥. (An intermediate amino carbonic acid )(
forms, which is unstabfd and quickly releases GQo give the final produci3a Path a)
hardly explains why halide salts, more specificdiiypmides, are remarkably more active
than tosylate PILs. However it is plausible that #ize, the polarisability, and the stability of
anions alter the strength of ionic pairs in PlLsd atherefore, the Lewis acidity of the
corresponding cations. A crucial role is plausiblgo played by the nucleophilic properties

of bromides and tosylates. Path b) accounts far kst aspect in analogy to a mechanism
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previously proposed for the reaction of EC with boaylic acids in the presence of
tetraalkylammonium halides ([Nf2X]) as catalyst§? The following steps are considere}:
the aperture of the ethylene carbonate ring takasepthrough the attack of a halide anion
(X") to onep-alkyl carbon, and’ is formed;ii) then, aniline displaces the X-group and the
carbamic acidl’ is obtained;ii) finally, the evolution of C@from II’ brings to the final
derivativel3a The greater nucleophilic strength of bromideadide anions with respect to
the tosylate anions, makes path b) especially alid’IL 9-12 and 13, but not for the poor
nucleophilic tosylate catalyst®IL 1-4).2° This may account for the activity displayed by the
two types of PILs: paths (a) and (b) may simultarstyp operate with halides, while only

path (a) is active for tosylates.

II. The reaction of different anilines with ethygerand propylene-carbonat&éables 3.13 and
3.14 show that both activated and scantly nucldapéimines react with alkylene carbonates to
yield mainly the corresponding bi¢-alkyl derivatives. Three major observations emergen
average, the reactivity of different aromatic aming consistent with the electron-donating
properties of their ring substitueni®. p-OCH; > p-CH;> H >> Cl;ii) PC is by far less reactive
than EC. As reported by different Authors and by u$®the steric hindrance of the methyl
group in PC, likely accounts for its poor electritiplty with respect to ECjii) the higher
activity of bromide exchanged salBI(9 and12) over the tosylateRIL1) in the alkylation of
p-anisidine ando-toluidine with both EC and PC, suggests that tleehmanism of scheme 3.32

discussed for aniline, holds fprsubstituted anilines as well.
3.3.4 Conclusions

The reaction of primary aromatic amines with alkygecarbonates is a rather unexplored
transformation. This investigation describes anaamdageous methodology to carry out the
bis-N-hydroxyalkylation of anilines with EC and PC. Adtiigh the methodology is rather
energy intensive, several advantages can be reoagnifrom both synthetic and
environmental standpoints) the reaction is of a general scope for differenilines and for
PC and ECiji) non toxic alkylene carbonates replace very harmydroxyalkylating agents
such as alkylene oxides or halohydring) the reactions are chemoselective, occurring
almost exclusively at thB carbons of EC and PC. The competitive formatiorcarbamate
products is ruled outiv) the reaction setup is very simple and it allowslyt catalytic
processes using robust systems based on phosphaailtsn(PILs). In particular, bromide

exchanged PILs have proven to be the most efficoggnocatalystsy) a catalyst is not
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always required for the reaction: the quantitafimenation of bisN-(2-hydroxy) ethylaniline

is achieved at a reasonable temperature by meredygnstoichiometric amounts of aniline
and EC,vi) no additional solvents are required.

Two mechanistic hypothesis are proposed to accdantthe efficiency of the PILs
organocatalysts: the Lewis acidic phosphonium catimay electrophilically activate the
alkyl carbons of alkylene carbonates, while nuchelp halide anions (but not tosylates)
assist the aperture of the carbonate ring throudinext attack at the alkyl positions.
Propylene carbonate is a weaker electrophile thlayleme carbonate: primary aromatic amines

react with PC only in the presence of catalytic ants of bromide or tosylate onium salts.
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CHAPTER 4

Organic Carbonates as Green
Reactants for C-O Bond Forming

Reactions
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- Dialkyl Carbonates -

4.1 Decarboxylation of Dialkyl Carbonates to Dialky Ethers over Alkali Metal-

exchanged Faujasites
4.1.1 Introduction

As mentioned in previous chapters (1 and 3), ldjatkyl carbonates (ROCR, DAICs, R =
C1-C3), especially dimethyl carbonate (DMC), areedbent green substitutes of toxic reagents
and solvents.In particular, the combination of DAICs with a s$aof zeolites, namely alkali
metal exchanged faujasites as catal§/$tas proven to be successful to improve the outomime
severalO- and N-alkylation reactions of different nucleophifeSchemes 1.13, 1.14, 3.2 and
3.13 detail examples of highly selective and chesfexsive alkylation processes carried out in
the presence of NaY or NaX faujasites.

The investigation of these reactions indicates that formation of the desired alkylation
products may take place through two concurrent mu@sims. This is especially true for alcohols
whose etherification with DAICs over faujasitespgeeds through a sequence of tetrahedral and
Sw2-type intermediates followed by a decarboxylatieaction®® Scheme 4.1 describes the

reaction of benzyl alcohol with DMC.

0]
a O)]\O/Me
R
0]
@—\ Me. Y Me cat BMC l-oo2
O-H o ©
_Me
Cat.: NaY or NaX b ©/\O + MeOH + CO,
BME

Scheme 4.1

Initially, benzyl methyl carbonate (BMC) and benzykthyl ether (BME) originate from the
attack of benzyl alcohol at both the carbonyl arethyl carbons of DMC [paths (a) and (b),
respectively]. Then, if the mixture is allowed teact further, BMC undergoes a quantitative
decarboxylation and BME is obtained as a sole pbdu isolated yields up to 96%. An
intriguing question arises from this example: dgton conditions allow BMC to lose GQhen
would the decarboxylation of DMC be possible aslwét addition, this opens a rather more

general window on the scope and limitations of ¢henbined use of dialkyl carbonates and
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faujasites: in fact, higher homologues such as @ DPrC, would be expected to react
similarly to DMC.

It should be noted that the decarboxylation of nigaarbonates is documented in the literature:
for example, Pd-complexes catalyze the transfoonatif allyl alkyl carbonates to unsaturated
esters and ketonéghermal treatment and/or basic/radical initiaiaduce the loss of CQrom
carbonate polymers and alkyl aryl carbonates tadywe mixtures of olefins, alcohols and
polyether diols?> hydrotalcite or alumina catalysts allow the systheof dialkyl ethers from
heavy (Go-C21) dialkyl carbonate8.However, to the best of our knowledge, an invesiim of

the behavior of light dialkyl carbonates with resp® the decarboxylation reaction, has never
been reported particularly in the presence of meaystems. The investigation presented here
details a systematic study of such a reaction ugdingethyl, diethyl-, and dipropyl- carbonates
(DMC, DEC, and DPrC, respectively) as substrated alkali metal-exchanged Y and X
faujasites (NaY and NaX) as catalysts. The cornedipg ethers have been observed in all cases
though the onset of the decarboxylation is affedigdhe structure of the carbonate and the
nature of the zeolites. For a more complete corapari also different catalysts such as
hydrotalcite and KCO;, and reagents such as dioctyl- and glycerol- ceaates have been
examined. A mechanistic hypotheses has been fotetuda the basis of the adsorption of DMC

over the NaY surface.
4.1.2 Results

I. Reaction of dimethyl carbonate over faujasites, hydrotalcite, and K,COs Four different
faujasites, namely MY (M = Li, Na, Cs) and NaX weised as catalysts. Two of them, NaY and
NaX were commercially available samples. LiY andrGeere prepared through conventional
ion exchange reactions, starting from NaY and LOEICsCI as precursofsHydrotalcite (HT:
KW2000, Mg 7Al.301.15 and KCO; were also from commercial suppliers.

DMC was used as a model substrate to begin thestigation. Before each reaction, the
catalysts (faujasites, hydrotalcite, andCKs) were dried under vacumm (8 mbar) at 70 °C,
overnight. Initial experiments were carried outii20 mL-autoclave charged with a mixture of
DMC (10 mL, 119 mmol) and the faujasite (0.6 g cAWor NaX; the weight ratio, Q,
catalyst:DMC was 0.056), and heated under stirfimg6 hours at different temperatures of 150-
220 °C® Under these conditions, hydrotalcite (HT: 0.6 gjswalso tested as a cataly€nce
cooled to rt, a residual pressure up to 20 barmeasured inside the reactor.

In order to recover the gaseous products of theticeg the autoclave was purged by a low

temperature trap-to-trap apparatus (see experim@tdurther details). The gaseous mixture
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was collected in an air-tight drechsel bottle (280Q) and weighed. Both the gas phase and
residual liquid in the autoclave were analysed W@/M&S. In the first one (gas), only two
products, C@and dimethyl ether (DME), were obsen/dhis unambiguously proved that the

DMC underwent a decarboxylation reaction (scherg 4.

0]

Me\OJ\O,Me _Cat Me..Me +CO,
150-220 °C
DME

Cat.: NaY or NaX
Scheme 4.2

The progress of such a reaction veasluated from the total (weighed) amounts of,GAd
DME: this allowed to calculate the conversion of DMh each experiment. The results are

reported in figure 4.1.
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Figure 4.1.Decarboxylation of DMC over sodium faujasites (NaYd NaX) and hydrotalcite (HT) at

different temperatures, and after 6 hours

Although the three catalysts were all effective tbe decarboxylation of DMC, their
performance was quite different. For example, & %UB, the reaction conversion was 80%, 54%,
and 7%, over NaX, HT, and NaY, respectively. In shene order, at 200 °C, the unreacted DMC
was 4%, 8%, and 31%. These results indicated anpralry trend of catalytic activity:
NaxX>HT>NaY.

The GC/MS analysis of the residual DMC in the alaoe showed traces of methanol whose
amount did not exceed 3% even at high conversiopgd 90%). The presence of the alcohol

was ascribed to hydrolysis of the starting carbendiie to water adsorbed on the cataf§sts.
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The comparison of different catalysts was thenrede to Li- and Cs-exchanged Y faujasites
and KCOs.*! Under the conditions above described (DMC: 10 meight ratio Q = cat/DMC =
0.056), reactions were performed at 200 °C for 6r§iloAn additional experiment was carried
out in the absence of any catalyst. The resultsregperted in figure 4.2 where for a more

complete view, also the cases of NaY, NaX and HTimeluded.

100

D o]
o o
1 1

DMC Conversion (%)
N
?

none KyCO3 LiY NaY  CsY HT NaX

Figure 4.2.Decarboxylation of DMC over different catalysts280 °C

DMC by itself was rather stable to the decarboxgtatThe reaction was observed only in the
presence of a catalyst, and in all experiments; @@ dimethyl ether were the sole detected
products (scheme 4.2). However, the outcome waatlgraffected by the nature of the added
solid: the conversion of DMC was very modest (4%)KyCO;s, while it progressively raised
from 26% to 94% with the increase of the basic attar of Y-faujasited.e. from LiY to NaY
and to CsY, respectively. This latter (CsY) offeiad activity comparable to that of NaX and
HT.

[1. Effect of the faujasite amount and of the reaction time on the decarboxylation of DMC.
Commercial NaY and NaX catalysts were chosen tdimoa the investigation. Two sets of
experiments [(a) and (b)] were carried out: (a@d °C and for 6 hours, DMC (10 mL, 119
mmol) was set to react with increasing quantitiebath NaY and NaX, by varying the weight
ratio Q = cat:DMC from 0.015 to 0.084; (b) at 200 °C, atmie of DMC (10 mL, 119 mmol)
and the catalyst (NaY or NaX; Q = 0.056), was sethact at different times, from 1 to 18 hours,
respectively. The results are shown in figure 4)3and (b), respectively. Both sets of reactions
confirmed that NaX was by far, a more active catatlgan NaY.

Figure 4.3a [left; set (a)] proved that the decaytetion of DMC was a truly catalytic process

affected by the zeolite loading: the reaction cosm® smoothly increased from 7 fb50% as
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the NaY amount was augmented by a factor of 6 (LQ084). By contrast, even with a modest Q
ratio of 0.028, the use of NaX allowed a substélgtquantitative conversion. Figure 4.3b [right;
set (b)] showed the effect of the reaction timea & ratio of 0.056, the decarboxylation process
was complete inl3 hours in the presence of NaX (red profile), ehalven after 18 hours, 20%
of the initial DMC was still unreacted when NaY whe catalyst (blue profile). The conversion
of DMC was always determined by the weighed amouwotthe reaction products (GGnd
DME).

1997 =— Nay 100 = NaY
90 —@— NaX % NaX
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Figure 4.3.The decarboxylation of DMC carried out at 200 6@er NaY and NaX.(a) Effect of the
catalyst amount; (b) effect of the reaction tirge<0.056)

In order to test whether the thermal activatiorfanfjasites affected their performance, two
aliquots of NaY were heated in a stream of dry{EHrmL/min), at 200 and 400 °C, respectively,
for 4 hours. Then, these samples were used aysistéb carry out two additional reactions with
DMC at 200 °C, for 6 hours. The weight ratio Q= NB¥IC was set to 0.056. In both cases, the
reaction conversioni{30%) did not appreciably differ from that evaluhtehen the catalyst was

simply dried at 70 °C (compare figures 4.1, 4.2] 4r8a).

[11. Competitive methylation and decarboxylation reactions over NaX. Figures 4.1-3 and table
4.1 proved that extensive decarboxylation of DM@ktplace under the same conditions used to
carry out several methylation reactions mediatedMC and catalyzed by faujasites (scheme
4.1). This led to the plausible hypothesis thatethml carbonate could exhibit its methylating
activity while, simultaneously, it underwent a ddxylation reaction. An experiment was
performed to verify such an aspect. A mixture ofzy alcohol (5.0 mL, 48.4 mmol), DMC
(15.0 mL, 178.2 mmol), and NaX (0.52 g; Q = cat:DM®.032) was set to react at 200 °C, in a

120 mL-autoclave, for 12 hours. Once cooled tal reactor was purged according to the
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procedure above mentioned (figure 4.1): a mixturgaseous products (13.3 g) composed of
CO, and DME, was recovered. The GC/MS analysis of¢isedual slurry content of the reactor
revealed that the starting benzyl alcohol was lpdnverted as shown in scheme #. These
results confirmed the competitive occurrence of tezarboxylation of DMC and th®-
methylation of the alcohol: the two processes coresli(70% and 25%, respectively, of the

initial DMC amount.

IV. Reaction of diethyl- and dipropyl-carbonates over Na-faujasites. The reactions of higher
homologues of DMC such as diethyl- and dipropykboaates (DEC and DPrC, respectively),
were investigated in the presence of NaX and Nayafates. Before each run, both catalysts
were carefully dried under vacumm (8 mbar) at 70 §¢rnight. Experiments were carried out
in the same 120 mL-autoclave used for DMC.

In the case of DEC, a mixture of the carbonatenfl) 83 mmol) and the faujasite (0.55 g of
NaY or NaX; the weight ratio, Q, catalyst:DEC wa®3®b), was set to react for 6 hours at
different temperatures of 180-240 °C. Once coabed,tthe reactor was dipped in a cooling bath
at -55 °C, and vented. A GC/MS analysis of theasdel gas showed the sole presence gf CO
The autoclave was allowed to return gradually tdiemt temperature, and the reaction mixture
was analyzed by GC/MS. Diethyl ether (DEE) was ol as the main product (90-93%),
confirming that also the decarboxylation of DECkqtace over Na-faujasites (scheme 4.3).

(@]
)J\ Cat
/\O O/\ —_— /\O/\ + CO2
180-240 °C
DEC DEE
Cat.: NaY or Nax
Scheme 4.3

Minor amounts (3-5%) of ethanol were detected abygroduct. Figure 4.4 reports the
conversion of DEC and the selectivity towards threnfation of DEE (both parameters evaluated
by GC/MS),vs the reaction temperature.

Two aspects emergeD:the performance of the two faujasites resembtedl $hown for DMC.

At comparable conditions, the DEC conversion wagags higher over NaX with respect to
NaY (black profiles);ii) the onset of the decarboxylation of DEC requeiddmperature afl 30

°C higher than that for DMC (compare figure 4.1).other words, diethyl carbonate appeared

less prone than DMC, to the loss of £@he selectivity to DEE was on average, very good
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(>90%, blue profiles); however, as for DMC, a nrihgdrolysis of DEC due to water adsorbed

on the faujasites, yielded ethanol as a co-product.
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Figure 4.4.Decarboxylation of DEC over NaY and NaX faujasites

Dipropyl carbonate (DPrC) was prepared by adjustingeneral procedure reported for the
synthesis of dialkyl carbonaté$The reaction of DPrC was carried out using thecedare
above described for DEC, only in the presence efrtfore active NaX as the catalyst: the
carbonate (8.8 mL, 56 mmol) and the faujasite 0d3 NaX; the weight ratio, Q, catalyst:DPrC
was 0.036), was set to react at temperatures od@88@40 °C for 6 and 12 hours, respectively.
The GC/MS analysis of the reaction products shotlvatithe outcome of these experiments was
remarkably different from that of DMC and DEC. DRu@iderwent the expected decarboxylation
reaction, though, the process was no longer se&ecin formation of the corresponding ether.
Regardless of the conversion of DPrC, the gas deinten the autoclave was a mixture of £0

and propylene, while liquid products werg@ropanol and di-propyl ether (DPE) (scheme 4.4).

Gas

NF +CO,

A R _~_0OH
DPE

Scheme 4.4

At 220 °C, after 6 hours, the liquid phase contdinereacted DPrC (61%) along with
comparable amounts ofPrOH and DPE (22 and 17%, respectively). The ¢as® (2.0 g) was
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composed by C9and propylené? Both propylene ana-PrOH formed even at a moderate
conversion of the starting carbonate.

At 240 °C, the conversion of DPrC was completerafte hours: a gaseous mixture (3.70 g) of
propylene and C& and a liquid mixture ofn-propanol (62%) and of DPE (38%) were
recovered. A first observation was that the presesfcsuch a remarkable amoumpropanol
hardly derived from the hydrolysis of DPrC. If 4be required quantity of water (0.31 g, 17
mmol) adsorbed on the catalyst would have been aceaibfe to the weight of the catalyst itself.
A plausible explanation for the formation of bothopanol and propylene was instead, the

cracking of DPE according to scheme #5:

0]

)J\ NaX NaX OH
A, - A
DPrC 2 DPE
Scheme 4.5

This hypothesis was substantiated by the followdngsiderations. The full decarboxylation
of DPrC corresponded to the release of 56 mmob(8)40f CQ which, from the total weight of
gaseous products, allowed to calculate the formabio30 mmol (1.25 g) of propylene. The
stoichiometry of scheme 4.5 indicated that the samakar amount (30 mmol) af-propanol had
to be present in the liquid products, thereby irmgya residual (liquid) DPE quantity of 26
mmol. Accordingly, a propanol:DPE ratio of 65:353x@btained in good agreement with the GC
ratio (62:38) observed for these two compounds.

V. Other dialkyl carbonates. To verify whether the decarboxylation over Na-fsiigs
occurred also for high molecular weight and/or @iss organic carbonates, two model
compounds such as dioctyl carbonate (DOC) and gheearbonate (GlyC) were chosgn.

The reactions of DOC (2.0 g, 10.8 mmol) and Gly® @, 17.0 mmol) were explored at 200 °C

for 6 hours, in the presence of NaX faujasite (tleeght ratio, Q, catalyst:carbonate, was 0.06).
In both cases, the viscosity of the reagents redutine use of a solvent: cyclohexane (9 mL) and
dimethoxyethane (9 mL) were used for DOC and GhgSpectively. Experiments were carried

out according to the procedure detailed for DEC.

In the case of DOC, the GC/MS analysis of the reacmixture showed the presence of
unreacted carbonate (42%), dioctyl ether (7%) aochparable amounts afi-octanol and

isomeric octenes (28 and 23%, respectivlyscheme 4.6).
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NaX, CyH
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DOC
Scheme 4.6

The good analogy with the behavior of DPrC (schemd) indicated that also the
decarboxylation of DOC took place along with thayslible decomposition of the corresponding
dioctyl ether to octanol and octenes.

The reaction of GlyC instead, did not offer anyaclenterpretation: a complex mixture of
several products was observed, most of them remhaumédentified compounds. However,

glycerol and trace amounts (5%) of glycidol weréedted (scheme 4.7).

OH
OH OH
o) NaX, DME
>=O - > OH + + others + CO,
o 200 °C o]
GlyC OH
Scheme 4.7

4.1.3 Discussion

I. Decarboxylation of DMC and the nature of the catalyst. As described previously in chapter
3 (par. 3.2) the adsorption of DMC over Na-faugsitakes place via the formation of acid-base
complex between oxygens of DMC and the Lewis acgiies (N&) of the catalyst (scheme
3.22). Accordingly, both O-CHand C-OCH bonds of the carbonate are weakened. This fact
implies an electrophilic activation of DMC after sadption over faujasites, and in the last
instance, it can explain the catalytic activitysafch solids in methylation/carboxymethylation
reactions (chapter 1 and 3). The mode of adsoridMC also offers an interpretation for the
decarboxylation reaction here examined. Schemesl#o&/s a plausible mechanistic hypothesis

via polar intra- and inter-molecular reactionst(beid right, respectively).

. < .0.8°0. 0870,
H3C\_, v CH3 ch \4\[]/\4 CH3 H3C \_(\H/\_( CH3
8t O 8t 0O 8t O
! — nH;C__ _CH; + nCO, <=—— ! !
Nat ! © n=2 Nat Nat
DME 2
zeolite surface zeolite surface
Scheme 4.8
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The elongation of both O-GH-and C-OCH bonds in the adsorbed DMC, favours their cleavage
with the extrusion of C@ the recombination (through a nucleophilic attaok)®’0OCHs; and
**CHsz groups produces dimethyl ether.

Whatever the mechanism, results of figures 4.1a¥%deno doubts about the superior catalytic
efficiency of NaX with respect to NaY, for the demaxylation of DMC. More specifically,
according to the acid-base scale proposed by Baetbet al.,'® figure 4.2 shows that the
increase of the reaction conversion is in good exgent with the trend of basic strength of
faujasites: the more basic the zeolite (NEXY>NaYzLiY), the better its performance. The
capacity of CQ adsorption by zeolites should be considered antlbadactors responsible for
this behaviour. Alkali metal exchanged faujasifesticularly the cheap and safe NaX and Nay,
are claimed as some of the most effective adsstfentCQ storage™’ whose affinity for CQ
(under moderate pressures) has been demonstrateztease with the basicity of the solfds®

In our case, this feature is plausibly reflectedlmability of the catalyst to facilitate the rase

of carbon dioxide from DMC (scheme 4.2), thus fauogithe overall process.

It should be noted however, that the basigéy se is not a sufficient requisite for a rapid
decarboxylation reaction. Solid,&0O; in fact, is a rather poor catalyst (figure 4.2plpably
because of its inefficiency in the adsorption of OMBy contrast, the good result with
hydrotalcite (HT, figure 4.2) is ascribable to timoderate amphoteric properties exhibited by
this materiaf*

[1. The decarboxylation of higher dialkyl carbonates. In the case of diethyl- and dipropyl-
carbonate, their adsorption over faujasites, tlecarboxylation mechanism, as well as the
relative catalytic activity of NaX and NaY (figue4 for DEC), can be explained according to
the discussion proposed for DMEThe same holds for the selectivity in the reactiohDMC
and DEC: the presence of alcohols (MeOH and Et@Hjompatible with minor hydrolysis of
the two carbonates due to residual water adsorhetiecatalyst® Major differences concern
two aspectsi) The loss of C@from both DEC and DPrC is more energy intensivantfor
DMC. The corresponding decarboxylation reactiohke alace conveniently at 240 and 200 °C,
respectively (compare figures 4.1 and 4.4). Thsulteis consistent with the general trend
observed for a number of alkylation and carboxyalltgn processes mediated by dialkyl
carbonates, where a dramatic drop of reactivityagbvoccurs if DMC is replaced with heavier
DAICs (except for dibenzyl carbonatef: An increase of the steric hindrance around bdil al
and carbonyl carbons of the reacting carbonatesouats for this behaviorii) The

decarboxylation of DPrC is not a selective procébe expected product, dipropyl ether (DPE),
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forms along with two side compounds sucmgsopanol and propylene (scheme 4.5). Although
some hydrolysis of DPrC is possible, this reactiandly accounts for the sizable amount of the
alcohol (up to 62%) detected in the liquid mixtuestead, the cracking of DPE catalyzed by
NaX offers the most reasonable pathway to explam presence of both-propanol and
propylene (scheme 4.5).It should be noted that the conversion gf@3, dialkyl ethers to the
corresponding olefins has been claimed in theditee, by using alkali- and alkali earth-metal

exchanged faujasités.

This analysis is corroborated by the behavior otdil carbonate (DOC). Although the presence
of a reaction solvent (CyH) does not allow a dismtparison with DPrC, the reaction of DOC
catalyzed by NaX vyields dioctyl etheroctanol and isomeric octenes (scheme 4.7). At2ED-
°C, the decarboxylation of DOC has been descritsmhaith a hydrotalcite cataly8tn this case
however, reaction products were only dioctyl ethad n-octanol: Authors did not observe
octene(s) and the formation of the alcohol (upQ&oZat complete conversion) was attributed to

the hydrolysis of the reactant carbonate.
4.1.4 Conclusions

The combined use of dialkyl carbonates (DAICs) atidli metal exchanged faujasites is a
powerful synthetic tool to promote the alkylatiohaonumber oN-, O-, andS-nucleophiles with
excellent selectivities, above 95%, at quantitatoenversions. However, this investigation
demonstrates that the experimental conditions,ceslpethe high temperature often required for
such processes, may also trigger important sidetiogs: in the range of 150-240 °C, a
decarboxylation of the reactant dialkyl carbonates/ take place followed by other processes
whose occurrence is strictly dependent on the aat@irDAICs. In particular, dimethyl- and
diethyl-carbonate undergo the loss of 40 produce the corresponding dimethyl- and diethyl
ethers in a very high yield. Heavier carbonatedess give different products: dipropyl
carbonate provides a mixture of dipropyl etheipropanol and propylene; likewise, dioctyl
carbonate provides dioctyl ethamoctanol, and octene(s), respectively. The mecharo$
adsorption of DMC over Na-faujasites offers a nmaie@ to discuss the onset of the
decarboxylation reaction, while the acid-base priigeeof zeolites allow an interpretation for the
catalytic activity of the tested catalysts: the enbasic the faujasite, the better its capability to
favor the release of CQluring the reaction, the better its performannehk case of dipropyl-
and dioctyl-carbonate, once decarboxylation takaeep cracking of the corresponding dialkyl
ethers catalysed by Na-faujasites is a plausibllewssy to explain the presence of alcohols and

alkenes as co-products.
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Overall, the results reported in this work, hightigwo significant aspects: they elucidate the
possible limitations of the use of dialkyl carbasain the presence of faujasite catalysts and they
offer boundaries to the reaction conditions, temperature and nature of the catalysts, in order
to avoid side reactions by which an extensive conion of DAICs may take place, and to
control the efficiency of the whole alkylation pesture. Finally, the formation of highly

flammable ethers such as DME and DEE, may also asséety concern.
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- Glycerol Carbonate -

4.2 The Reaction of Glycerol Carbonate with Phenah the Presence of NaY Zeolite
4.2.1 Introduction

As already stated in chapter 3 (par. 3.1), the etaskirplus of glycerol from biodiesel
production,* is going to have a remarkable resonance on theldement of new synthetic
routes from renewabléd.In this context, non toxic derivatives of glycemich as glycerol
carbonate (GlyC) are becoming attractive buildinpcks?® Scheme 3.1 has already
described the multiple reactivity of GlyC: the oxygatom of the hydroxymethyl function of
GlyC serves as a nucleophile, while both carbomd alkyl carbon atoms (C2 and C5,
respectively) show a typical electrophilic characfeAs an example of the latter behaviour,
the N-alkylation of anilines with GlyC carried out ovdaujasite catalysts, has been
previously reported in this PhD thesis (chaptemp&s. 3.1). These results prompted us to
extend the investigation to the reaction of GlyGhaather nucleophiles. Phenol was chosen

as a model compound.
4.2.2 Results

I. GlyC as an alkylating agent of phenol. Initial experimental conditions for the reaction of
phenol £3) with GlyC in the presence of NaYas the catalyst, were defined according to the
procedures, previously reported in chapter 3 (Bal), for the alkylation of primary aromatic
amines. A mixture of phen@3 (0.5 g, 5.3 mmol), and GlyC (0.76 g, 6.5 mmol; thelar ratio
W = GlyC23 = 1.2) was set to react at different temperat(id®, 150, and 200 °C), in the
presence of the NaYfaujasite (the weight ratio, Q = NaX3 was 1.5). Due to relatively high
viscosity of GlyC, triethyleneglycol dimethylethpvleO(CH,),O(CH,),O(CH,).OMe, triglyme:

2 mL] was used as a co-solvent, to allow an unifatiring of the reacting slurry. All
experiments were run at ambient pressure, in an vessel. The reactions were stopped after 6
hours, and the reaction mixtures were analyzed ®MS. Three major products were observed,
whose structures were assigned from their MS spéstheme 4.9). Also some unidentified by-
products (total amount 4%) were detected. Restdtsegorted in table 4.1.
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Table 4.1.The reaction of GlyC with phenol catalyzed by thejasite NaX *
Products (%, GC)

T Conv
©) %) ° 24 25 26 Others*
1 140 13 10 1 2
2 200 42 7 28 3 4

& All reactions were carried out for 6 hours in resence of triglyme (2 mL) as the solvent. The
molar ratio GlyC23 was 1.2, while the weight ratio Na¥®3 was 1.5° The reaction conversion and
the amounts of products were determined by GC/M@yaas.” Total amounts of unidentified by-

products.

The increase of the reaction temperature (from X2@o 200 °C) produced an increase of the
reaction conversion (from 13% to 42%) (entries @ ah Compoun®5 was always the major
product (10-28%); though, at 200 °C, the desiréglation derivative24 was observed in a 7%

amount. The latter conditions (200 °C) were thegdu® continue the investigation.

[1. Effect of amounts of faujasite and GlyC. Three different sets (a-c) of experiments were
carried out.

In the first set (a), different catalyst loadingseres considered. A mixture of phenol (0.5 g, 5.3
mmol), and GlyC (1.77 g, 15.0 mmol; the molar rfo= GlyC23 = 2.8) was set to react at 200
°C in the presence of different amounts of the Nd&ujasite (0.375, 0.75, 1.5 to 2.0 g; the
weight ratio, Q = NaX:phenol was 0.75, 1.5, 3 and 4, respectively). Ascdbed above,
triethyleneglycol dimethylether (triglyme, 2 mL) waised as a co-solvent. The reactions were
stopped after 18 hours, and mixtures were analypye®C/MS. Results are reported in figure
4.5, where the reaction conversion and selectiaiyards the alkyl derivativ4, are plottedss

the weight ratio Q.
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At low Q ratios (&1.5), the conversion was rather good (50-70%) theiselectivity for24 (S,

= [24)/conversion x 100) did not exceed 80% along witidentified by-products. The increase
of the catalyst loading (€8) produced a remarkable drop of the reaction canwe (from ~70%
to ~20%), though the process reached a select(8ity= [24]/conversion x 100) up to 100%
towards the alkyl derivative4.

In the second set of experiments (b), different am® of GlyC, from 1.77, 2.51 to 3.14 g (15,
21.3 and 22.6 mmol, respectively), were considefechixture of phenol (0.5 g, 5.3 mmol), and
GlyC was set to react at 200 °C, in the presenc&aY, faujasite (the weight ratio, Q,
NaYa:phenol was 1.5). The corresponding molar ratio€3lyC:phenol) ranged from 2.8, 4.0 to
5.0. Triethyleneglycol dimethylether (triglyme, 2 jrwas used as a co-solvent. The reactions
were stopped after 18 hours, and mixtures wereyaedlby GC/MS. Results are reported in
table 4.2.

Table 4.2.The effect of GlyC loading in the reaction withgpiol and Na catalyst!

GlyC:2a, W Conv Products (%, GC) © Sel.

(mol:mol) ° (%) © 24 25 26  Otherd (24.%)°
1 28 52 39 3 8 2 75
5 40 74 52 6 13 3 70
3 5.0 80 50 7 50 3 62

& All reactions were carried out for 18 h, at 20Q fiCthe presence of triglyme (2 mL) as the solvdifte
weight ratio, Q, Na¥:23 was 1.5.” Molar ratio W= GlyC23. ¢ The reaction conversion and the amounts of
products were determined by GC/MS analyseJotal amounts of unidentified by-products.Selectivity
towards produc24.
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The increase of the molar ratio W from 2.8 to fanced the reaction conversion (from 52 to
80% by GC, entries 1 and 3, respectively). In aodjtthe desired alkylated compoud was
the major product, with a selectivity up to 70-7a%rather good conversions (52-74%) (entries
1 and 2). However, a further increase of the Gly@oant (W=5) slightly increased the
conversion (80%) with no benefits on the selectiy@2%) (entry 4).

The third set of experiments (c) was carried outenrthe same conditions used for the set (b)
except for the catalyst amount which was lowered.&75 g. The corresponding Q ratio
(NaYa:phenol) was 0.75. As for set (b), results of sgtshowed that the increase of the GlyC
guantity from 0.76, 2.51 to 3.14 g (W = 1.2, 4.@d&n0) increased the conversion of phenol
from 23, 65 and 77, respectively. However, the&eligy for 24 decreased progressively from
87, 75 and 67%, respectively. Other products waréeantified by-products.

[1l. Temperature and time dependence of the reaction outcome. Possible effects of the
reaction temperature were investigated accordintheoresults of figure 4.5 and table 4.2. In
particular, conditions were chosen to obtain thst m®mpromise in terms of conversion and
selectivity. A mixture of phenol (0.5 g, 5.3 mmajhd GlyC (3.14 g, 26.6 mmol; the molar ratio
W = GlyC:phenol = 5.0) was set to react at différtmperatures (180, 200 and 220 °C), in the
presence of the NaYfaujasite (0.75 g, the weight ratio, Q = NaX3 was 1.5). Triglyme (2
mL) was used as a co-solvent. The reactions weyget after 18 hours, and mixtures were
analyzed by GC/MS. Results are reported in figu® #here the reaction conversion and

selectivity (see table 4.1 for definitions) aretfgdvs the reaction temperature.

100

oo

60 O/O\O

%, GC

—e— Conversion
20+ —O— Selectivity

0 T T T T T T T T T
180 190 200 210 220

temperature (C)

Figure 4.6.The effect of the reaction temperature
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The increase of the reaction temperature from &8220 °C, increased the conversion (from 71
to 88%, respectively), while the selectivity &4 remained almost unaltered around 60%. The
experiment carried out at 220 °C was monitored®&/MS) at different time intervals. Figure
4.7 shows the corresponding reaction profile.

This analysis showed that after the first hour, dbaversion and the formation of produ2és
and25 boosted up to 66% , 42%, and 18%, respectivelgnTthe reaction slowed dramatically:
only after 18 hours, the conversion reached 90%camilpound24 slowly increased up to the
final amount of 55%.

Product 25 followed a typical intermediate-like behaviour:teaf an initial maximum, its
concentration dropped progressively to less than #% the reaction proceeded further.
Compound26 increased progressively with time up to a rathghhvalue of 33%, while

unidentified by-products (others) were almost cantsthroughout the reaction (~3%).

100 4
—e— 23
1 —o— 24 OH o OH
80 —0— 25
—— 26 OH
E —*— Others
60 4 23 24
0 — o
° ] 0/\[ =0
B 40 - le} OH
e pho._L__oph
26
204 25
Te
%
0 ¥ T T T T T T //%
0 2 4 6 18

Reaction time (h)

Figure 4.7.The profile of the reaction at 220 °C (Q = 1.57/8.0)

4.2.3 Discussion

Results of tables 4.1-2 and figures 4.5-6 inditiad the faujasite NayYis able to catalyze the
formation of the desired alkylation produtt where glycerol carbonate acts asGualkylation
agent of phenol. Even if this investigation islstil a preliminary stage, some analogies and
differences can be highlighted with respect torteation of anilineZa) with GlyC presented in
chapter 3 (par. 3.1).

As for aniline, the adsorption of phenol on faugsihas been described through two modes
of interaction®* involving i) H-bonds between OH groups of phenol and oxygemsitof the

lattice, andi) acid—base reactions of metal cations on the datayrface with the aromatic ring

174



of phenol. Similar interactions explain the adsimmpbf glycerol carbonate over faujasites: these
have been previously discussed by analogy withbeteaviour of DMC and primary alcohols
adsorbed on zeolites (scheme 3.10). The overdlingican be sketched out as shown in scheme
4.10.

Q
0 Sl(o/sl/o
O-a1—© ' \O

o Na AI

ero OC/) Na\
O O O \\O
O/SI O_J\ l/

/ o. .
*Na- -Al~© | \ H

o \o o 0 O (:) o 0 Na' d'O
-0 Q) -~ - : /
Si_—_Si

Scheme 4.10Pictorial view ofthe adsorption of phenol and glycerol carbonate aWda-faujasite

Phenol and GlyC experience a nucleophilic (shadstian, left) and an electrophilic (shaded
section, right) activation, respectively. In thisyythe OH group of phenol is assisted to attack
GlyC through a § reaction occurring preferably at the less hindeZ& position of the cyclic
carbonaté? and produc4 and CQ are directly produced (scheme 4.11, path a).

OXOH
(@) (a) © OH -H0
-CO,
24 OH
of\H: =0 OH
o
NaY
© OH OH
23 OH O/\[o
=0
(b) O -CO,
-H,0
EOS

SRR

25

Scheme 4.11The reaction of GlyC with phenol: the formationppbducts24, 25, and26

Other similarities to aniline aré) the reaction of phenol at the carbonyl carboiGhfC do

not occur;ii) the presence of some water entrapped by theysgtahllows the protonation of
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the alcxide-like moiety derived from GlyC (dasheztt®on, scheme 4.10), to favour thg2S
process for the formation of produ2s (scheme 4.11, path hijj) the latter compoundb) is
likely to act as an intermediate species (figui® groducing the desired produz.>

However, by contrast to the case of anili2@can plausibly lead also to compouzgithrough a
nucleophilic attack of phenol (scheme 4.11, bottdvigreover, the alkyl derivative4 can itself
undergo a nucleophilic attack of phenol to prodoempound26 (scheme 4.11, top). This side
reactions mainly account for the lower selectivtyserved for phenol with respect to aniline.
The nature of the substrates as well the operatingitions may offer an explanation for such a
behavior. Phenol is certainly a poorer nucleopifig aniline’* and temperatures (up to 220 °C)
required for the alkylation of phenol are higheartithose for aniline (140 °C). Overall, at high
reaction conversion (>70%), the selectivity towatd§,3-dihydroxy)propyl phenol2d) do not
exceed 80%. Future investigations should be adeilets a more in-depth analysis of the
catalyst loading and to the use of different coxsnt to avoid possible mass-transfer limitations

and improve the product distribution.
4.2.3 Conclusions

The investigated reaction couples the use of efm{aajasite catalysts to a glycerol-derived
and innocuous reagent such as glycerol carbonatewitistanding these remarkable green
features, the study performed up to now shows tiiatreaction is not selective towards the
formation of the desired alkyl derivativ®;(2,3-dihydroxy)propyl phenol2d). The mechanistic
hypothesis formulated for the case of aniline seeniwld true even for the reaction of phenol,
but in the latter situation, side reactions alsoungroducing mainly 1,3-diphenoxypropan-2-ol
(26) as a by-product. This drop of selectivity is @ioly due to a poor nucleophilicity of phenol

with respect to aniline and to the more severeti@aconditions.
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Concluding Remarks
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As presented in the introduction, the aim of tHi®Rhesis was to develop new eco-friendly
organic synthesis for the formation of C-C, C-N &wD bonds. To this purpose, the work was
carried out following the green chemistry princgpleindamentally: the invention, design and
application of chemical products and processes to reduce or to eliminate the use and generation
of hazardous substances’ (see chapter 1). Thus, catalytic reactions wiigjhhatom economy
(AE) and carbon efficiency (CE) were considered,onder to incorporate as much of the
substrate as possible in the product and avoidattmeation of wastes. The use of eco-solvents,
catalysts and reagents such as,d6nic liquids and dialkylcarbonates, has beerestigated
with the objective to improve the environmentalttadE) of the existing methodologies. In this
chapter, a brief summary of the conclusions foheaaction investigated is given along with

some concluding remarks on the work.

As far as C-C bond forming reactions are conceroledpter 2 of this work describes the first
example of self-metathesis dai-olefins (1-octene) catalysed by heterogeneous d&Red
catalysts, in presence of supercritical carbon id®xas the solvent, under both batch and
continuous flow conditions. Although an additioriebmpression” energy (and costs) must be
provided with respect to traditional solvent syssenm this case, beyond the environmentally
benign character of scGOa remarkable improvement of the reaction outcdmse been
observed. Under both operating modes (batch antincmus flow) in fact, the use of scGO
allows to carry out the metathesis reaction witlghbr conversion, selectivity and also
productivity with respect to conventional organavents, thereby improving both the effective
mass yield (EMY) and the mass index’)$f the process.

Moreover, two others features make this methodoltargen"”: the heterogeneous catalyst is
easily separable and recyclable, so that it doésnflaence S the work-up of the reaction is
very simple, as the product of self-metathesisb&ioable via simple depressurization of the
system followed by vacuum removal of unreacted tsates (1-octene). Future studies will be
dedicated to the catalyst development, especialtieucontinuous flow conditions, in order to
improve the reaction conversion and productivitgHar.

The use of scCfQas reaction solvent has been investigated alsth®oMichael addition of
primary nitroalkanes to cyclohexenone, in preseasfcearious basic aluminas as heterogeneous
catalyst. In this case however, the reaction ouec@mot improved by the use of supercritical
CO, with respect to conventional solvents suchhdseptane and THF. This is an unexpected
result if the properties of the scg@re considerede. higher diffusivity and enhanced mass
transfer). However, the highest reaction convession the Michael addition are achieved under

solvent-free conditions, which are particularly epling from the environmental standpoint: the
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problem of the solvent disposal is so intrinsicadlylved. Moreover, also in this case, an
additional improvement of Sis given by the possibility of recycling the castb.

For the Michael reaction, also the use of homoges@atalysts belonging to the class of ionic
liquids (ILs) has been investigated. The greenuiest of ionic liquids are described in chapter 1
(par. 1.3). However, we would like to stress héad these materials are mostly prepared via un-
green processes (scheme 1.2), which is clearlyhaartiction in terms. For this reason, we have
investigated a green synthetic procedure of ioiggids, carrying out the quaternarization of a
trialkylphosphine with a green methylating agenttsas dimethyl carbonate (DMC) in place of
highly toxic dimethyl sulfate (DMS) and methyl hdgs (CHX, X=I, Br, Cl). Although the
reaction conditions are energy intensive (T=140 %)y method gained in greenness, including
safety, handling and absence of wastes, with réspeonventional methods.

The phosphonium based ionic liquids (PILs) prepaaedording to this process, catalyse the
solvent-free Michael addition not only of nitroetleato cyclohexenone, but also of different
nitroalkanes ang-dicarbonyl compounds to other,-unsaturated ketones. In all cases, the
reaction proceeds with high yield and selectiviiyhwespect to known strong hindered organic
bases conventionally used as catalysts for suchepso Notwithstanding the good synthetic
results obtained, the reaction procedure develapéais PhD thesis lacks in greenness in some
of its steps. No toxicological data on the investiggl PILs are available. Though, alike to many
phosphonium salts, also our PILs are plausiblycaompounds. Even if these materials are
used in very small amounts (even just in 0.4 mol#gjr separation from the reaction mixture
requires additional materials, such as silica gal aolvents (see experimental section), that
negatively contributed on the overall @nd E of the process. These aspects will be obfect
future investigation, in order to optimize the Magt reaction procedure based on the combined
use of PILs, in truly catalytic amount, and solvéee conditions, that looked promising in this

preliminary stage.

For what concerns C-N forming reactions, three @sees based on the use of safe reactants
such as dialkyl carbonates (DAICs) have been studide green features of this class of
compounds, and in particular of the lightest terimthe series, DMC, has been extensively
described in chapter 1 (par 1.4). Although DAICge amluable green alkylating reactants,
relatively high temperatures are usually required. (over 120 °C for DMC). This energetic
drawback is usually compensated by the high selgctand chemoselectivity that can be
achieved when suitable catalytic systems are adopteese considerations hold true in the cases
of the reactions presented in this PhD thesis tehneg). All of them have been carried out at

temperatures > 100 °C and up to 200 °C, but it pessible to obtain the desired products with
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high selectivity and good isolated yields. Eachhaf three investigated methodologies has some
peculiar green features.

In the first case presented in chapter 3, for exangpsynthesis d-(2,3-dihydroxy)propyl
anilines (starting from anilines) has been devedopg replacing a conventional highly toxic
reactant, such as glycidol, with an innocuous alligty agent such as glycerol carbonate (GlyC).
Alkali metal exchanged faujasites, particularly Na¥ave proven to be effective catalysts for
these reactions, and even if used in a relativelp Bmount, the catalysts can be recovered and
recycled without any loss of their performance. dtover, the use of GlyC allows to develop a
genuine green synthesis not only because of theigaafety, but also because this carbonate is
a chemical derived from a renewable resource ssi¢iyaerol.

In the case of thgreen domino, we have developed an innovative and selectivénsgis of
bis-N-methyl anilines,via the coupling of two sequential processes, bothalysed by alkali
metal exchanged faujasites: the transesterificatfaryclic carbonates with MeOH for the situ
production of DMC, and the subsequent methylateaction of anilines with DMC in the same
reaction batch. This process is an original apgrdemm both the environmental and synthetic
standpoints: in fact, in the formal stoichiometfytlie process, methanol is the alkylating agent,
but the reaction is actually carried out by DMCattltself possesses much better and greener
alkylation performances than methanol.

In the third case, we have developed an advantaggreen methodology to carry out the bis-
N-hydroxyalkylation of anilines, by replacing harrhfiiydroxyalkylating agents such as alkylene
oxides or halohydrins with non toxic alkylene carhtes such as ethylene- and propylene-
carbonate, and using phosphonium based ionic kgiiRtLs) as catalysts.

It should be noted however that a general enviranaiedrawback of all these C-N bond
forming reactions is posed by the purification t@ge (flash column chromatography, FCC)
used to isolate the products. FCC in fact is a eatignal technique that requires additional
volumes of solvents, usually volatile organic onekich should be avoided in the development
of a green method of synthesis. The optimizatioR@EC conditions, for example by recycling of
the solvent, or the investigation of other gregmanification/isolation procedures will be object

of further studies to enhance the overall greenatsese methodologies.

In chapter 4, the use of organic carbonates asgesectants has been investigated also for
the setup of C-O bond forming reactions. In thésdj two processes have been investigated.

The first process has been the decarboxylationtiomaof dialkyl carbonates catalyzed by
different heterogeneous systems likgCKs, alkali metal exchanged faujasites and hydrotlcit

(such catalysts are those conventionally used ¢onpte alkylation reactions carried out with
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DAICs). The selective formation of dialkyl etherdinfethyl- and diethyl-ether) has been
observed for light DAICs (DMC and DEC); while, fdnigher homologues (dipropyl- and
dioctyl-carbonate), the decarboxylation reactiowagls occurs along with side-process
producing alcohols and olefins. This investigatloowever, has not been intended to claim a
green method for the synthesis of dialkyl ethersd(€Q as co-product). Rather, the general
purpose of the work has been to establish the kexlof the reaction conditions for the use of
DAICs. The reported experiments identify the terapge range that according to the nature of
the catalysts, avoids the extensive consumptioDAICs through a decarboxylation reaction,
and the related formation of highly flammable eshémat may also pose a safety concern.
Overall, the work defines how (light) DAICs shoulte used productively for alkylation
reactions.

The last investigation has been on the reactiophehol with glycerol carbonate (GlyC) in
the presence of faujasite catalysts. As reportedhapter 4 (par 4.2), the motivation for this
study has been the good results obtained for thégmne reaction of anilines and GlyC, that
producesN-(2,3-dihydroxy)propyl anilines. The reaction ofguiol is not as selective as for
primary aromatic amines: the overall yield of thesided derivative©-(2,3-dihydroxy)propyl
phenol does not exceed 50%. However, experimedisate that a different compound. 1,3-
diphenoxypropan-2-ol can perhaps be obtained asaprnproduct through a concurrent
mechanism of alkylation/condensation followed bygleaphilic displacement (scheme 4.11). A

further investigation in the future will be devottedthis subject.

In light of these considerations, the general aagioh is that the initial objectives of this PhD
thesis have been achieved for the most part: nemepses have been setup according to
green/sustainable methodologies whose novelties npe/ perspectives in fields which are still
largely unexplored. Due to time limitations howev@me aspects of the work have certainly to
be analyzed in the future.

Overall, topics investigated during this PhD thdsed to the publication of seven papers on

international scientific journal. A list follows:
- C-C bonds forming reactions -

» M. Fabris, C. Aquino, A. J. Ward, A. Perosa, T. Btaseyer and M. Selva, “Self-metathesis
of 1-octene using alumina-supported,@gin supercritical Cg’, Top. Catal., 2009,52, 315-
321.
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» M. Fabris, V. Lucchini, M. Noe, A. Perosa and M\&e “lonic Liquids Made with Dimethyl
Carbonate: Solvents as well as Boosted Basic Gasafpr the Michael ReactionChem.
Eur. J., 2009,15, 12273-12282.

- C-N bonds forming reactions -

» M. Selva and M. Fabris, “The reaction of glyceratlmonate with primary aromatic amines in
the presence of Y- and X-faujasites: the synthafsié-(2,3-dihydroxy)propyl anilines and the
reaction mechanismGreen Chem,, 2009,11, 1161-1172.

> M. Selva, A. Perosa and M. Fabris, “Sequential iagmf The Transesterification of Cyclic
Carbonates with The Selectin¢Methylation of Anilines Catalysed by Faujasite&reen
Chem,, 2008,10, 1068-1077.

» M. Selva, M. Fabris, V. Lucchini, A. Perosa andNbe, “The Reaction of Primary Aromatic
Amines with Alkylene Carbonates for the SelectiveyntBesis of bis-N-(2-
hydroxy)alkylanilines: the Catalytic Effect of Plpt®nium-Based lonic Liquids’Org.
Biomol. Chem., 2010,8, 5187-5198.

» V. Lucchini, M. Fabris,M. Noé, A. Perosa and M. Selva, “Kinetic Param&stimation of
Solvent Free Reactions Monitored B¢ NMR Spectroscopy. A Case Study: Mono- and Di-
(hydroxy)ethylation of Aniline with Ethylene carbate”, Int. J. Chem. Kinet., 2010, in the

press.
- C-O bonds forming reactions -

» M. Selva, M. Fabris and A. Perosa, “The Decarbdigaof Dialkyl Carbonates to Dialkyl
Ethers over Alkali Metal-exchanged Faujasit&aeen Chem., 2011, in the press.
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CHAPTER 6

Experimental Part
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6.1 The Metathesis ofx-Olefins over Supported Re-Catalysts in Supercritial CO,
[Ch. 2, par. 1]

6.1.1 General

1-octeneCg was ACS grade and was employed without furthefifipation. n-Hexane as a
solvent was used as such or purified through knawethods. Ammonium perrhenate
(NH4ReQ,, 299%) was from Aldrichy-Al,O3; was from two different sources: Puralox-Condea
and Alfa-Aesar [surface aread/fof 257 and 200 ffg, respectively]. Wherever used, water was
of milli-Q grade.’H NMR spectra were recorded on a 300 MHz spectremesing CDGJ as

solvent.

I. Batch conditionsGC/MS (70 eV) analyses were run using a HP5/MSlleapicolumn (30
m). The gaseousNsed throughout the activation of catalysts amedgéneral procedure for the
reaction (see below), was of a R-grade and it wathdr purified by drierit®/13X filters
(Aldrich). CO, was of a SFC/SFE grade (purity 99.998 %).

II. Continuous flow conditionGC analyses were run using a HP5/MS capillary cal {80
m). Gaseous air and;Nised throughout activation of catalysts were afr&de. CQwas of used
both Food grade (purity 99.97%) and SFC/SFE grpdety 99.998%).

6.1.2 Preparation of the Catalysts

I. Wet impregnation techniqu€atalysts Re-A Re-A, Re-A;, Re-A,, Re-AS (used under
batch conditions) and ReAused under continuous flow conditions) were pregpay a wet-
impregnation technique described in the literafufe25-mL round bottomed flask was charged
with an aqueous solution (1.7X10, 12 mL) of NHReQ, (555 mg, 2.1 mmol) and with the
chosen supporty{Al,Os; meso-porous ADs, Al:Si-TUD-1, 5 g). The slurry was kept under
magnetic stirring for 1 hour at rt, and then drigtler vacuum (50 °C, 36 mbar). The solid
residue was further wet with water (8 mL), stirfed 15 min at rt, and finally, dried again (50
°C, 2 mbar). The solid sample was calcined at $5@10 °C/min), for 4 h, in a stream of dried
air (~80 mL/min).

Supporting materials for catalysts Rg-And Re-A$ have been prepared by the group of
Prof. T. Maschmeyer at the Laboratory for AdvanCGedalysis and Sustainability, University of
Sidney. In particular, meso-porous,@> and Si:Al-TUD-1? supports for catalysts ResAnd
Re-AS respectively, were prepared according to previopablished method¥*
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Catalyst Re-ghas been prepared in collaboration with the Latboydor Advanced Catalysis
and Sustainability by the following procedure. Ausion of ammonium perrhenate (0.62 g, 2.32
mmol), water (45 mL) and triethanolamine (15 mL1,10mol) was stirred until the solution was
homogeneous. To the resulting solution was addeaketboxysilane (50 mL, 0.22 mol) over 10
min with stirring. After this time triethanolamin@5 mL, 0.11 mol) and tetraethylammonium
hydroxide (20 wt.%, 48.6 g, 66 mmol) were addede Tésulting solution was stirred for 2 h,
then left to stand for 24 h. The resulting visceaution was dried at 98C for 24 h. The
template was eventually removed from the resubiolgd by extraction with ethanol in a Soxhlet
extractor. The solid residue was calcined at 5560t@0 h under a stream of air (~80 mL fjin

to obtain a white powder.

[I. Characterization of the catalystsCatalytic systems reported in table 2.1 were
characterized by optical ICP and TEM.

In order to perform ICP analyses, solid samplesewgigested through the following
procedure: a Teflon-lined autoclave (200 mL) waarghd with the catalyst (0.05 g), water (5
mL), aqg HF (40%, 1.5 mL), and a mixture of aq HQWBE (3:1 v/v; 3 mL). The autoclave was
then closed with a Teflon-lined cap, and heated microwave digestion rotor (MDS 2000) at
170 °C, for 1 hour. After being cooled to rt, tHear solution was transferred into a volumetric
flask and diluted with water to 50 mL. Then, ICPalses were carried out at 197.248 nm
(power of 1400 W). The Re content of the cataly&sA;.4, ReAS and Repwas of 6.8, 7.0,
6.4,11.8, 7.7 and 2.7, respectively (table 2.1).

TEM analysis was carried out with JEM 3010 (JEOlecton microscope operating at 300
kV, point to point resolution at Scherzer defocdisOd7 nm. A suspension of the catalytic
sample (20 mg) im-propanol was sonicated for 5 min. Then, an aliqéqgtL) was poured on a
copper grid coated with amorphous carbon. At rearpropanol was evaporated, the sample
was ready for the analysis. TEM measures showegitbgence of grains afAl,O3z with an
average size of 5-6 nm. Instead, the particles efolde were not clearly visible, their

dimensions being lower than 1 nm.

Figure 6.1. TEM images of the Re/Acatalyst
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In the case of meso-porous,®k (support for catalyst Re-}\ nitrogen adsorption-desorption
isotherms at 77 K revealed a BET surface area df#6", a single-point pore volume of 0.580
cm® g, and an average pore width of 66.7 A. In the ads®i:Al-TUD-1 (support for catalyst
Re-AS), nitrogen adsorption-desorption isotherms at 7ie¥ealed a BET surface area of 298
m?® g, a single-point pore volume of 0.855 tgt, and an average pore width of 114.7 A. In the
case of sol-gel prepared Re-%i(Re-3), nitrogen adsorption-desorption isotherms at 77 K
revealed a BET surface area of 696gn, a single-point pore volume of 0.516 tgt, and an

average pre width of 34.2 A.
6.1.3 Batch Conditions: Metathesisablefins

I. Reaction procedureigure 6.2 illustrates the apparatus specificaélgigned to carry out

metathesis reaction reported in table 2.2.

Vacuum, N,
R,
co, (2)
cylinder Ry
70 bar ‘ (<——N,
D
> Ry R,
Autoclave w
Syringe Pump 7) 3) (4) Catalyt
CO,up to _ Activation
200 bar \ thermocouple 550 2C)
R5 N (6)
R.> 3-ways valve
6 \// Calibrated R,
H Loop (5) v/
= A
D)
N,— —> Vacuum

(8) Olefin inlet
Figure 6.2. Schematic diagram of the apparatus used to catrthe metathesis of olefins in dense,CO

A flask charged with 0.56 g of the desired catafystvas connected to a glass adap2isgaled

at the autoclave top aperturd)( by a rubber conic ring. At rt, three;Macuum cycles were
done, and the system was kept undep atibéam of 50 mL/min. The Nstream coming out from
the flask, was conveyed directly in the autoclaB)etliroughout the activation step ByandH.
The flask was placed in an electric oven and heapetb 550 °C. This temperature was reached
through a ramp of 10 °C/min, and it was maintaifead1.5 hours. The heating operation was
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checked by a thermocouple placed at the bottonhefflask. During the activation step, the
colour of the catalyst showed some peculiar chartgeswhite powder (initially charged in the
flask) turned to a gray tonality around 400 °C ntlaeblack color was persistent at 550 °C. After
1 h at this temperature, the powder began to fadié ai pale yellow solid was obtained at the
end of the heating time. This was the final colbthe catalyst used in the reaction.

Once this operation was concluded, at rt, the flagk rotated along the axis of the adap®gr (
to let the catalyst slide in the autoclave. Thaioka supplementary gas ling),(the N flow was
enhanced up to 150 mL/min, the adap®rwas rapidly removed, and the reactor was finally
closed. The reactant oleftdg (1-octene, 0.56 g, 5 mmoles), preliminary charged 4-mL vial
(8), was degassed under vacuum and loaded in a latiirated loop §). From here, the olefin
was transferred in the 30 mL autoclave under a S&i@am generated through a syringe pump
(ISCO 260D,7). The reactor was pressurized at approximatelipa@tand electrically heated at
the desired temperature (35 °C). The final press@@ebar, was reached by slowly adding the
remaining CQ. Under these conditions, the 1-octene molar foackcs was of 1.1 x 18. The
mixture was magnetically stirred at500 rpm and its visual inspection was possibl&kbao
two sapphire windows assembled on both head artdrbaif the autoclave. The reaction was
allowed to proceed for 2 h. Then, after coolingta€CO, was slowly vented by bubbling it into a
5-mL vial of acetone. The content of the reactos washed with additional acetone (5 mL), and

the combined organic solutions were analyzed byM=C/

Il. Isolation and characterization of 7-tetradecerf&ince heterogeneous catalysts for the
metathesis of alkenes are rather delicate systdmasmass balance of the reaction was never
evaluated by addition of internal standards. Howeathe end of reaction of table 2.2, entries 1
and 3, the product of self-metathesis of 1-octéhtefradeceneC,4) was obtained in yields of
70 and 65%, respectively, which well-matched cosieeis measured by GC/MS. Prod@,
was simply isolated by filtration of the catalystdaremoval of the unreacted 1-octene under
vacuum (50 °C/200 mbar). The crude product wasidtiaas a pale-yellow liquid and it was
characterized as such by GC/MS daHINMR.

5.1.4 Continuous Flow Conditions: Metathesislafctene

I. Equipment descriptio.o carry out the experiments under continuous {lG%) conditions
an automated scGQ@ontinuous flow apparatus was used. Figure 6.8/stapiping diagram of

the equipment used.
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1/16" Pipe

,,,,,, Data Connection

<T Thermocouple
Thermocouple + Heater
|:‘ Digital Pressure Gauge

BPR

Figure 6.3.The piping diagram of the automated apparatus tsedrry out the metathesis

reaction under CF conditions

A Jasco PU-1580-COCO, pump (P1) was connected to a tee-piece (TP1)lasao PU980
HPLC pump (P2) used to deliver the organic sulistritoctene. Both pumps were interfaced
with a computer (PC) and could be programmed eillyeusing the in-built menu or by the
computer. From the safety standpoint, pumps hdulit-pressure monitors, which could be set
to stop the pump if the system went over a setspres Pumps P1 and P2 could be excluded
from the system using valves V5 and V6, respectiviel order to carry out the activation/re-
activation of the catalyst, a supplementary gas Was connected to the main pipeline via a tee-
piece (TP2). Thanks to valves V3 and V4, it wasspme to switch the activation/re-activation
gas from air to Bl The supplementary gas line could be excluded fileensystem using valve
V1. The reactor (R) was a 1/4" pipe (Volume = 1c&¥, h = 15.2 cm, @ = 0.375 cm), heated to
activation/reaction temperature by means of cayéritieaters and a brass heating block. The
temperature of the reactor heaters could be céedraver time via a programmable heating
controller, while the temperature of the catalyterd was monitored via a coaxial thermocouple
placed inside the reactor. On the top of the reaciotee piece used to connect reactor,
thermocouple and the in-pipe, was filled with sand used as mixing/pre-heating zone. For on-
line analysis of mixture of products purpose, tl-mpe from the reactor was connected to a
HPLC 4-port sample loop, SL, VICI 4 port micro-vole sample loop. The loops injects the

sample into the carrier gas flow of a Shimadzu Ge&alv3 (GC), where the products analysis
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were carried out. The system pressure was maimtadiyea Jasco BP-1580-81 back pressure
regulator (BPR) which was interfaced with the PQ amuld be programmed to maintain
different pressure profiles at a given time. ThdrB#Fas designed to not trip or shutoff under any
circumstances, so as to avoid venting of the & cylinder. Products were collected from the
outflow of the BPR in the sample collecting routask (SC). A supplementary vent line was
added before the BPR, to allow the outflow of tlc&vation/re-activation gases §Mnd air).
This supplementary vent line could be closed usialge V2. Temperature and pressure were

logged at different point of the system on a corapuRC, via a picoTC-08 data recorder, DR.

[I. Reaction procedure using scg@s a solventThe standard reaction procedure for the
metathesis of 1-octene under continuous flow camtit using scC@as solvent, is described

below.
-Preliminary Operations-

i) the reactor (a 1/4" pipe, Volume = 1.67%im = 15.2 cm, @ = 0.375 cm) was filled with 1.5 g
of ReAs. The catalyst bed was placed between two thinrsagé glass wool at the top and the
bottom of the reactor. Once filled, the reactor Wiasd in the apparatus.

ii) the PC was booted up and GC solutions (the SlEm&L controller software) and Pico log
software were loaded.

iii) the GC was switched on.

iv) pumps P1 and P2, the BPR, and the sample loop twared on, and P1 was allowed to cool

down.

These were the preliminary operations for the Jest reaction, when the reactor was filled
with "fresh" catalyst. With the same reactor anthlgéic bed, it was possible to carry out

multiple reactions that required only operatidgnis.
-Activation of the Catalyst-

i) with all the valve closed, the BPR was set tdan

i) valves V1, V2 and V3 were opened, the air flonswagulated to ~10 mL nilp and the
reactor was heated at 550 °C [at 10 °Cthand kept at this temperature for 4 hours.

iii) valve V3 was closed and then valve V4 was opegettching the gas from air too,NThe
flow rate and the reactor temperature were kepOtenL min* and 550 °C, respectively, for 1.5
h. iv) under N stream, the reactor heater was set to the reaigiperature, typically 100 °C,

and the reactor was allowed to cool.

194



-Reaction-

i) with the reactor at the reaction temperature, fD0and the BPR set to 70 bar, valves V2, V1
and V4 were closed (in this order). Then, valvewés opened and GQvas fed into the system
at CQ cylinder pressure (~56 bar at room temperatureétla@ apparatus was leak-tested.

i) with valve V6 still closed, pump P2 was primedhl-octene.

iii) the BPR was set to the desired reaction pressymieally 90 bar.

iv) pump P1 was started at the required flow rat€®$, 1.0 mL mir, and the system was
allowed to reach the set pressure.

v) after about 5 min from the prime operation, tlhnp P2 was started at the desired flow rate,
typically 0.1 mL min*, and valve V6 opened.

vi) when organic solution was detected in the samgllecting round flask (SC), usually after 5-
8 min, the ramp of reaction temperature and thea@&lysis were started via the reactor heater

controller and the GC solutions software for colfitrg the sample loop.

In figure 2.3 [(a) and (b)] of chapter 2, the reactprofiles have been obtained keeping the
reactor temperature constant at 35 °C throughoaitrédaction [figure 2.3(a)], or heating the
catalytic bed from 35 to 100 °C (0.2 °C m)nthroughout the reaction [figure 2.3(b)]. Results
reported in figure 2.4 were obtained using the @doce described above, but the reaction
temperature was set to 35, 100, 110, 120 and 156dCresults reported in figure 2.5, being all
the other operations unchanged, the BPR was s&0,t®0 and 150 bar during the reactions.
Figure 2.6 shows results obtained by setting th flate of the 1-octene pump (P2) at 0.04, 0.1
and 0.5 mL miit (molar fraction of 1-octene in the 1-octene/se@Ow to the reactor: ¥, =
1.1, 2.8 and 14.1x13) respectively). The result of entry 2, table 2v4s obtained carrying out
the reaction using a SFC gC&ylinder. The result of entry 3, table 2.4, wasagited carrying out
the reaction using SFC G@nd degassed 1-octehe.

-Turn off and Venting Operations-

i) at the end of the reaction, the 1-octene flownfrpump P2 was stopped and valve V6 was
closed.

i) after 1 hours the reactor heater was turnedatitfying the reactor to cool down.

iii) at room temperature, the gfow from pump P1 was stopped and valve V5 wasealio

iv) the system was slowly depressurized by graduakdgents in set pressure at the BPR.

V) GC and all remaining equipment were turned off.
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[ll. Reaction procedure using n-hexane as a solvemtarry out the metathesis reaction of 1-
octene under continuous flow conditions, usingexane as a solvent, a 0.21 M solution of 1-
octene inn-hexane (%, = 2.8x10°) was prepared and used as feed for the organig fR@n

Results reported in table 2.3 and figure 2.9 wétaioed using a the following procedure.

The preliminary operations and activation of thealyst were carried by using the same

procedure described for CF conditions.
-Reaction-

i) with the reactor at the reaction temperature, fD0and the BPR set to 90 bar, valves V2, V1
and V4 were closed (in this order).

i) with valve V6 still closed, pump P2 was primedhthe 1-octenethexane solution.

iii) the pump P2 was started at the desired flow aatk valve V6 opened. The system was
allowed to reach the set pressure. For reactiant¥ 2, table 2.3, the flow rate was set to 3.05
mL min™, while for reaction of entry 3, table 2.3, andufig 2.9 the flow rate was set to 0.5 mL
min,

vi) when organic solution was detected in the samgllecting round flask (SC), usually after 5-
8 min, the ramp of reaction temperature and thea@&lysis were started via the reactor heater

controller and the GC solutions software for colfitrg the sample loop.
-Turn off and Venting Operations-

i) at the end of the reaction, the organic pump (®23 stopped, and the reactor heater was
turned off, allowing the reactor to cool down.

i) at room temperature, the pump (P2) feed was Badtérom the 1-octenehexane solution to
acetone, then P2 was turned on, and the flow eat®<.0 mL mift.

iii) the apparatus was washed with acetone for 1 Atwen the pump P2 was stopped and valve
V6 was closed. Valve V5 was opened and pump Plsteated at the flow rate of 1.0 mL rifin

of CO,.

iv) after 1.5 hours, the GGlow from pump P1 was stopped and valve V5 waseadio

V) the system was slowly depressurized by graduakd®ents in set pressure at the BPR.

vi) GC and all remaining equipment were turned off.

IV. Isolated yields of 7-tetradecernEhe isolated yields reported in figure 2.7 and éabl3
were obtained by the following procedure. Once rmction was started, the organic mixture

was collected at the outflow of the BPR during fivet 15 minutes. Then, the product 7-
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tetradecene(14) was simply isolated by removal of the unreacteactene and other (light)
cross-metathesis products under vacuum (65 °C/H))mbhe crud€,14 (on average 93 % pure,
by GC) was obtained as a pale-yellow liquid.
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6.2 Green Methodologies for the Michael Reaction
[Ch. 2, par. 2]

6.2.1 General

Reagents were ACS grade and, if not specified, wsedeceived without any further
purification. Basic AlO; was from two sources: [ADs]g was from Baker; [AOs]y was from
Macherey Nagel. KF and ethanol were from Carlo Ewpported KF (KF loading = 0.35 mmol
g') was prepared according to a standard impregngitmique®, and mesoporous alumina was
prepared according to a procedure described iritdrature> DMC, methanol, 1-propanot-
heptane, 1-penten-3-ona?j, dimethylmalonated4), dibenzoylmethaned@), nitroethanedl),
1,4-diazabicyclo[2.2.2]octane (DABCO), lauric acitater (milli-Q grade) and Al(G-Bu)s
were from Sigma-Aldrich. Trir-octylphosphine (TOP, >98%) was from Strem Chersical
Cyclohexenone &1), 1l-nitrobutane d2), phosphazene base ;-PBu, 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU), 4-(dimethyiao)pyridine (DMAP), NaOH and
NaHCG; were from Fluka. THF was from Sigma-Aldrich, andswpurified accordingly to
known method$.CO, was of a SFC/SFE grade (purity 99.998 %).

'H and™*C NMR spectra of ionic liquids were collected nag60 °C on a Varian Unity 400
MHz spectrometer by locking the sample on DM&Jlaced in a sealed capillary blocked in a
coaxial position by means of a Teflon insert in HdR tube. INADEQUATE experiments were
used to assign all tHéC-NMR signals in TOMP[OCé&Me] and, HMBC experiments were used
to assign the peak of residual MeOH in the samepkmnand HMQC to assign aiH peaks
based on the correlation with thiC signals. The*C satellites were used, where possible, as
internal standards to calculate the amount of irties’ Since however théH NMR spectra
were acquired in the neat phase, the vast majofigll the resonance bands was rather broad,
making integration very tricky and subject to aylaerror. A conservative estimate indicates that
the purity of the ionic liquids was greater tha93H NMR spectra of Michael products were
collected in CD{ solution at 25 °C on a Varian Unity 400 MHz spenieter. Chemical shifts
were reported i® values downfield from TMS. GC/MS (El, 70 eV) arsdg were run using a
HP5/MS capillary column (30 m).

6.2.2 Heterogeneous Catalysis

|. Catalysts preparationCatalyst labeled [KF/ADs)v (table 2.5) was prepared through a
standard impregnation tecnigtié 25-mL round bottomed flask was charged with goemus
solution (3.5x10 M, 10 mL) of KF (206 mg, 3.5 mmol) and with ba#i¢,0; (10 g) from
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Macherey Nagel. The slurry was kept under magrsdtrcing for 1 hour at rt. Then, it was
concentrated under vacuum (50 °C, 36 mbar) andl B0 °C, 2 mbar, overnight). The final
KF loading of the catalyst was 0.35 mmdl g

Mesoporous alumina [ADs]meso (table 2.5) was prepared according to a procedeseribed
in the literaturé’ In a 500 mL polypropylene reactor a mixture of@Bu)s (45.6 mL, 43.8 g,
178 mmol) and 1-propanol (450 mL, 360 g, 6 mol) wtased for 10 min, and then,8 (10.3
mL, 10.3 g, 572 mmol) was added. The solution wegst kinder magnetic stirring for 60 min at
rt. then, a solution of lauric acid (10.8 g, 54 nimpo 1-propanol (43.5 mL, 34.8 g, 580 mmol)
was added. The mixture was stirred for 24 h affter that, the reactor was sealed and the
mixture was aged at 110 °C for 48 h without stgrifhe solid was separated from the solution
by centrifugation (6000 rmp), washed with ethard@lQt mL), centrifuged again and left drying
in an open vessel at rt for 28 h. The white solaterial was calcined at 600 °C (1 °C/min), for 4
h, in a stream of dried air (~10 mL/min).

All catalysts [AbOs]g, [Al2O3]m, [KF/AIO3]m and [AbOs]meso (table 2.5) were stored under
vacuum (70 °C, 18 mbar, overnight) before eachti@ac

II. Michael reactions under solvent-free conditioReactions of figures 2.10, 2.11 and 2.13
were carried out accordingly to the following prdaee. A 7 mL glass reactor equipped with a
side screw-capped neck for the withdrawal of samp@led a condenser, was charged with
cyclohexenoneal: 0.1 g, 1.04 mmol) and nitroethanél( 0.156 g, 2.08 mmol). Then the
chosen catalyst {0.2 g, [AD3]s, [Al2O3]m, [KF/AI,Os]m and [AbOs]mese S€€ figures 2.10, 2.11
and 2.13 for details} was loaded and the react® heated at the desired temperature (40 °C).
The mixture was kept under magnetic stirring thtamg the reaction. Under these conditions
the molar ratiadl:al (W) was = 2, while the weight ratio catalgst:(Q) was = 2. For reaction
of figure 2.10, samples (~0.01 mL) of the reactwixture were withdrawn at 1, 2 and 4 hours,
diluted with E;O (~2 mL), centrifuged and then analysed by GC/MiEother reactions were
carried out for 2 h and then analysed by GC/MShe same way. The above described
procedure was adapted for the following experimfnts(ii) and (iii)].

() recycling of catalyst [AlOs] s (figure 2.12, a)a first experiment was carried out according
to the above described procedure. At the end ofrélaetion catalysts was filtered, carefully
washed with BO (10 mL) and then transferred in a tubular queesctor. The re-activation was
carried out at 400 °C (10 °C/min), for 2 h, in eeatn of dried air (~80 mL/min). The solid was
weighted: of the starting 200 mg, only 185 mg ofl.{2]s were recovered. For the first
recycling experiment conditions were adjusted tcee thmount of catalyst available:

cyclohexenonedal: 93 mg, 0.96 mmol) and nitroethan#l( 144 mg, 1.92 mmol) were used
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according to a molar ratidl:al (W) = 2 and a weight ratio catalyst: (Q) = 2. At the end of
the reaction, the procedure of filtration/washimdgmation of the catalyst was repeated as
described above, and 113 mg of J@]s were recovered. For the second recycling reaction,
conditions were adjusted to the amount of cataBstordingly,al (56 mg, 0.59 mmol) andl

(88 mg, 1.17 mmol) were used with W =2 and Q = 2.

(i) recycling of catalyst [KF/AIOs]m (figure 2.12, b) the procedure was the same as
described above for [ADs]g. After the first reactivation of the catalyst, 14 of [KF/Al,Os]u
were recovered. The corresponding reaction wasedaaut with cyclohexenoneal: 70 mg,
0.73 mmol) and nitroethandX; 109 mg, 1.46 mmol) to have a molar ratibal (W) =2 and a
weight ratio catalys&l (Q) = 2. After the second reactivation of the betia 135 mg of
[KF/Al,0O5] were recovered and the reaction was carried atlt atli (67 mg, 0.70 mmol) and
d1 (105 mg, 1.40 mmol), at W =2 and Q = 2.

(ii) Michael reaction of nitrobutane and cyclohexme (figure 2.18)the reactions were
carried out according to the general reaction mooe by charging the reactor with
cyclohexenonegl: 0.1g, 1.04 mmol), nitrobutanelZ: 0.214 g, 2.08 mmol), and the chosen
catalyst {0.2 g, [KF/AJO3]m and [AbOs] mesg-

[ll. Michael reaction using scC£as a solventReactions of figure 2.13 and 2.15 were carried
out in a sealed steel autoclave (V = 5.3 mL) fitteth a pressure gauge and a thermocouple for
temperature control. The autoclave was charged eythohexenoneal: 0.1 g, 1.04 mmol),
nitroethane d1: 0.156 g, 2.08 mmol) and the chosen catalyst §).[Al,Os]g and [AbOs]mesg-
Under these conditions the molar ratio (8\)al was = 2, the weight ratio (Q) catalgstwas =
2. The reactor was pressurized with G0 approximately 60 baand electrically heated at the
desired temperature (40 °C). The final pressureb@f) was reached by slowly adding the
remaining CQ. Under these conditions, the molar fraction§>Xf cyclohexenone in the GO
solution was 1.8xI The reaction mixture was stirred throughout thaction and after 2 h,
after cooling at rt, the reactor was depressurigetiubbling CQ into a 5-mL vial of EfO. The
content of the reactor was washed with addition@OH5 mL), and the combined organic
solutions were analyzed by GC/MS. This procedure adapted for the experiments [(i) and (ii)]
below described.

(i) reaction at different pressure of G{figure 2.14) these reactions were carried out using
[KF/AI ;O3]\ as catalyst. Being all the other condition unaltethe CQ@ pressure was set 80, 90,
120 and 150 bar (at 40 °C, ¢@ensity d = 0.278, 0.485, 0.718 and 0.780 g'nrespectively).
Under these conditions, the molar fraction ¥anged from 3.1, 1.8, 1.2 to 1.1540espectively.
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(i) Michael reaction of nitrobutane and cycloheree in scCQ (figure 2.16) the reactions
were carried out according to the general reacparcedure, charging the autoclave with
cyclohexenonegl: 0.1 g, 1.04 mmol), nitrobutanelZ: 0.214 g, 2.08 mmol), and the chosen
catalyst {0.2 g, [KF/AJO3]m and [AbOs] mesg-

IV. Michael reaction in conventional solvenReactions of figure 2.14 were carried out
according to the following procedure. A 25 mL glasactor equipped with a side screw-capped
neck for the withdrawal of samples and a condensgas, charged with nitroethangl{ 0.156 g,
2.08 mmol) and the catalyst {0.2 g, [KFA8k]u}. Then, a solution of cyclohexenonglf in the
desired solventntheptane or THF) was added. In all experimentsiibiar ratiod1:al (W) was
= 2, while the weight ratio catalyat (Q) was = 2.

In the presence af-heptane (d = 0.683 g rifl. as a solvent, four solutions at different motarit
of cyclohexenone (M) were used. M ranged from 0.21, 0.12, 0.08 to 0.07 mof.L
Accordingly, 5.0, 8.5, 12.7 and 13.8 mL of thesttons, respectively, were charged in the
reactor. The corresponding molar fraction ¥anged from 3.1, 1.8, 1.2 to 1.1x4@espectively.

In the presence of THF (d = 0.889 g Mlas a solvent, M ranged from 0.37, 0.22, 0.15 to 0.13
mol L. Thus, 2.8, 4.8, 7.1 and 7.7 mL of these solutisaspectively, were charged in the
reactor. The corresponding molar fraction ¥anged from 3.1, 1.8, 1.2 to 1.1x4@espectively.
The reactor was heated at the desired temperadr€) and the mixture was kept under
magnetic stirring throughout the reaction. All réacs were carried out for 2 h and then
analysed by GC/MS. This procedure was adapted Her experiments [(i) and (ii)] below
described.

(i) reaction catalysed by [AD3] meso(figure 2.15) being all the other quantities and conditions
unaltered, these reactions were carried out usat@yst [AbOs]meso (0.2 @), and charging the
reactor with 8.5 mL of a solution 0.12 M at in n-heptane, and 4.8 mL of a solution 0.22 M of
alin THF. Under these conditions, the molar fractiGawas = 1.8x18 (W = 2 and Q = 2).

(i) Michael reaction of nitrobutane and cyclohewee in conventional solvents (figure 2.16)
these reactions were carried out at 40 °C, for 2uging 0.2 g of the chosen catalyst
{[KF/AI 203l and [AbOs]mesg, 0.214 g of nitrobutaned@: 2.08 mmol), and charging the
reactor with 8.5 mL of a solution 0.12 M at in n-heptane, and 4.8 mL of a solution 0.22 M of
alin THF. Under these conditions, the molar fractiGawas = 1.8x18 (W = 2 and Q = 2).
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6.2.3 Homogeneous Catalysis

I. Synthesis of phosphonium based ionic liquifiee synthesis of ionic liquid tn-
octylmethylphosphonium methylcarbonate TOMP(QNI®) was carried out according to the
following procedure. 25 mL of TOP (20.8 g, 56 mm@&) mL of DMC (32.1 g, 356 mmol), and
30 mL of methanol were combined (two phases) iaadesl 200 mL steel autoclave fitted with a
pressure gauge and a thermocouple for temperaturgot Three freeze-pump-thaw cycles
were carried out to ensure complete degassingeomilkture and air removal, the empty volume
was then filled with nitrogen. The autoclave wastbed for 20 h at 140 °C with magnetic
stirring, after which time it was cooled and vent®tethanol and residual DMC were removed
from the mixture by rotary evaporation A®ar, 25 °C), to give 27.5 g of TOMP(O@\®e)
(100% vyield) as a viscous clear colorless liquido(rm O °C). TOMP(OCGMe) was fully
characterized byH- and**C NMR spectra. A small amount (< 1 eq.) of methamaly remain
incorporated even after prolonged high vacuumait lee identified in th&H-NMR spectrum by
an HMBC experiment.

The synthesis of ionic liquid tn-octylmethylphosphonium hydrogencarbonate
TOMP(OCQH) was carried out by reaction of the precursor TRRICQMe) with water. A
25-mL round bottomed flask was charged with TOMP@¥2e) (3.0 g, 6.5 mmol) and 1 mL of
water. The mixture was stirred under air at 40 6CZX hours. Excess water and methanol were
removed under reduced pressurei(bar, 60 °C) to yield 2.9 g (100 %) of TOMP(O&Q) as a
viscous clear liquid that tends to solidify witme (mp ~ 25 °C). TOMP(OC®) was fully
characterized byH- and**C NMR spectra.

II. General procedure for Michael reactioRor experiments reported in table 2.6 and figure
2.17, the following procedure was used. A 7-mL glasactor equipped with a side screw-capped
neck for the withdrawal of samples and a condensas, charged with cyclohexenoral(1.00
g, 10.4 mmol) and nitroethand1{ 0.937 g, 12.5 mmol). Under these conditions tlobamratio
dl.al (W) was =1.2.

Then, the catalyst [4.16 x TOmmol: TOMP(OCGMe) (20 mg), TOMP(OCEH) (19 mg),
phosphazene basg-#Bu (10 mg), DBU (6 mg), DMAP (5 mg), NaOH (2 m@ABCO (5
mg), NaHCQ (3 mg)] was loaded. The molar ratio catalg$tw') was ~0.004.

The reactor was heated at the desired temperadr€@) and the mixture was kept under
magnetic stirring throughout the reaction. For teas of figure 2.17, at intervals, samples of
the reaction mixture (~0.01 mL) were withdrawn, gek through a small column of silica gel

(~0.25¢ of silica, eluent diethylether, ~2 mL) tatalyst removal, and then analysed by GC/MS.
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All reactions were carried out for 2 h. At the eoldeach reaction, samples of the reaction
mixtures were analysed by GC/MS as before.

The same equipment and reaction procedure weretasedry out the experiments reported
in table 2.7. In all cases, TOMP(OgH) was the catalyst. The other conditions werdry 1)
cyclohexenoneal: 1.00 g, 10.4 mmol), nitroethandl{ 973 mg, 12.5 mmol, W=1.2), catalyst
(19 mg, 0.04 mmol, W'=0.004), 40 °C, 2dmtry 2) cyclohexenoneal: 1.00 g, 10.4 mmol),
nitrobutane d2: 1.287 g, 12.5 mmol, W=1.2), catalyst (50 mg, rhol, W'=0.01), 40 °C, 14 h;
entry 3) cyclohexenoneal: 0.4 g, 4.16 mmol), dibenzoylmethané3( 448 mg, 2 mmol,
W=0.5), catalyst (50 mg, 0.1 mmol, W'=0.02), 40 72,h;entry 4) cyclohexenoneal: 1.00 g,
10.4 mmol), dimethylmalonatel4: 1.650 g, 12.5 mmol, W=1.2), catalyst (50 mg, thhol,
W'=0.01), 40 °C, 2 hentry 5) ethylvinylketone §2: 874 mg, 10.4 mmol), nitroethanélf 937
mg, 12.5 mmol, W=1.2), catalyst (19 mg, 0.04 mm&;=0.004), 4 °C, 2 hientry 6)
ethylvinylketone &2 874 mg, 10.4 mmol), nitrobutanel 1.287 g, 12.5 mmol, W=1.2),
catalyst (19 mg, 0.04 mmol, W'=0.004), 4 °C, 2ehfry 7) ethylvinylketone 2. 0.5 g, 5.9
mmol), dibenzoylmethan&l8: 448 mg, 2 mmol, W=0.3), catalyst (25 mg, 0.05 hi$=0.01),
4 °C, 2 h;entry 8) ethylvinylketone &2 874 mg, 10.4 mmol), dimethylmalonat( 1.650 g,
12.5 mmol, W=1.2), catalyst (50 mg, 0.1 mmol, W40, 4 °C, 2 h.

6.2.4 Isolation and Characterization of Michael Adts

Compoundnl was isolated from both the experiments of figudd2and entry 1 of table 2.7.
In the case of experiment of figure 2.10, at thd ehthe reaction the catalyst [&s]g was
filtered and washed with diethylether (10 mL). Tkeulting solution was rotary evaporated and
stripped of ether and residual reactants underuragi34 mbar, 45 °C). The crude product 3-(1-
nitroethyl)-cylclohexanon¢ml) was obtained with an isolated yield of 90%. Thedpict was
characterized b{H NMR.

Michael productaml, m2, m4, m5, m6, m8 were isolated from experiments of table 2.7
(entries 1, 2, 4, 5, 6 and 8, respectively). At &mel of reactions the catalyst was removed by
filtration on silica gel (weight ratio silica: cdyat = 80, eluent diethylether, 30 mL). The
resulting solution was rotary evaporated and stgppf ether and residual reactants under high
vacuum. The products 3-(1-nitroethyl)-cylclohexamdml: colourless oil, yield 81%), 3-(1-
nitrobutyl)-cyclohexanoneng2: pale yellow oil, yield 88%), 2-(3-oxocyclohexylgonic acid
dimethyl esterr4: pale yellow oil, yield 82%), 6-nitroheptane-3-ofme5: colourless oll, yield
94%), 6-nitrononane-3-onenE: light brown oil, yield 95%) and 2-(3-oxopentyl)foaic acid
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dimethyl ester ra8: yellow oil, yield 81%) were characterized by GE@MH NMR, and by
comparison with literature data.

Michael addition productsi3 andm?7 were isolated from experiments of table 2.7 (est
and 7, respectively) by flash-column chromatograffyC) on silica gel, using petroleum ether
(PE) and ethyl acetate (EA) as eluents (PE:EA &) The products 2-(3-oxocyclohexyl)-1,3-
diphenylpropane-1,3-dionan@: brown solid, yield 55%) and 2-benzoyl-1-phenylitzae-1,5-
dione M7: pale yellow solid, yield 90%) were characteribgdGC/MS andH NMR.
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6.3. The Reaction of Glycerol Carbonate with Primay Aromatic Amines in the Presence
of Y- and X-Faujasites
[Ch. 3, par. 1]

6.3.1 General

Anilines 2a-d (p-XCgH4NH2: 2a: X=H; 2b: X=ClI; 2c. X=0OMe; 2d: X=0H), glycerine
carbonate (GlyC), glycerine (Gly) and diglyme (tiden glycol dimethyl ether) were ACS
grade and were employed without further purificatisWherever used, water was of milli-Q
grade. Zeolites were all of the faujasite (FAU)day]NaYa, NaX were from Aldrich, while
NaYs was from Strem. Zeolite LiY was synthesized from¥Y\ by an ion exchange reaction
using LiCI? Unless otherwise stated, the zeolites were drieeuvacuum (70 °C, 18 mbar,
overnight) before each reaction. GC/MS (El, 70 evplyses were run using a HP5/MS
capillary column (30 m)*H NMR were recorded at 400 MHZC NMR spectra at 100 MHz.
Chemical shifts were reported dnvalues downfield from TMS; CDglr CD;OD were used

as solvents.

6.3.2 General Procedure for the Reaction of Gly@GhwAnilines2a-d (tables 3.1; table
3.2: entries 1, 3, 5, and 7)

A glass reactor (7 mL) shaped as a test tube angheegd with a side screw-capped neck
for the withdrawal of samples and a condenser, etasged with the chosen substrata-(,
5.4 mmol;2a: 0.50 g,2b: 0.69 g,2c. 0.66 g,2d: 0.59 g), GlyC (0.76 g, 6.5 mmol, molar ratio
GlyC:2 was 1.2), diglyme (2 mL) and the faujasite Mads a catalyst (the weight ratio
FAU:2 was 1.5). The reactor was then immersed in amaih thermostated at the desired
temperature (90-170 °C, see tables 3.1-2 and fgG@r&-3 for details) and the mixture was
kept under magnetic stirring throughout the reactist intervals, samples (~0.01 mL) of the
reaction mixture were withdrawn, diluted with,@tand MeOH (~2 and 1 mL, respectively),
centrifuged and then analysed by GC/MS.

The same procedure was used to run a single expetiomder an inert atmosphere. In
this case, once the mixture was charged in thetoeaair was carefully removed by 3
vacuum/N cycles. The system was then equipped withdildd rubber reservoir (2 L) and
kept under a static inert atmosphere throughoutehetion.

The above described procedure was adapted footloaving experiments [(i) and (ii)].

(i) reactions with different catalyst loadings (figu3). being all other conditions

unaltered, the weight ratio Q=NaXa was set to 0.2, 0.5, 1, 1.5, and 2, respectively
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(NaYa=0.1, 0.25, 0.5, 0.75 and 1 g).

(i) scale-up of the reactions (table 3.2: entrizs4, 6, 8) a round-bottomed glass flask
(50 mL) equipped with a condenser and a side scagped neck for the withdrawal of
samples, was charged with the chosen subst?atel,(21.5 mmol;2a: 2.00 g,2b: 2.64 g,2c:
2.71 g,2d: 2.39 g), GlyC (3.04 g, 25.8 mmol, molar ratio GI was 1.2), diglyme (8 mL)
and the faujasite Naxas a catalyst (the weight ratio FAJwvas 1.5). The reactor was then
thermostated (oil bath) at the desired temperatLid®-170 °C), with magnetic stirring. At

intervals, samples of the reaction mixture wereéndiawn and analysed by GC/MS.

I. The reactions of water with 4-[(phenylamino)mgd}l,3-dioxolan-2one 4a) and with
glycerine carbonate [scheme 3.7, egn. (1) and (@3pectively].A cylindrical glass reactor
(7 mL) equipped with a condenser, was charged wdmpound4a (0.20 g, 1.0 mmol),
diglyme (1 mL) and dried faujasite NaY(0.3 g; the weight ratio FA4a was 1.5). The
reactor was immersed in an oil bath thermostatet4ét °C, and the slurry was kept under
magnetic stirring. Water (2QlL; the molar ratio HO:4a was 1) was added at once, by a
microsyringe, to the mixture. After 5 hours, compdula was recovered unaltered. An
analogous procedure was used for the reaction térweith GlyC: a mixture of GlyC (0.76
g, 6.5 mmol), water (120 pL; the molar ratig{GlyC was 1), Na¥X faujasite (1.15 g; the
weight ratio Nak:GlyC was 1.5), and diglyme (1 mL) was set to reatcfi4d0 °C. After 5
hours, GlyC was substantially hydrolysed to glyaer{conversion 80%, by NMR).

[I. The reactions of glycerol with aniline or with[(phenylamino)methyl]-1,3-dioxolan-
2one [scheme 3.8, eqn. (1) and (2), respectivety]cylindrical glass reactor (7 mL)
equipped with a condenser, was charged with an{ing g, 5.4 mmol), glycerol (0.58 g, 6.3
mmol; the molar ratio Gly:aniline was 1.1), diglyr(te mL), and dried faujasite NaY(0.75
g; the weight ratio FAU:anilinewas 1.5). The reactor was immersed in an oil bath
thermostated at 140 °C, and the slurry was kepeunugagnetic stirring. After 5 hours, the
mixture was analysed by GC/MS: no reaction toolc@laAn analogous procedure was used
for the reaction of glycerol with compourid a mixture of4a (0.2 g, 1.0 mmol), glycerol
(0.32 g, 3.5 mmol; the molar ratio Gly:aniline wa$), NaY, faujasite (0.3 g; the weight
ratio NaYa:4a was 1.5), and diglyme (1 mL) was set to react4Ql iC. After 5 hours, the
transesterification ofta with glycerol producedN-(2,3-dihydroxy)propyl aniline 3a) in a
35% amount (by GC/MS).

[1l. Recycle of the catalysTwo sets (A and B) of recycling experiments wergied out

by using the same catalyst (N@Yfor three subsequent reactions (figures 3.4A ariB,
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respectively) At the end of each reactiothe catalyst was filtered, thoroughly washed with
methanol (100 mL) and then reactivated. In thet fast (A), Na¥a was re-activated by
drying it at 70 °C, under vacuum (18 mbar), ovehmign the second set (B), Na¥vas first
dried overnight at room temperature. Then, thedselas placed in a tubular quartz reactor
and calcined in a stream of dried air (~80 mL/mihhe final calcination temperature (400
°C) was reached through a ramp of 10 °C/min, andas$ kept for 3.5 hours. The catalyst
was cooled to room temperature and directly used.

IV. The water loss from the cataly3iwo samples A and B (3.00 g each) of Nawere
weighted as received, on an analytical balance:a& placed in a quartz reactor and calcined
in dried air (400 °C, 4h, 80 mL/min), while B wadeatl at 70 °C, under vacuum (18 mbar),
overnight. After the thermal treatment, both sampheere cooled to room temperature (in
dried air and under vacuum, respectively), anddigpie-weighted three times in 1.0 min.

The final weight values for both A and B were tverage of the three measures.
6.3.3 Isolation and Characterization of the Prodict

All products 3a-d, 4a-d, 5a-c, 6a and6¢c, d were characterized by GC/MS. Compounds
3a-d, 4aand4c were isolated by flash-column chromatography (etupetroleum ether (PE)
and ethyl acetate (EA), gradient elution: initid:EA= 9:1 v/v, final PE:EA= 1:9 v/v) and
further characterized b4 and**C NMR.
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6.4 Sequential Coupling of the Transesterificationof Cyclic Carbonates with the
SelectiveN-Methylation of Anilines Catalysed by Faujasites: &Green Domino”
[Ch. 3, par. 2]

6.4.1 General

Anilines (R'GHsNHy; 2ac R’ = H, 2b: R’ = p-Cl, 2c: R’ = p-MeO, 2e R’ = p-Me, 2f: R’
= p-NOy), cyclic carbonates 1p: ethylene-; 1c. propylene-carbonate), and dimethyl
carbonate were ACS grade and were employed withatiter purification. Zeolites NaY
and NaX were from Aldrich. The metal content of MM = Li, Na, K) and NaY catalysts
was determined according to a procedure previotepprted by us® Table 6.1 summarizes

the composition of these solids.

Table 6.1.Faujasite catalysts

Starting zeolite lon exchange
Product b
(Na, %) * (%)
NaX (7.5) LiX 71
NaX (7.5) KX 92
NaY (8.1)

2The Na content was evaluated through atomic adisorgAA). ® Percentage of

ionic exchange (from NaX) was evaluated by AA (Kdaemission (Li).

Before each reaction, all the faujasites were dbgdheating at 70 °C, under vacuum (10
mmHg) overnight. MS (EIl, 70 eV) analyses were r@mng HP5/MS capillary columns (30
m), respectively’H NMR spectra were recorded on a 300 MHz spectremeising CDGJ

as solvent.
6.4.2 Reactions Carried Out in Autoclave (table3, 3.4, 3.5, 3.6, and 3.8)

I. General. A stainless-steel autoclave (150 mL of internaluwoé) equipped with a
pressure gauge, a thermocouple, and two needlewsalvas charged with the mixture of
reagents and the catalyst. At room temperatureb@fioke each reaction, air was purged with
a N, stream. The autoclave was then heated by an ielexten, while the reaction mixture
was kept under magnetic stirring. After the destiate interval, the autoclave was cooled to

rt, vented and opened. The reaction mixture wasyaed by GC/MS.

[I. The transesterification of ethylene carbonateghwnethanol(table 3.3).A mixture of

ethylene carbonate (EC: 2.2 g, 25 mmol), methati®# ¢olume was ranged from 8 to 30

208



mL), and the catalyst (MX; M = Li, Na. K; NaY, arilY; the weight ratio EC:faujasite was
ranged from 4.8 to 31.4), was set to react at diffetemperatures (110-150 °C) for 5 hours.
Major products were dimethyl carbonate and 2-(hyglyethyl methyl carbonatel(). Both
compounds were not isolated: they were identifigd@C/MS. The structure of DMC was

confirmed also by comparison to an authentic sample

[Il. The methylation of aniline (table 3.4\ mixture of aniline Ra: 0.5 g, 5.4 mmol),
ethylene carbonate (EGhe weight amount was ranged from 2.0 to 4.0 g4@3nmol),
methanol (the volume was ranged from 30 to 50 mahy NaX (the weight ratidaNaX was
ranged from 1 to 3), was set to react at tempesatwf 130-180 °C, for different time
intervals (4-24 h). Two additional tests were cadriout in the absence of: a) ethylene
carbonate; b) the zeolite. Producté¢la (monoN-methyl aniline), 13a [N-(2-
hydroxyethyl)aniline], and.4a [N-(2-hydroxyethyl)N-methylaniline] were not isolated: they
were identified by GC/MS and by comparison to antleesamples (only folla and 13a).

Productl2a(bis-N-methylaniline) was isolated as reported below.

IV. The methylation of primary aromatic amines (&B.5).A mixture of a primary amine
(R'CgH4NH2: 0.5 g;2b: R” = p-ClI; 2c. R’ = p-MeO; 2e R’ = p-Me; 2f: R* = p-NOy,),
ethylene carbonate (1.4-3.5 g; the molar ratio&&as ranged from 4 to 8.5), methanol (50
mL), and NaX (0.5 g), was set to react at tempeestiof 180-200 °C, for different time
intervals (8-28 h). Under the same conditions, tieas of p-anisidine, p-toluidine, p-
chloroaniline, and aniline were carried out usim@pylene carbonate (PC: 3.5-4.0g; the
molar ratio PQ2 was of 8.5) in place of ethylene carbonate.

At 190 °C, the reaction of aniline an@anisidine (0.5 g, 5.4 and 4.1 mmol, respectively)
were also performed by decreasing the amounts tf BaX (0.1 g) and ethylene carbonate
(1.1-1.4 g; the molar ratio E€was 3).

V. The reaction of aniline with ethylene carbonat@resence of ethanol or of n-propanol
(table 3.6).A mixture of aniline Ra: 0.5 g, 5.4 mmol), ethylene carbonate (4.0 g; 45.5
mmol), ethanol on-propanol (the volume was ranged from 50 to 110,malnd NaX (0.5 g),
was set to react at temperatures of 180-200 °C,lforhours. Productd5a (monoN-
ethylaniline), 13a [N-(2-hydroxyethyl)aniline], andl6a (N-phenylmorpholine) were not
isolated: they were identified by GC/MS and by camgon to authentic commercial

samples.
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VI. The reaction of aniline with ethylene carbonatepresence of glycerol (table 3.A.
stainless steel autoclave (45 mL) was charged withixture of aniline (0.5 g, 5.4 mmol),
ethylene carbonate (0.5 g, 5.75 mmol), zeolite (N&X% g, entries 1-4; NaY, 0.5 g, entries 5-
7), and glycerol (whose amount was ranged from32g5 mmol, entries 1-2 and 5-6, to 5 g,
54.2 mmol, entries 3, 4 and 7). Before each reactd room temperature, the autoclave was
degassed under a moderate vacuum (20 mm), anddwrge a N stream. In the reactions
carried out in presence of GQentries 2-4 and 6-7), at rt, the autoclave wasgurized up to
60 bar with the gas. The reactor was electricathated at 140 °C (in one experiment the
temperature was set to 170 °C), and in the reastmarried out in presence of gQGhe
pressure was set to 120 bar adding more t@ugh the valve on the head of the autoclave.
High pressure Cowas available thanks to the syringe pump describgrhragraph 6.1. The
reaction mixture was kept under a magnetic stirrthgpughout the reaction. After the
desired time, the autoclave was cooled to rt, wried opened. The mixture was analysed
by GC/MS.

6.4.3 Isolation and Characterization of N,N-dimdtAyilines (R'GH;sNMe:: R’ = H, p-
MeO, p-Me, p-Cl)

Under the conditions of entry 13 in table 3.4, afdentries 2, 5, 7 in table 3.5, once
reactions were completed (8-28 h), final mixturesrevfiltered, and methanol was removed
by rotary evaporation. The viscous residues werdipd by flash-chromatography on silica
gel (F60; eluant: petroleum ether/diethyl ether598v). N,N-dimethyl- aniline, p-anisidine,
p-toluidine, andp-chloroaniline, were obtained in isolated yields88f6 (0.55 g), 98% (0.60
g), 78% (0.49 g), and 87% (0.53 g), respectivelyl. B} ,N-dimethyl anilines were known
products, whose characterization was carried outdy NMR and GC/MS, and by
comparison to commercial authentic samples. Thetspgcopic/physical properties were in

full agreement to those reported in the literatdre.

6.4.4 The Competitive Reactions of Aniline with yighe Carbonate and Dimethyl
Carbonate (figure 3.5)

Two sets of experiments were performed at 90 °C a&nti40 °C, respectively. At 90 °C
(refluxing temperature of DMC; method A), reactiom&re carried out using standard

laboratory glassware. At 140 °C (method B), reawtiwere run in an autoclave.

I. Method A.A two-necked, round-bottomed, 50-mL flask fittedthva reflux condenser, a

magnetic stirring bar, and an adapter for the wilkdl of samples, was charged with a
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mixture of aniline (0.5 g, 5.4 mmol), DMC (10 g, L1Inmol), NaX (0.5 g), and ethylene
carbonate (9.7 g, 111 mmol). The mixture was plaseder a nitrogen atmosphere at room
temperature, and then heated in an oil bath at®0At intervals, aliquots (0.2 mL) of the
mixture were analyzed by GC/MS, and producia (monoN-methylaniline) and.3a [N-(2-
hydroxyethyl)aniline] were identified accordinglyour subsequent experiments were carried
out with the same procedure: being other conditionsltered, the amount of ethylene
carbonate was decreased to 1.9, 0.97, 0.48, aml @.@21.6, 11.0, 5.5, and 2.7 mmol),

respectively.

Il. Method B.A stainless steel autoclave (45 mL) was charget wimixture of aniline
(0.5 g), DMC (10 g), NaX (0.5 g), and ethylene carate (whose amount was ranged from
9.7, 1.9, 0.97, and 0.48 g). Before each reactadmoom temperature, the autoclave was
degassed under a moderate vacuum (20 mm), anddwidfe a N stream. The reactor was
electrically heated at 140 °C, while the mixture swkept under a magnetic stirring
throughout the reaction. After the desired timeinal, the autoclave was cooled to rt and

opened. The mixture was analysed by GC/MS.

[Il. The competitive reactions of aniline with eligrye carbonate and dimethyl carbonate,
in presence of different co-solvents (table 31)e experiments were performed according
to the procedure described for method B. A 45-mtoelave was charged with aniline (0.5
g, ), DMC (10 g), NaX (0.5 g), and ethylene carkden@.97g), in presence of a co-solvent.
In particular, cyclohexane (20 and 40 mL), dimetyetkane (20 mL), and,N-DMF (20 and

40 mL) were used in five subsequent tests carrigchv140 °C.
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6.5 The Reaction of Primary Aromatic Amines with Akylene Carbonates in Presence of
Phosphonium-based lonic Liquids as Catalysts
[Ch. 3, par. 3]

6.5.1 General

Anilines 2a-¢ e (p-XCgH4NHy: 2a: X=H; 2b: X=ClI; 2c. X=0OMe; 2e X=Me), ethylene
carbonate (EC), propylene carbonate (PC) andabtsylmethylphosphonim tosylat@IL1)
were ACS grade and were employed without furthenfigation. PIL2-13 were prepared
accordingly to the method described in paragra@h36.GC/MS (EI, 70 eV) analyses were
run using a HP5/MS capillary column (30 . NMR were recorded at 400 MHZC NMR
spectra at 100 MHZ'P NMR spectra were recorded at 200 MHz. Chemicétsshvere
reported ind values downfield from TMS; CD@lor CD;OD were used as solventSP
chemical shifts were referenced with respect to 8&ftophosphoric acid (as external

standard).
6.5.2 Reaction Procedure

I. The bis-N-(2-hydroxy)ethylation of aniline in the prese of different ionic liquids
(table 3.12).A glass reactor (7 mL) shaped as a test tube angpeed with a side screw-
capped neck for the withdrawal of samples and alenser, was charged with anilin2a(
0.80 g, 8.6 mmol), ethylene carbonate (EC, 1.517g2 mmol, molar ratio EQa was 2), and
a PIL (0.86 mmol, molar rati®IL :2a was 0.1). The chosen catalysts wBte s 1-4 and9-

12. The reactor was then immersed in an oil bathntlostated at the desired temperature
(170 °C) and the mixture was kept under magneticirsg throughout the reaction. At
intervals, samples of the reaction mixture werehdiawn and analysed by GC/MS. The
procedure was used to run an experiment also iralbisence of PILs. The above described
procedure was adapted for the following experim@mis(v)]:

(i) reactions with different catalyst loadings (figu6). being all other conditions
unaltered, the molar ratio @H._1:2a was set to 0.05, 0.1, 0.2, 0.5 and 0.75, anddhetion
temperature was set to 150 °C;

(i) reactions with different ethylene carbonateatiings (table 3.10)being all other
conditions unaltered, the molar ratio R&was set to 2.2 and 4, and the reaction temperature
was set to 150 or to 170 °C;

(iii) reactions with added water or ag. HBr (scheme 3.28)ing all other conditions
unaltered, water (0.015 g, 0.86 mmol, molar rati®t2a was 0.1) or an aqueous solution of

HBr [48%] (0.1 mL, HBr 0.88 mmol, molar ratio HRa was 0.1) were added. The reaction
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temperature was setto 170 °C;

(iv) reactions of different anilines with ethyleoarbonate (table 3.13)he glass reactor
was charged with the aminl, c ande, 8.6 mmol;2b: 1.09 g,2c 1.06 g,2e 0.92 @),
ethylene carbonate (EC, 1.66 g, 18.9 mmol, molap reC:2 was 2.2), and a PIL (0.86
mmol, molar ratio PIL2 was 0.1). The chosen catalysts wBtel andPIL12. The reactor
was then immersed in an oil bath thermostatedeatifsired temperature (150-170 °C);

(v) reactions of different amines with propylenebcmate (table 3.14)the glass reactor
was charged with the amin@g, ¢, 8.6 mmol;2a: 0.8 g,2c. 1.06 g), propylene carbonate
(PC, 1.93 g, 18.9 mmol, molar ratio PGvas 2.2), and a PIL (0.86 mmol, molar ra@i. :2
was 0.1). The chosen catalysts weitel, PIL9, andPIL12. The reactor was then immersed
in an oil bath thermostated at the desired tempeggtLl50-190 °C).

6.5.3 Synthesis of PILs (table 3.11)

I. Synthesis of methyltrialkylphosphonium methycaiate salt$lL5-8. According to the
procedure previously described in paragr&ph.3.] a sealed 200 mL steel autoclave fitted
with a pressure gauge and a thermocouple for testyper control was charged with a
trialkylphosphine (RP, 56 mmol; R4-butyl, 15 mL, 12.2 g; R=-butyl, 15 mL, 12.2 g; R=
n-hexyl, 20 mL, 16.2 g; Ra-octyl, 25 mL, 20.8 g), dimethyl carbonate (30 n32.1 g, 356
mmol) and methanol (30 mL). Three freeze—pump-tlcgales were carried out to ensure
complete degassing of the mixture and air removVhaé empty volume was then filled with
nitrogen. The autoclave was heated for 24 h ad#ésred temperature (140 °C: R=octyl,
n-hexyl, n-butyl; 170 °C: Ra-butyl) with magnetic stirring. Then, the reactoasmcooled to
rt and vented. Methanol and the residual DMC wemmaved from the mixture by rotary
evaporation.A small amount (<1 equiv) of methanol could remantorporated in the
sample even after a prolonged high vacuum was eghplsolated yields wer®IL6 (17.4 g)
96%:; PIL7 (21.5 g) 94%PIL8 (27.5 g) 100%. These salts were fully characteragduch,
by 'H and**C NMR, and used without further purificatior®IL5 (15.8 g, 87 %) was washed
with n-hexane (3x15 mL) to remove some unreacted phosphiven, it was characterized

and used.

Il. General anion exchange reaction procedurdL2-4 and PIL9-13 were provided by
the research group. They were prepared accordintheofollowing procedure. A 50-mL
round-bottomed flask was charged with an equimolature of methyltrialkylphosphonium
methylcarbonatéPIL5-8; 6 mmol, 1.75-2.76 g) and of a Brgnsted acid (HAA:TosO, Br,
or 1), and methanol (5 mL) as a co-solvent. TosO#D K1.14 g) was used as a solid, while

213



both HBr (0.68 mL) and HI (0.79 mL) were used asemus commercial solutions (48% and
57%, respectively). The mixture was kept under neéignstirring for 1 h at 40 °C. Then,
water and methanol were removed by rotary evapmraffhe desiredPIL2-4 andPIL9-13
were obtained in quantitative yields and fully ciaterized as such, byd and**C NMR.

They were used without further purifications.

6.5.4 Isolation and Characterization of the Product

All the reaction product43, 17, 16 and18 (a-c ande), and19, 20, 21 and22 (a andc)
were characterized by GC/MS. Compourddqa-c ande) and20 (a andc) were isolated and
fully characterized byH and**C NMR.

Bis-N-(2-hydroxy)ethyl aniline, 17a'® The product was isolated from the reactions cdrrie
out under the conditions of entries 9 and 12 ofetéh10. The final mixtures were purified
by flash column chromatography (FCC) on silica gesing a gradient elution with
methanol/diethyl ether/petroleum ether (PE) sohgidinitial MeOH:EtO:PE = 0:1:4 vlv,
final MeOH:EO:PE = 1:7.5:1.5 v/v). Compounti7a was a dark yellow oil (74 and 61%
respectively, table 3.10).

Bis-N-(2-hydroxy)ethyl p-anisidine, 17¢*?**3 The product was isolated from the reaction
carried out under the conditions of entry 4 of &Bl13. The final mixture was purified by
flash column chromatography (FCC) on silica gelngsa ethyl acetate (EA)/petroleum ether
(PE) solution (EA:PE = 3:1 v/v). Compouddcwas isolated as brown solid (74%).
Bis-N-(2-hydroxy)ethyl p-toluidine, 17e*® The product was isolated from the reaction
carried out under the conditions of entry 5 of &aBIl13. The final mixture was purified by
flash column chromatography (FCC) on silica gelingsa gradient elution with EA/PE
solutions (initial EA:PE = 1:1 v/v, final EA:PE =Bv/v). Compoundl7ewas a dark brown
solid (70%).

Bis-N-(2-hydroxy)ethyl p-chloroaniline, 17b.** The product was isolated from the reaction
carried out under the conditions of entry 6 of &Bl13. The final mixture was purified by
flash column chromatography (FCC) on silica gelingsa EA/PE solution (EA:PE = 1:1
v/v). Compoundl7b was a pale brown solid (62%).

Bis-N-(2-hydroxy)propyl aniline, 20a. The product was isolated from the reaction cdrrie
out under the conditions of entry 4 of table 3.The final mixture was purified by flash
column chromatography (FCC) on silica gel, usingradient elution with EA/PE solutions
(initial EA:PE = 7:3 vlv, final EA:PE = 3:7 v/v). @npound20a (sum of diastereoisomers)
was isolated as a pale yellow oil (58%).
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Bis-N-(2-hydroxy)propy! p-anisidine, 20c** The product was isolated from the reaction
carried out under the conditions of entry 6 of &éaBl14. The final mixture was purified by
flash column chromatography (FCC) on silica gelingsa gradient elution with EA/PE
solutions (initial EA:PE = 7:3 vlv, final EA:PE =8v/v). Compound0c was a brown oil

(55%).
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6.6 Decarboxylation of Dialkyl Carbonates to Dialky Ethers over Alkali Metal-
exchanged Faujasites
[Ch. 4, par. 1]

6.6.1 General

All reagents used [¥COs;, dimethylcarbonate (DMC), diethylcarbonate (DEG@lycerine
carbonate (GlyC), dimethoxyethane, cyclohexam@ropanol, propyl chloroformate, ana
octanol] were ACS grade and were employed withotthér purification. GlyC was a generous
gift from Huntsman Corporatiorf-aujasites NaY and NaX were commercial samples from
Aldrich (art. # 334448 and 28,359-2); LiY and Cs¥re synthesized from NaY by an ion
exchange using LiCl and CsCI precursbrsiydrotalcite KW2000 was from Kyowa Chemical
Industry Co. Tokyo, (Mg-Alo3O115 With a specific surface area 202 mj*. The catalysts
(faujasites, hydrotalcite, and,®803) were stored under vacumm (8 mbar) at 70 °C. In two
additional experiments, two samples of NaY werévattd in a stream of dry air (10 mL/min),
at 200 and 400 °C, respectively. GC/MS (El, 70 eMplyses were run using a HP5/MS
capillary column (30 m). The infrared spectra haeen recorded on a Bruker Vertex 70 FTIR

spectrometer equipped with a Ge/KBr beamsplitt€|abar source, and a DTGS detector.

I. Dipropyl carbonate (DPrC)DPrC was prepared by adjusting a general methodhier
synthesis of dialkyl carbonaté$a 250-mL 2-necked flask equipped with a condenser and
dropping funnel, was charged with a mixturengdropanol (0.33 mmol, 20 g) and pyridine (0.34
mmol, 27 g). The flask was cooled at 0 °C and prapjyoroformate (0.31 mmol, 38 g) was
added dropwise under vigorous stirring. The mixtwas allowed to reach rt. Then, aq. HCI
(5%, 30 mL) was added. The organic phase was ¢atragith diethyl ether (2x120 mL), and
dried over NgSQ,. The product DPrC was distilled (bp = 83°C at 86am Y= 35 g, 77%) and
characterized by GC/MS artl NMR.

II. Dioctylcarbonate (DOC)DOC was prepared by the transesterification reaatfm-octyl
alcohol with DMC, accordingly to a procedure alngadported-’ Starting from 26 g (0.2 mol)
of n-octanol, DOC was isolated in a 68% vyield (20 gil aharacterized by GC/MS artti
NMR.

6.6.2 Reaction Procedure

I. The decarboxylation of DMC: general procedufel20-mL stainless steel autoclave fitted

with two valves, a pressure gauge and a thermoeduopltemperature control, was charged with
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DMC and the catalyst. The autoclave was closed a&ftet, a careful air removal by 3 vacuurp/N
cycles, it was electrically heated at the desiesdperature. The reaction mixture was kept under
magnetic stirring throughout the experiments. TlodoWing conditions and amounts of
DMC/catalyst were used:

(i) figure 4.2 10 mL (10.7 g, 119 mmol) of DMC and 600 mg of tatalyst (weight ratioQ,
catalyst: DMC = 0.056). Catalysts were NaX and Ng&Yjasites, and hydrotalcite (HT:
KW2000). The reaction temperature was in the rarige0-220 °C, and the reaction time was 6
hours.

(i) figure 4.2 10 mL (10.7 g, 119 mmol) of DMC and 600 mg of taalyst (weight ratio,
Q, catalyst: DMC = 0.056). Six catalysts were usk¥,, NaY, CsY and NaX faujasites,
hydrotalcite (HT: KW2000), and ¥COs. The reaction temperature was 200 °C and theiogact
time was 6 hours.

(iii) figure 4.3(@) 10 mL (10.7 g, 119 mmol) of DMC were set to reaath increasing
guantities (from 160 to 900 mg) of both NaY and Na¥e weight ratioQ, catalyst:DMC was
ranged from 0.015 to 0.084. The reaction tempegateas 200 °C and the reaction time was 6
hours.

(iv) figure 4.3(b) 10 mL (10.7 g, 119 mmol) of DMC and 600 mg of ttealyst (weight
ratio, Q, catalyst: DMC = 0.056). Catalysts were NaY or Né&jasites. The reaction
temperature was 200 °C, and the reaction time wései range of 1-18 hours.

At the end of each experiment, the autoclave wadedoto room temperature. In order to
recover the gaseous products of the reaction, &@ dimethyl ether (DME), the autoclave was

purged by a low temperature trap-to-trap appardtas.system is outlined in figure 6.4.

Vacuum Line
Vi

CB1 CBQ CB3

Figure 6.4.The apparatus used for the recovery of gaseoysa@@@dimethyl ether.
A: autoclave; CB: cooling bath; CF: cold finger; &r-tight Drechsel bottle; V: valve; VG:

vacuum gauge; T: temperature control
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A vacuum line was equipped with a cold finger (280, CF) and a drechsel bottle (250 mL, B).
By valves \{-V,, the whole system was set to a pressurg torr. This was continuously
monitored by a vacuum gauge (VG). Then, the autedA) containing the reaction mixture, the
finger CF, and the bottle B were simultaneouslypdip in three cooling baths (GBCB,, and
CB3) set at -60 °C, -196 °C, and -196 °C, respectiv&he valves VY-V, were closed and the
autoclave was connected to CF by opening &hce the pressure of the system reached a
constant valuel{ 150 torr), A was opened to ventoNharged in the reactor at the beginning of
the experiment. Then, ;Vwas closed and the bath CBvas brought to -20 °C. At this
temperature, Yallowed to purge the reaction products,,@G@d DME, from the autoclave. Both
compounds were condensed in CF along with a verlldnaction € 0.5 mL) of the residual
DMC. V3 was closed and acetone was added to the baghu@B it reached —50 °C. Then,V
was opened to convey selectively £&and DME from CF to the bottle B, while DMC remaine
in CF. Eventually, ¥ was closed. The bottle B was disconnected fronvétoelum line, allowed

to return gradually to ambient temperature, andytited. The gaseous mixture in the bottle was
then analysed by GC/MS.

The conversion of DMC reported in figures 4.1, dri2l 4.3 was calculated by the total mass
(and molar) amounts of G@nd DME, according to the stoichiometry givencheme 4.2. MS
spectra of both COand DME gave a match quality higher than 97% wtm@npared to standard
products of the Wiley-MS databa¥eThe structure of DME was further confirmed by the
comparison of the IR spectrum of the reaction mixtwith that of an authentic sample of DME
(details are given in the appendix).

[I. The decarboxylation of DEC and DPrChe decarboxylation of both DEC and DPrC were
carried out according to the procedure describedCiMC. The following conditions and
amounts of dialkyl carbonate/catalyst were used.

DEC, figure 4.4: 10 mL (83 mmol) of DEC and 550 wigthe catalyst (weight ratidQ,
catalyst: DEC = 0.056). Catalysts were NaX and Ke)fasites. The reaction temperature was in
the range of 180-240 °C, and the reaction time @d®urs. The GC/MS analysis of the gas
phase showed the presence of,G a sole product: its (weighted) mass amountvatioto
calculate the conversion of DEC. The GC/MS analydighe residual liquid mixture in the
autoclave showed two products: diethyl ether (maj60% at complete conversion) and ethanol
(trace amounts, 3-5%). The analysis of the liquhdge also offered the possibility to determine

the conversion of DEC whose values matched (with®36) those calculated from the weight of
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CQO,. The structure of diethyl ether and ethanol wesefiemed by their mass spectra and by
comparison with authentic commercial samples.

DPrC, scheme 4.4: 8.8 mL (56 mmol) of DPrC and B@Dof the faujasite (the weight ratio,
Q, catalyst:DPrC = 0.036). The temperature was s&28 and 240 °C for 6 and 12 hours,
respectively. C@ and propylene were detected as gaseous produd@s.spéctra of both
compounds gave a match quality higher than 95% vdoempared to standard products of the
Wiley-MS databasé® However, the conversion of DPrC could not be egtahafrom the
weighted amounts of GGand propené’ The GC/MS analysis of the residual liquid mixtime
the autoclave showed two products: dipropyl etlie+-40%) andn-propanol (23-60%). The
structure of dipropyl ether and-propanol were confirmed by their mass spectra bapd

comparison with authentic commercial samples.

lll. The reaction of dioctyl carbonate (DOC) and/ggrol carbonate (GlyC)rhe reaction of
both DOC and GlyC were carried out with the sanee@tdure used for DMC. However, due to
the viscosity of the starting carbonates, a solvesd necessary. The following conditions and
amounts of dialkyl carbonate/catalyst were used.

DOC, scheme 4.6: 2.0 g (10.8 mmol) of DOC, 120 miaX faujasite (the weight rati@,
catalyst.carbonate, was 0.06), and cyclohexanel(Qa® solvent. The reaction temperature was
set at 240 °C, and the reaction time was 6 houre. GC/MS analysis of the gas phase showed
CO, as a sole product. The GC/MS analysis of the wasitlquid mixture in the autoclave
showed the presence of unreacted DOC (42%), diasttyer (7%),n-octanol (28%), and
isomeric octenes (mixture of 1-octene, 2-octere @her octenes: total of 23%). The structure
of dioctyl ether,n-octanol, 1-octene and 2-octene was confirmed by tnass spectra and by
comparison with authentic commercial samples.

GlyC, scheme 4.7: 2.0 g (17 mmol) of GlyC, 120 midNaX faujasite (the weight rati@,
catalyst:carbonate, was 0.06), and dimethoxyetl@&melL) as solvent. The reaction temperature
was set at 240 °C, and the reaction time was 6shdire GC/MS analysis of the residual liquid
mixture in the autoclave showed the formation ofesal products. Among them, glycerol (10-
12%) and glycidol (3-5%) were detected. The stmgctf both compounds were confirmed by

their mass spectra and by comparison with autheotiomercial samples.
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6.7 The Reaction of Glycerol Carbonate with Phenah the Presence of NaY Zeolites
[Ch. 4, par. 2]

6.7.1 General

Phenol 23), glycerine carbonate (GlyC) and triglyme (tridiy glycol dimethyl ether)
were ACS grade and were employed without furthetfigation. Faujasite Na) was from
Aldrich. Unless otherwise stated, NaYwere dried under vacuum (70 °C, 18 mbar,
overnight) before each reaction. GC/MS (El, 70 eMplysis were run using a HP5/MS

capillary column (30 m).
6.7.2 General Procedure for the Reaction of GlyghviAhenol

A glass reactor (7 mL) shaped as a test tube angpeed with a side screw-capped neck
for the withdrawal of samples and a condenser, ahasged with phenol@, 5.3 mmol, 0.50
g), GlyC (0.76 g, 6.5 mmol, molar ratio W = GI¥3:was 1.2), triglyme (2 mL) and the
faujasite Na¥Y, as a catalyst (the weight ratio Q = NaX3 was 1.5). The reactor was then
immersed in an oil bath thermostated at the dedeatperature (140-200 °C, see tables 4.1
for details) and the mixture was kept under magngtirring throughout the reaction. After 6
h, samples of the reaction mixtures were withdranwd analysed by GC/MS.

The above described procedure was used for theriexgats (i), (i) and (iii) below
described:

(i) reactions with different catalyst loadings (figue5). being all other conditions
unaltered, GlyC (1.77 g, 15.0 mmol, molar ratio W2.8) was charged and the weight ratio
Q = NaYa:23was set to 0.75, 1.5, 3 and 4, respectively (Na¥.375, 0.75, 1.5 and 2.0 g).
Reactions were carried out for 18 h at 200 °C.

(ii) reactions with different GlyC loadings (tabde2). being all other conditions unaltered,
NaYa (0.75 g, Q = NaX:23 = 1.5) were charged and the molar ratio W = GR&wvas set to
2.8, 4.0 and 5.0, respectively (GlyC = 1.77, 2.51 8.14 g; 15.0, 21.3 and 22.6 mmol).
Reactions were carried out for 18 h at 200 °C.rother set of experiments the molar ratio
W = GlyC:23 was set to 1.2, 4.0 and 5.0, respectively (GlyQ.%, 2.51 and 3.14 g; 6.5,
21.3 and 22.6 mmol) and 0.375 g of Na{Q = NaYa:23 = 0.75) were used.

(i) reactions at different temperature (figure647). being all other conditions unaltered,
NaYa (0.75 g, Q = NaX:2a = 1.5) was charged and the molar ratio W = GAZwas set to 5.0
(GlyC = 3.14 g, 22.6 mmol). Reactions were cargatfor 18 h at 180, 200 and 220 °C.

220



6.7.3 Isolation and Characterization of the Product

Any attempt to isolate compoun@d, 25 and26 by flash column chromatography (FCC)
on silica gel was unsuccessful. In all cases, #gpasation was not efficient, and the products
were eluted together with unreacted GlyC. Ethyltaie (EA), petroleum ether (EP),
methanol (MeOH) and diethyl ether {BX) were tested as eluant solutionsgradient elution
with EA/PE solutions (initial EA:PE = 1:1 vlv, fih&A:PE = 5:1 v/v);ii) gradient elution
with methanol/diethyl ether/petroleum ether (PEu8ons (initial MeOH:E$O:PE = 0:0.5:4
vlv, final MeOH:EtO:PE = 1:7.5:1.5 v/v)iii) gradient elution with EA/PE solutions (initial
EA:PE = 7:5 v/v, final EA:PE = 3:7 v/v)iv) ethyl acetate (EA)/petroleum ether (PE)
solution (EA:PE = 2:1 v/v). The structure of compds 24, 25 and 26 wasassigned by
GC/MS.
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A.1 The Metathesis ofa-Olefins over Supported Re-Catalysts in Supercritial CO, [Ch. 2, par. 1]

|. Metathesis of 1-octene
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Figure A.1. Batch conditions. GC/MS of the self-metathesig-ofctene in dense GO
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Figure A.2. Continuous flow conditions. GC of the self-metaikef 1-octene in scGO
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I1. Products of self-metathesis

7-Tetradecene, G,

U

L e e e e 5 s I B s B B s B B
a5 40 35 30 25 20 15 10

Figure A.3.'H NMR of 7-tetradecene

'H NMR (300 MHz, CDC}) &: 5.40 (2H, m), 1.99 (4H, m), 1.29 (16H, m), 0.8M(t, J = 6.7 Hz).
In the cis/trans mixture, vinylic hydrogens weratezed atd = 5.35 for the cis isomer, and at=

5.38 for the trans compouridThe structure was also assigned by comparison aithauthentic
commercial sample (Aldrich # 227560).

Trans 7-tetradecene GC/MS (relative intensity, 70 eV) m/z: 196 ([M]24%), 111 (21), 98 ([M-
(CHy)4]", 18), 97 (50), 85 (12), 84 (IM-(Cht]", 35), 83 (72), 82 (14), 71 (23), 70 ([M-(GKl", 63),
69 (100), 68 (12), 67 (21), 57 (43), 56 ([M-(QK]", 58), 55 (90), 54 (24). Database Wiley: Ref.
33342 ,match quality 97%?

Cis 7-tetradecene GC/MS (relative intensity, 70 eV) m/z: 196 ([M]20%), 111 (21), 98 ([M-
(CHy)/]", 16), 97 (50), 85 (12), 84 ([M-(CHt]*, 34), 83 (68), 82 (16), 81 (11), 71 (24), 70 ([M-
(CHy)o]", 67), 69 (99), 68 (13), 67 (25), 57 (47), 56 ([KH>)1"*, 66), 55 (100), 54 (23). Database
Wiley: Ref. 33341 match quality 96%?
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I11. Products of isomerization of 1-octene and of cross-metathesis

These compounds (see scheme 2.6) were identifieG®MS analyses, and their structures were
assigned by comparison to standard products indlidehe Wiley Library of Mass spectral d&ta.
Table A.1 reports molecular ions, the main fragragioh pattern, and the match quality obtained for

each compound.

Table A.1.MS characterization of the reaction products otfene

Match Qualit
GC/MS Q Y

Compound o _ (%)
(relative intensity, 70 eV)

(Ref. Wiley)
m/z: 112 ([MT, 11%), 84 ([M-(CH),]", 23), 83 (39), 71 (12), 70 o1
1-oct M-(CH,)4]*, 88), 69 (50), 57 (16), 56 ([M- * 86), 55 (100),
octene  ([M-(CHy)]", 88), 69 (50), 57 (16), 56 ([M-(Ghi]", 86), 55 (100) (116372)
54 (11), 53 (10)
m/z: 112 ((M], 40%), 84 ([M-(CH),]*, 10), 83 (21), 70 ([M- o1
2-oct CH,)J]", 53), 69 (29), 57 (18), 56 ([M- * 53), 55 (100), 54
octene  (CHyp) ), 69 (29), 57 (18), 56 ([M-(Ghi] ), 55 (100) (3597)
(10)
m/z: 112 (IM], 39%), 83 (19), 70 (IM-(CHs]", 55), 69 (32), 57 64
3-octene
(19), 56 ([M-(CH)4]", 52), 55 (100), 53 (10) (3598)
m/z: 112 ((M], 41%), 84 ([M-(CH),]*, 11), 83 (19), 70 ([M- 80
4-oct CH,)3]", 53), 69 (35), 57 (20), 56 ([M- * 55), 55 (100), 54
octene  (CHy)j ), 69 (35), 57 (20), 56 ([M-(Ghi] ), 55 (100) (116369)
(10)
m/z: 126 ([M], 33%), 97 (17), 84 ([M-(Ch4]", 15), 83 (13), 70 83
2-nonene (IM-(CHy)J]", 42), 69 (38), 57 (11), 56 ([M-(Cht]", 61), 55 (100), (6385)
54 (11)
m/z: 140 (M], 5%), 111 (14), 98 (IM-(CHs]", 13), 97 (32), 84
(IM-(CH»)4]*, 26), 83 (39), 82 (11), 71 (10), 70 (IM-(GH*, 90),
3-decene -
69 (70), 68 (11), 67 (12), 57 (62), 56 ([M-(§H", 100), 55 (89),
54 (13), 53 (10)
m/z: 154 (IM], 32%), 97 (20), 84 (IM-(CH:]", 23), 83 (35), 71 94
4-undecene (10), 70 (IM-(CH)g", 53), 69 (76), 67 (16), 57 (22), 56 ([M-
(CHL)]*, 59), 55 (100), 54 (14) (15562)
m/z: 168 ([MT, 33%), 111 (11), 98 (IM-(CHs]", 12), 97 (29), 84 97
5-dodecene ([M-(CH,)d", 26), 83 (45), 82 (10), 71 (12), 70 (IM-(GH", 53),
(21249)

69 (79), 67 (15), 57 (28), 56 ([M-(GM]*, 56), 55 (100), 54 (17)
miz: 182 (IM], 44%), 111 (18), 98 ([M-(Chlel*, 15), 97 (43), 84

6-tridecene  ([M-(CH,)-]*, 30), 83 (61), 82 (12), 71 (18), 70 (M-(&)}*, 59), -
69 (100), 67 (17), 57 (34), 56 ([M-(GH]*, 54), 55 (82), 54 (19)
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A.2 Green Methodologies for the Michael Reaction [B. 2, par. 2]

I. lonic Liquids

Tri- n-octylmethylphosphonium methylcarbonate, TOMP(OCQMe). viscous clear colourless liquid
(mp<0°C)

MeOH

Figure A.4.™H NMR of tri-n-octylmethylphosphonium methylcarbonate

'H NMR (neat, 60 °C, 400 MHz)5(ppm relative to TMS, dmsosd 3.15 (s, 3H, CKDCOO), 2.33 (bt,
6H, P-CH), 1.88 (d, 3H, &y = 14 Hz, P-CH), 1.42 (b, 6H), 1.27 (b, 6H), 1.11 (b, 24H), 0(BO 9H).
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Figure A.5.%3C NMR of tri-n-octylmethylphosphonium methylcarbonate

*C NMR (neat, 60 °C, 100 MHZp/ppm relative to TMS, dmsosdCH,’'s assigned by 2D inadequate):
155.8 (1C, €0), 50.0 (1C, E50), 30.9 (3C, @), 29.9 (d, 3C,rlc = 15 Hz, G), 28.2 (3C, @), 28.0 (3C,
Cy), 21.6 (3C, @), 20.7 (d, 3C,rlc =4 Hz, G), 19.0 (d, 3C,rlc = 48 Hz, G), 12.8 (C3, @), 2.6 (d, 3C,
Jp.c = 53 Hz, P-Ei;).

The™C NMR spectra provided a wealth of information tigkato the carbon backbone, and on the purity
of the compounds. In addition, quantitative intéigra of the™®C resonance peaks allowed to confirm

cation to anion equimolarity.
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Tri- n-octylmethylphosphonium hydrogencarbonate, TOMP(OCGQH). viscous clear liquid that tends
to solidify with time (mp ~ 25 °C).

Figure A.6."H NMR of tri-n-octylmethylphosphonium hydrogencarbonate

'"H NMR (neat, 60 °C, 400 MHzp®({ppm relative to TMS, dmsosi 2.33 (b, 6H, P-Ch), 1.84 (bd, 3H,
P-CH), 1.33 (b, 6H), 1.23 (b, 6H), 1.05 (b, 24H), 0(b# 9H).

Figure A.7.%3C NMR of tri-n-octylmethylphosphonium hydrogencarbonate

¥C NMR (neat, 60 °C, 100 MHZp/ppm relative to TMS, dmsosd 158.9 (1C, €0), 31.0 (3C, @,
29.8 (d, 3C, dc = 15 Hz, G), 28.2 (6C, GCy,), 21.6 (3C, G), 20.9 (3C, @), 19.1 (d, 3C, dlc = 49 Hz,
Cy), 12.9 (C3, @), 2.9 (d, 3C, dc = 52 Hz, P-Ely).
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I1. Michael addition products

3-(1-nitroethyl)-cyclohexanone® m1, CAS registry no. 59969-93-6¢colourless oil, mixture of

diastereomers.

Scan 1351 (13.039 min): MIC146P5.D
Abundance
55

1600000 -
1400000 -
1200000 -
1000000 -
41
800000 -

600000 7

400000 -
43

6
569 a1 124
56 83
32
“‘ ‘\\‘\‘H“ I ‘ |

o7
10~

f N N o1 \N 109 120 ||128 139

ool b e b 28 1, 109 120 |l128 1S

30 40 50 60 70 80 90 100 110 120 130 140

200000 7

Figure A.8. MS spectrum of 3-(1-nitroethyl)-cyclohexane

GCIMS (relative intensity, 70 eV) m/z: 171 ([MK1%), 124 ([M-NQ-H]*, 11), 97 (9), 96 (5), 83 (6), 81
(9), 69 (11), 68 (5), 67 (10), 55 (100), 43 (1%),(25), 41 (52), 39 (28).
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Figure A.9.™H NMR of 3-(1-nitroethyl)-cyclohexane

'H NMR (CDCk, 400 MHz) §/ppm relative to TMS): 4.54-4.43 (m, 1H), 2.48-2(6@m, 6H), 1.98-1.83
(m, 1H), 1.69-1.40 (mm, 5H).
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3-(1-nitrobutyl)-cyclohexanone®* m2, pale yellow oil, mixture of diastereomers.

Abundance

1600000 -

1400000 -

1200000

1000000 -

800000 +

600000 -

400000 -

200000 +

41

55
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Figure A.10.MS spectrum of 3-(1-nitrobutyl)-cyclohexane
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GCIMS (relative intensity, 70 eV) m/z: 199 ([Mk1%), 152 (M-NQ-H]*, 3), 135 (8), 123 (5), 110 (7),
109 (5), 97 (22), 95 (10), 83 (12), 81 (13), 71, @ (40), 68 (9) 67 (21), 57 (11), 55 (96), 53)(4B
(26), 42 (19), 41 (100), 39 (33).
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Figure A.11.'H NMR of 3-(1-nitrobutyl)-cyclohexane

'H NMR (CDCk, 400 MHz) @/ppm relative to TMS): 4.44-4.31 (m, 1H), 2.50-1(20m, 13H), 0.94-

0.88 (m, 3H,).
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2-(3-oxocyclohexyl)-1,3-diphenylpropane-1,3-dionen3, brown solid.

Scan 2111 (A8.675 Mmind: MIC1LAOES.
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Figure A.12. MS spectrum of 2-(3-oxocyclohexyl)-1,3-diphenylpame-1,3-dione

GCIMS (relative intensity, 70 eV) m/z: 320 ([MK1%), 224 (16), 223 (11), 105 ¢€sCOJ", 100), 77
(70), 51 (17).

/ f[ / Ve /////f

Q

Q
Ph
0 Ph
J . M A
|I\II|\III|IIII|III\|II\I|IIII|IIII|\III‘IIIIlIIIIlII\I|I\II|IIII|IIII‘III\|IIII

8.00 7.80 7.00 6.50 .00 5.50 5.00 4.50 4.00 3.50 3.00 250 2.00 1.50 1.00

ppm (t1)
Figure A.13."H NMR of 2-(3-oxocyclohexyl)-1,3-diphenylpropane3djione
'H NMR (CDCk, 400 MHz) ¢/ppm relative to TMS): 8.02-7.93 (m, 4H), 7.60-7 (53, 2H),

7.49-7.40 (m, 4H), 5.23 (d, 1H, J = 8.5 Hz), 3.188(m, 1H), 2.47-2.36 (m, 2H), 2.32-2.22 (m,
2H), 2.09-2.00 (m, 1H), 1.98-1.90 (m, 1H), 1.763L(f, 1H), 1.62-1.50 (m, 1H).
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2-(3-oxocyclohexyl)malonic acid dimethyl estet m4, pale yellow oil.

Scan 1742 (15.938 min): MiIC14as8.D
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Figure A.14. MS spectrum of 2-(3-oxocyclohexyl)malonic acid ditmyl ester

GC/MS (relative intensity, 70 eV) m/z: 228 ([Mk1%), 197 ([M-OCH]", 10), 169 ([M-COOCH", 5),
165 (9), 157 (16), 153 (23), 141 (11), 137 (10)6 {24), 132 (38), 131 (15), 101 (12), 100 (35),(982),
98 (12), 97 (93), 96 (52), 95 (14), 81 (22), 79)(BD (90), 68 (38), 67 (21), 59 (38), 55 (66),(33), 43
(15), 42 (50), 41 (100), 40 (22), 39 (60).
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Figure A.15.'H NMR of 2-(3-oxocyclohexyl)malonic acid dimethydter

'H NMR (CDClk, 400 MHz) /ppm relative to TMS): 3.70 (s, 3H), 3.69 (s, 3HB®B(d, 1H, J = 8.0 Hz),
2.54-2.42 (m, 1H), 2.41-2.30 (m, 2H), 2.27-2.15 @), 2.07-1.98 (m, 1H), 1.93-1.85 (m, 1H), 1.7G15
(m, 1H), 1.51-1.39 (m, 1H).
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6-nitroheptane-3-one® m5, colourless oil.

Scan 1035 (10.696 min): MICP\V3.D
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Figure A.16.MS spectrum of 6-nitroheptane-3-one

GC/MS (relative intensity, 70 eV) m/z: 159 ([Mk1%), 130 ([M-CHCH;3]*, 15), 113 ([M-NQ]", 4), 99
(7), 83 (18), 75 (13), 60 (16), 58 (27), 57 (108H,(81), 53 (10), 43 (24), 42 (30), 41 (57), 39)(4&D
(95).
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Figure A.17.'H NMR of 6-nitroheptane-3-one

'H NMR (CDClk, 400 MHz) @/ppm relative to TMS): 4.65-4.54 (m, 1H), 2.47 ,2 = 7.0 Hz), 2.42
(9, 2H, J = 7.3 Hz), 2.15-2.06 (m, 2H), 1.53 (d, 34 6.6 Hz), 1.04 (t, 3H, J = 7.3 Hz).
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6-nitrononane-3-one’ m6, light brown oil.

Scan 1389 (13.321 min): MICPVA4.D
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Figure A.18. MS spectrum of 6-nitrononane-3-one

GC/MS (relative intensity, 70 eV) m/z: 187 ([MK1%), 158 ([M-CHCH,]", 7), 157 (6), 127 (19), 123
(12), 111 (IM-NQ-CH,CH,]*, 13), 110 (19), 85 (14), 83 (33), 82 (17), 81 (1) (48), 68 (35), 67 (18),
58 (25), 57 (100), 55 (97), 53 (17), 43 (42), 43)(341 (98), 39 (57), 30 (91).

HC)I;
" / {
JMAJL u JL wmjllm‘t
L L I I B B B B B B O
450 425 400 375 3.50 325 3.00 275 250 225 200 175 1.50 125 1.00

ppm (t1)
Figure A.19.'H NMR of 6-nitrononane-3-one

'H NMR (CDCl, 400 MHz) §/ppm relative to TMS): 4.53-4.44 (m, 1H), 2.46-2(85, 4H), 2.14-2.03
(M, 2H), 2.02-1.89 (m, 2H), 1.72-1.61 (m, 1H), £485 (m, 1H), 1.02 (t, 3H, J = 7.3 Hz), 0.91 (4,3

= 7.3 Ha).
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2-benzoyl-1-phenylheptane-1,5-dionen?, pale yellow solid.

Scan 1466 (A3.891 mind): MICLAZSP2.0D
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Figure A.20.MS spectrum of 2-benzoyl-1-phenylheptane-1,5-dione

GCIMS (relative intensity, 70 eV) m/z: 308 ([MK1%), 236 (4), 224 (7), 223 (6), 203 ([M-CE]",
9), 186 (21), 157 (15), 106 (32), 105 (HZCOJ", 100), 78 (12), 77 (100), 57 (25), 55 (11), 51)(&®
(9).

- f Hiﬁ v ;

O "Ph

N [ .

800 750 700 650 600 550 500 450 400 350 300 250 200 150 100
ppm (t1)

Figure A.21."H NMR of 2-benzoyl-1-phenylheptane-1,5-dione

'H NMR (CDCk, 400 MHz) ¢/ppm relative to TMS): 8.06-8.02 (m, 4H), 7.60-7 (64, 2H), 7.50-7.43
(m, 4H), 5.51 (t, 1H, J = 6.8 Hz), 2.67 (t, 2H, 4 Hz), 2.39 (q, 2H, J = 7.3 Hz), 2.33 (q, 2K; 6.5
Hz), 1.04 (t, 3H, J = 7.3 Hz).
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2-(3-oxopentyl)malonic acid dimethy! estef m8, yellow oil.
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Figure A.22. MS spectrum of 2-(3-oxopentyl)malonic acid diméthster

GC/MS (relative intensity, 70 eV) m/z: 216 ([Ml<1 %), 187 (20), 155 (72), 153 (28), 145 (10)3 11
(57), 100 (10), 69 (25), 59 (31), 57 (100), 55 (42 (18), 41 (24), 39 (22).
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Figure A.23."H NMR of 2-(3-oxopentyl)malonic acid dimethyl ester

'H NMR (CDClk, 400 MHz) 6/ppm relative to TMS): 3.71 (s, 6H), 3.41 (t, 1H5 7.3 Hz), 2.48 (t, 2H, J
= 7.2 Hz), 2.39 (q, 2H, J = 7.3 Hz), 2.14 (q, 2K, 3.2 Hz), 1.02 (t, 3H, J = 7.3 Hz).
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A.3 The Reaction of Glycerol Carbonate with PrimaryAromatic Amines in the Presence of Y- and
X-Faujasites [Ch. 3, par. 1]

N-(2,3-dihydroxy)propyl aniline, 3a, pale yellow solid. GC/MS (relative intensity, 70 eV) m/z: 167
(M, 12%), 136 (M-CH,OH, 3), 106 (M-CH(CH,OH)OH, 100), 77 (20).
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Figure A.24."H NMR of N-(2,3-dihydroxy)propy! aniline

'H NMR (400 MHz, CDCJ) & 7.17 (t, 2H, J = 7.7), 6.75 (t, 1H, J = 7.3 HzF®B(d, 2H, J = 8.3 Hz),
3.95-3.88 (m, 1H), 3.71 (dd, 1H, 3 3.2 Hz, J= 11.4 Hz), 3.58 (dd, 1H, ¥ 6.3 Hz, J = 11.4 Hz),
3.21 (dd, 1H, J= 4.1 Hz, = 12.9 Hz), 3.10 (dd, 1H, & 7.6 Hz, J= 12.9 Hz).
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Figure A.25.*%C NMR of N-(2,3-dihydroxy)propyl aniline

13C NMR (100 MHz, CDCJ) 5 147.9, 129.3, 118.2, 113.4, 70.4, 48.8, 46.6.
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4-[(phenylamino)methyl]-1,3-dioxolan-2one, 4abrown solid. GC/MS (relative intensity, 70 eV)
m/z: 193 (M, 10%), 106 ([PhNH=CHK", 100), 77 (21).
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Figure A.26.'H NMR of 4-[(phenylamino)methyl]-1,3-dioxolan-2one
'H NMR (400 MHz, CDC}) 6 7.24-7.19 (m, 2H), 6.83-6.77 (m, 1H), 6.67-6.64 @hl), 4.98-4.91

(m, 1H), 4.57 (t, 1H, J = 8.3 Hz), 4.30 (dd, 1KH=36.8 Hz, d = 8.5 Hz), 3.95 (brs, 1H), 3.56 (dt, 1H,
J = 4.5 Hz, 3= 14.4 Hz), 3.45 (dt, 1H. & 5.2 Hz, J= 14.2 Hz).
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Figure A.27.3C NMR of 4-[(phenylamino)methyl]-1,3-dioxolan-2one

13C NMR (100 MHz, CDCJ) 5 154.6, 146.8, 129.5, 119.0, 113.3, 75.1, 67.09.45.
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p-chloro[N-(2,3-dihydroxy)propyl]aniline, 3b, light brown oil*° GC/MS (relative intensity, 70 eV)
m/z: 201 (M, 11%), 170 (M-CH,OH, 3), 142 (32), 141 (10), 140 (MCH(CH,OH)OH, 100), 77
(12), 75 (11).
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Figure A.28."H NMR of p-chloro[N-(2,3-dihydroxy)propyl]aniline
'H NMR (400 MHz, CDCY) 6 7.15-7.10 and 6.60-6.55 (m, 4H), 3.99-3.92 (m,,1H}8 (dd, 1H, J

= 3.5 Hz, J= 11.2 Hz), 3.64 (dd, 1Hg & 6.0 Hz, J= 11.2 Hz), 3.25 (dd, 1Hg & 4.1 Hz, 3= 12.9
Hz), 3.15 (dd, 1H,J= 7.5 Hz, J= 12.9 Hz).
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Figure A.29.°C NMR of p-chloro|N-(2,3-dihydroxy)propyl]aniline

3C NMR (100 MHz, CDCJ) 5 146.6, 129.1, 122.6, 114.4, 70.4, 64.7, 46.6.
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p-methoxy[N-(2,3-dihydroxy)propyl]aniline, 3c, dark brown solid* GC/MS (relative intensity, 70
eV) m/z: 197 (M, 11%), 166 (M-CH,OH, 3), 136 (M- CH(CH,OH)OH, 100), 121 (10), 108 (13).
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Figure A.30.'H NMR of p-methoxyN-(2,3-dihydroxy)propyl]aniline

'H NMR (400 MHz, CROD) & 6.79-6.74 and 6.70-6.65 (m, 4H), 3.84-3.78 (m, ,13Y1 (s, 3H),
3.62-3.53 (M, 2H), 3.24 (dd, 1H, 3 4.5 Hz, 3= 12.7 Hz), 2.99 (dd, 1H & 7.4 Hz, = 12.7 Hz).

I I I
150 100 50
ppm (f1)

Figure A.31.'"H NMR of p-methoxyN-(2,3-dihydroxy)propyl]aniline

3C NMR (100 MHz, CRQOD) & 153.9, 144.1, 116.0, 115.8, 71.7, 65.7, 56.2, .48.9
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4-[(4’-methoxyphenyl-amino)methyl]-1,3-dioxolan-2o0®, 4¢ brown solid. GC/MS (relative
intensity, 70 eV) m/z: 223 (M 14%), 136 ([MeOgH4NH=CH,]*, 100), 121 (10).
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Figure A.32."H NMR of 4-[(4’-methoxyphenyl-amino)methyl]-1,3-diolan-2one
'H NMR (400 MHz, CDCY) & 6.82-6.77 and 6.66-6.60 (m, 4H), 4.96-4.89 (m,,1H%5 (t, 1H, J =

8.3), 4.30 (dd, 1H,.J= 6.8 Hz, J = 8.5 Hz), 3.75 (s, 3H), 3.49 (dd, 1H,54.0 Hz, J = 14.1 Hz),
3.37 (dd, 1H, J= 5.6 Hz, = 14.1 Hz).
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Figure A.33.'%C NMR of 4-[(4’-methoxyphenyl-amino)methyl]-1,3-diolan-2one

3C NMR (100 MHz, CDCJ) 5 154.6, 153.2, 140.8, 115.0, 114.9, 75.3, 67.0, ,56771.
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p-hydroxy[ N-(2,3-dihydroxy)propyl]aniline, 3d, dark brown solid? GC/MS (relative intensity, 70
eV) m/z: 183 (M, 12%), 152 (M-CH,OH, 3), 122 (M- CH(CH,OH)OH, 100), 94 (13).
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Flgure A.34.'H NMR of p-hydroxy|[N-(2,3-dihydroxy)propyl]aniline

'H NMR (400 MHz, CROD) & 6.67-6.59 (m, 4H), 3.84-3.76 (m, 1H), 3.61-3.52 @Hl), 3.21 (dd,
1H, J = 4.5 Hz, J= 12.7 Hz), 2.97 (dd, 1H, & 7.5 Hz, 3= 12.7 Hz).
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Figure A.35.°C NMR of p-hydroxy|N-(2,3-dihydroxy)propyl]aniline

3C NMR (100 MHz, CRQOD) 6 150.7, 143.0, 116.9, 116.6, 71.7, 65.7, 49.6.
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Table A.2. Synopsis of MS spectra of non isolated products

GC/MS
Compound o ,
(relative intensity, 70 eV)
co m/z 167 (M, 22%), 136 (M-CH,0OH, 99), 119 (13), 118 (MCH,0OH-H,0, 100), 117
(29), 106 (24), 93 (52), 91 (48), 77 (35), 65 (H),(22)
m/z 193 (M, 63%), 148 (M-CO,-H, 7), 132 (11), 130 (19), 120 (13), 119 (18), 118
6a (M*-CH,OCO,, 31), 117 (11), 106 (68), 105 (34), 104 ([R@H]", 75), 93 (41), 91
(38), 78 (15), 77 (100), 51 (38)
4b mz 227 (M', 10%), 142 (32), 140 ([CKEI,NH=CH,]*, 100), 111 (10), 77 (11)
m/'z. 201 (M', 25%), 172 (25), 170 (MCH,OH, 25), 154 (16), 152 (MCH,OH-H,0,
5b 29), 140 (43), 127 (48), 125 (18), 118 (13), 117-®H,0H-H,0O-Cl, 100), 111 (23),
77 (17), 76 (10), 51 (13)
- m/z 197 (M, 4%), 193 (10), 148 (MCH,OH-H,0, 3) 136 (35), 106 (100), 77 (26),
51 (12)
m/z 223 (M, 100%), 150 (12), 149 (22), 148 (MCH,0CO,, 14), 146 (12), 137 (10),
6 136 (54), 135 (36), 134 ([MeQB,NH=CH]", 90), 133 (18), 123 (15), 122 (14), 121
(37), 120 (56), 117 (11), 108 (41), 107 (36), 92)(Z8 (22), 77 (39), 65 (24), 64 (25),
63 (22), 52 (20), 51 (23)
4d m/z: 209 (M", 10%), 122 ([HOGH,NH=CH,]*, 100), 94 (13), 65 (15)
m'z 209 (M, 72%), 164 (M-CO,-H, 4), 146 (19), 136 (13), 135 (22), 134'tM
6d CH,OCO,, 23), 122 (63), 121 (56), 120 ([ORE,NH=CH]*, 100), 109 (33), 107 (39),

94 (18), 93 (44), 65 (48), 53 (17), 52 (26)
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A.4 Sequential Coupling of The Transesterificationof Cyclic Carbonates with The SelectiveN-

Methylation of Anilines Catalysed by Faujasites: &Green Domino” [Ch. 3, par. 2]

N,N-dimethyl aniline, 12a,pale yellow liquid.

Figure A.36."H NMR of N,N-dimethyl aniline

H NMR (300 MHz, CDCJ) 5 7.28-7.20 (m, 2H), 6.77-6.68 (m, 3H), 2.94 (s, 6H)

N,N-dimethyl p-chloroaniline, 12b**

Cl

Figure A.37.*H NMR of N,N-dimethylp-chloroaniline

H NMR (300 MHz, CDCJ) 3 7.19 (d, 2H, J = 9.23 Hz), 6.66 (d, 2H, J = 9.23,12.94 (s, 6H).
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N,N-dimethyl p-anisidine, 12¢**

OMe

.ﬂ B

Figure A.38.*H NMR of N,N-dimethylp-anisidine

'H NMR (300 MHz, CDCJ) § 6.87 (d, 2H, J = 9.04 Hz), 6.78 (d, 2H, J = 9.23,13.80 (s, 3H), 3.79 (s,
3H), 2.89 (s, 6H).

N,N-dimethyl p-toluidine, 12e: pale yellow liquid-*

Me

Figure A.39.'H NMR of N,N-dimethylp-toluidine

'H NMR (300 MHz, CDCJ) § 7.06 (d, 2H, J = 8.85 Hz), 6.69 (d, 2H, J = 8.85,12.89 (s, 6H), 2.25 (s,
3H).

2-(Hydroxy)ethyl methyl carbonate, 10 MS (EIl), m/z (relative int.) 120 (M 1%), 89 (M- OCH,, 14),

59 (M- O(CH,),OH, 100), 58 (51).
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A.5 The Reaction of Primary Aromatic Amines with Alkylene Carbonates in the Presence of
Phosphonium-based lonic Liquids as Catalysts [Ch.,3ar. 3]

I. lonic liquids

PIL5 [(i-Bu)sMeP][OCO,CHj]: viscous pale yellow liquid.
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Figure A.40.*H NMR of PIL5

'H NMR (CDCk, 25°C, 400 MHz):3 (ppm): 3.13 (s, 3H; E;0C00), 1.97 (dd, J(P,H) = 13Hz,
J(H,H) = 7Hz, 6H; P-@,), 1.78-1.68 (m, 3H; P-CHCH(CHy),), 1.72 (d, J(P,H) = 13Hz, 3H; P-
CHs3), 0.76 (d, J(H,H) = 7Hz, 18H; P-GHCH(CHa),);

|

ppm (f1)

Figure A.41.°C NMR of PIL5

13C NMR (CDCh, 25°C, 100 MHz)®3 (ppm): 157.8 (1C; C=0), 51.2 (1C;H3O), 29.5 (d, J(P,C) =
46Hz, 3C; PEH,-CH(CHs),), 23.7 (d, J(P,C) = 9Hz, 6C; P-GIEH(CH3),), 22.9 (d, J(P,C) = 5Hz,
3C; P-CH-CH(CHs),), 6.2 (d, J(P,C) = 50Hz, 1C; BHy).
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PIL6 [(n-Bu)sMeP][OCQ,CHs]: viscous pale yellow liquid.
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Figure A.42.*"H NMR of PIL6

'H NMR (CDC, 25°C, 400 MHz):5 (ppm): 3.00 (s, 3H; E;0C00), 1.92-1.80 (m, 6H; PHB),
1.52 (d, J(P,H) = 14Hz, 3H; PHR), 1.06 (brs, 12H), 0.50 (brt, 9H);
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Figure A.43.°C NMR of PIL6

13C NMR (CDCk, 25°C, 100 MHz)®3 (ppm): 156.8 (1C; C=0), ), 50.7 (1C;Hz0), 22.5 (d, J(P,H)
= 15Hz, 3C), 22.3(d, J(P,H) = 4Hz, 3C), 18.6 (&®,B{) = 49, 3C; REH2), 12.1 (3C), 2.8 (d, J(P,H)
= 53Hz, 1C; PEH3). P NMR (CDC}, 25°C, 200 MHz,)5 (ppm): 31.6.
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PIL7 [(n-Hex):MeP][OCO,CHjy]: viscous pale yellow liquid.
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Figure A.44.*"H NMR of PIL7

'H NMR (CDCl, 25°C, 400 MHz):3 (ppm): 3.44 (s, 3H; €;0CO0), 2.26-2.18 (m, 6H; PHE),
1.92 (d, J(P,H) = 14, 3H, PKG), 1.46-1.38 (m, 12H), 1.26-1.21 (m, 12H), 0.82t,(8H);

HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH ‘ T T T T ‘ T T T T ‘ T T
31.5G31.080.530.029.5@9.028.50 21.50 21.00
ppm (1) ppm (f1)
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Figure A.45.°C NMR of PIL7

13C NMR (CDC}, 25°C, 100 MHz)3 (ppm): 157.7 (1C; C=0), ), 51.5 (1C;HGO), 30.4 (3C), 29.6
(d, J(P,C) = 15Hz, 3C), 21.7 (3C), 20.9 (d, J(PsHz, 3C), 19.3 (d, J(P,C) = 49Hz, 3CCPh),
13.3 (3C), 3.5 (d, J(P,H) = 52Hz, 1C;TP).
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PIL8 [(n-Oct);MeP][OCO.CHs): a complete NMR characterization has been givenipusly in
paragraphA.2.1, tri-n-octylmethylphosphonium methylcarbonate, TOMP(QN®).

I1. lonic liquids provided by the research group

PIL2-4 andPIL9-13 were provided by the research group. For semplioibly the description of the
'H and**C NMR is reported:

PIL2 [(n-Bu);MeP][TosO]: viscous clear colourless liquid.

'H NMR (CDCl, 25°C, 400 MHz): (ppm): 7.61 (d, J = 8Hz, 2H), 7.00 (d, J = 8Hz, 2H),12(2,
3H; -CH3), 2.10-2.02 (m, 6H; P48,), 1.72 (d, J(P,H) = 14Hz, 3H; PHz), 1.30-1.25 (m, 12H), 0.77
(brt, 9H).

13C NMR (CDCk, 25°C, 100 MHz)3 (ppm): 144.1 (1C), 138.9 (1C), 128.4 (2C), 125.8 (2@3,72
(d, J(P,H) = 16Hz, 3C), 23.4(d, J(P,H) = 5Hz, 32,2 (1C), 19.6 (d, J(P,H) = 49, 3C), 13.4 (3C),
4.0 (d, J(P,H) = 52Hz, 1C).

PIL3 [(n-Hex):MeP][TosO]: viscous clear colourless liquid.

'H NMR (CDCl, 25°C, 400 MHz)® (ppm): 7.73 (d, J = 8Hz, 2H), 7.09 (d, J = 8Hz, 2H),12(3,
3H; -CHj), 2.26-2.18 (M, 6H; P48,), 1.93 (d, J(P,H) = 14, 3H, PHG), 1.47-1.34 (m, 12H), 1.28-
1.22 (m, 12H), 0.85 (brt, 9H).

13C NMR (CDCh, 25°C, 100 MHz):5 (ppm): 144.5 (1C), 138.6 (1C), 128.3 (2C), 125.8 (2C),03
(3C), 30.1(d, J(P,C) = 15Hz, 3C), 22.2 (3C), 2W4J(P,C) = 5Hz, 3C), 21.1 (1C), 19.8 (d, J(P,C) =
49Hz, 3C, PEH,), 13.8 (3C), 3.9 (d, J(P,H) = 52Hz, 1C).

PIL4 [(n-OctkMeP][TosO]: white solid.

'H NMR (CDCl;, 25°C, 400 MHz)3 (ppm): 7.70 (d, J = 8Hz, 2H), 7.06 (d, J = 8Hz, 2H),2(8,
3H; -CH3), 2.21-2.15 (m, 6H; PB,), 1.88 (d, J(P,H) = 14, 3H, PHg), 1.41-1.33 (m, 12H), 1.20
(brs, 24H), 0.83 (t, 9H).

13C NMR (CDCH, 25°C, 100 MHz):3 (ppm): 144.0 (1C), 138.7 (1C), 128.3 (2C), 125.8 (2C),63
(3C), 30.5(d, J(P,C) = 15Hz, 3C), 28.9 (3C), 2&88) 22.5 (3C), 21.6 (d, J(P,C) = 5Hz, 3C), 21.1
(1C), 19.9 (d, J(P,C) = 48Hz, 3C,GM,), 13.9 (3C), 4.1 (d, J(P,H) = 52Hz, 1COPky).

PIL9 [(i-Bu)sMeP][Br]: white hygroscopic solid.

'H NMR (CDCl, 25°C, 400 MHz)3 (ppm): 2.17 (dd, J(P,H) = 13Hz, J(H,H) = 7Hz, 6H; P,
1.88 (d, J(P,H) = 13Hz, 3H; PHG), 1.92-1.82 (m, 3H; P-CHCH(CHy),), 0.84 (d, J(H,H) = 7Hz,
18H; P-CH-CH(CHa),).
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3C NMR (CDCk, 25°C, 100 MHz):3 (ppm): 29.9 (d, J(P,C) = 46Hz, 3C), 23.9 (d, J(P,C) =9H
6C), 23.0 (d, J(P,C) = 5Hz, 3C), 7.5 (d, J(P,C)0H5, 1C).

PIL10 [(n-Bu)sMeP][Br]: viscous clear colourless liquid.

'H NMR (CDCk, 25°C, 400 MHz)3 (ppm): 2.03-1.96 (m, 6H; P-8,), 1.62 (d, J(P,H) = 13, 3H, P-
CH3), 1.14-1.03 (m, 12H), 0.50 (brt, 9H).

13C NMR (CDCh, 25°C, 100 MHz):3 (ppm): 22.6 (d, J(P,C) = 16Hz, 3C), 22.5 (d, J(P,H) =z4H
3C), 19.3 (d, J(P,H) = 49, 3C), 12.3 (3C), 4.1J@®,H) = 52Hz, 1C).

PIL11 [(n-Hex):MeP][Br]: viscous pale yellow liquid.

'H NMR (CDCl, 25°C, 400 MHz)3 (ppm): 2.29-2.23 (m, 6H; P-48,), 1.91 (d, J(P,H) = 13, 3H, P-
CHs), 1.42-1.28 (m, 12H), 1.15-1.12 (m, 12H), 0.71t(8H).

13C NMR (CDCE, 25°C, 100 MHz)3 = 30.6 (3C), 29.9 (d, J(P,C) = 15Hz, 3C), 21.9 (3%).3 (d,
J(P,C) = 4Hz, 3C), 20.3 (d, J(P,C) = 49Hz, 3C)513C), 4.9 (d, J(P,H) = 53Hz, 1C).

PIL12 [(n-Oct):MeP][Br]: white hygroscopic solid.

'H NMR (CDCl, 25°C, 400 MHz)3 (ppm): 2.42-2.36 (m, 6H; P48,), 2.06 (d, J(P,H) = 13, 3H, P-
CH3), 1.52-1.38 (m, 12H), 1.26-1.20 (m, 24H), 0.82t(8H).

13C NMR (CDCE, 25°C, 100 MHz)3 (ppm): 31.4 (3C), 30.4 (d, J(P,C) = 15Hz, 3C), 28.9)(3C
28.8 (3C), 22.5 (3C), 21.6 (d, J(P,C) = 5Hz, 3C)),12(1C), 19.9 (d, J(P,C) = 48Hz, 3C), 13.9 (3C),
4.1 (d, J(P,H) = 52Hz, 1C; BH,).

PIL13 [(n-Oct):MeP][l]: viscous yellow liquid.

'H NMR (CDCl, 25°C, 400 MHz)3 (ppmm): 2.45-2.38 (m, 6H; P48,), 2.09 (d, J(P,H) = 13, 3H, P-
CH3), 1.56-1.41 (m, 12H), 1.30-1.1.23 (m, 24H), 0.84,(9H).

13C NMR (CDCE, 25°C, 100 MHz)3 (ppm): 31.5 (3C), 30.4 (d, J(P,C) = 15Hz, 3C), 28.7 X3C
28.8 (3C), 22.4 (3C), 21.6 (d, J(P,C) = 5Hz, 3@),72(d, J(P,C) = 48Hz, 3C, €H,), 13.8 (3C), 5.6
(d, J(P,H) = 52Hz, 1C).
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I11. Products

Bis-N-(2-hydroxy)ethyl aniline, 17a:" dark yellow oil. GC/MS (relative intensity, 70 ew)/z: 181
(IM]*, 12%), 151 (10), 150 ([M-C$OH]", 100), 107 (10), 106 ([M-(C¥DH)-(CH,CH,0)]", 86), 104
(11), 91 (IM-(CHCH,0H);]*, 14), 79 (16), 77 (38), 51 (19), 45 (28), 31 ([{HH]", 10).

HO\/\N/\/OH

TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T
3.850 3.800 3.750 3.700 3.650 3.600 3.550
/ ppm (f1)

Ll

7.50 7.00 6.50 6.00 5.50 5.00 450 4.00 350
ppm (f1)

Figure A.46.'"H NMR of bisN-(2-hydroxy)ethyl aniline

'H NMR (CDCl;, 400 MHz)8 (ppm): 7.27-7.20 (m, 2H), 6.81-6.60 (m, 3H), 3(84J) = 4.9 Hz, 4H),
3.57 (t, J = 4.9 Hz, 4H).

lJ\i Joesionilh ‘JJ ub Wt

L B B B L e B B By B L O e e e B B B B
150 140 130 120 110 100 920 80 70 60
ppm (f1)

Figure A.47.%%C NMR of bisN-(2-hydroxy)ethyl aniline

13C NMR (CDCk, 100 MHz)& (ppm): 147.7 (1C), 129.1 (2C), 116.7 (1C), 112€), 60.5 (2C),

55.1 (2C).
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Bis-N-(2-hydroxy)ethyl p-anisidine, 17c: 152.18hr0wn solid. GC/MS (relative intensity, 70 eV) m/z:
211 ([M]", 13%), 181 (12), 180 ([M-C}DH]", 100), 136 ([M-CHOH-CHCH,OH]", 55), 121 ([M-
(CH,CH,OH),]*, 17), 120 (18), 108 (15), 77 (12), 65 (11), 45)(Z ([CHOH]", 10).

HO\/\N/\/OH

OMe

J/ .

e

T[T T T[T T[T T [ T[T T[Tt
3.8503.800 3.750 3.700 3.650 3.600 3.550 3.500 3.450
ppm (1)

AN

[ e L T R
7.00 6.50 6.00 5.50 5.00 4.50 4.00 3.50

ppm (f1)

Figure A.48."H NMR of bisN-(2-hydroxy)ethylp-anisidine

'H NMR (CDCk, 400 MHz)3 (ppm): 6.83 (d, J = 9.2 Hz, 2H), 6.76 (d, J = BI2 2H), 3.79 (t, J =
5.0 Hz, 4H), 3.76 (s, 3H), 3.46 (t, J = 5.0 Hz, 4H)

TTT T[T T T[T T T[T T[T T [ TI T T [TTTI[TTTT] ‘
(L L L L L Y L B A
116.50116.00 115.50 115.00 114.50 114.00 113.50 620 610 600 590 580 570 560 550
ppm (f1) ppm (1)

150 100
ppm (f1)

Figure A.49.%*C NMR of bisN-(2-hydroxy)ethylp-anisidine
13C NMR (CDCl;, 100 MHz)3 (ppm): 152.4 (1C), 142.6 (1C), 115.7 (2C), 11£28), 60.5 (2C),

55.9 (2C), 55.7 (1C).
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Bis-N-(2-hydroxy)ethyl p-toluidine, 17e® dark brown solid. GC/MS (relative intensity, 70 eV)
m/z: 195 ([M], 12%), 165 (11), 164 ([M-C}DH]*, 100), 121 (10), 120 ([M-C}¥DH-CHCH,OH)]",
71), 118 (12), 105 ([M-(CECH,0H);]*, 10), 91 (33), 65 (18), 45 (28), 31 ([gBH]", 10).

700 690 680 670 6.60 3.80 3.70 3.60 3.50 2.20D.28P.27D.26R.250.24R.230
ppm (f1) ppm (f1) J ppm (f1)
Me
A M J L (

7.0 6.0 5.0 4.0 3.0 2.0
ppm (f1)

Figure A.50.'H NMR of bisN-(2-hydroxy)ethylp-toluidine

'H NMR (CDCk, 400 MHz)$ (ppm): 7.04 (d, J = 8,7 Hz, 2H), 6.63 (d, J = BZ, 2H), 3.81 (t, J =
4.9 Hz, 4H), 3.52 (t, J = 4.9 Hz, 4H), 2.25 (s, 3H)

1 " { " o " TOTRTTITELL SR
i , Y kbl i Y i W
T T T T

100 50

ppm (t1)

Figure A.51.**C NMR of bisN-(2-hydroxy)ethylp-toluidine

13C NMR (CDCl;, 100 MHz)3 (ppm): 145.7 (1C), 129.7 (2C), 126.2 (1C), 112€), 60.5 (2C),
55.3 (2C), 20.0 (1C).
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Bis-N-(2-hydroxy)ethyl p-chloroaniline, 17b:° pale brown solid. GC/MS (relative intensity, 70
eV) m/z: 215 ([M], 14%), 186 (35), 185 (13), 184 ([M-GEH]", 100), 142 (24), 141 (12), 140 ([M-
CH,0OH-CHCH,OH]", 76), 138 (13), 125 ([M-(CCH,OH),]*, 10), 111 (20), 105 (10), 77 (19), 75
(19), 51 (11), 45 (28), 31 ([C}@H]", 10).

L L B B Y AR O T T T T T [T T T[T T[T [ TT T T[T T[TT T[T
7.10 7.00 6.90 6.80 6.70 6.60 3.800 3.750 3.700 3.650 3.600 3.550 3.500 3.450

ppm (f1) ppm (f1) / /
HO -~~~ -OH
Cl
T T T T T
7.00 6.50 6.00 5.50 5.00 4.50 4.00 3.50

ppm (f1)

Figure A.52."H NMR of bisN-(2-hydroxy)ethylp-chloroaniline

'H NMR (CD,OD, 400 MHz)3 (ppm): 7.05 (d, J = 9,2 Hz, 2H), 6.64 (d, J = BI2 2H), 3.64 (t, J =
6.0 Hz, 4H), 3.45 (t, J = 6.0 Hz, 4H).

L B e B B B B L T B B
140 130 120 110 100 90 80 70 60

ppm (f1)

Figure A.53.**C NMR of bisN-(2-hydroxy)ethylp-chloroaniline

13C NMR (CDCk, 100 MHz)& (ppm): 146.5 (1C), 129.0 (2C), 121.8 (1C), 1128), 60.5 (2C),

55.2 (2C).
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Bis-N-(2-hydroxy)propyl aniline, 20a: (sum of diastereocisomers) pale yellow oil. GC/ME&ldtive

intensity, 70 eV) m/z: 209 ([M] 11%), 165 (11), 164 ([M-CH(CHOH]", 100), 107 (13), 106 ([M-
CH(CH;)OH-CH,CH(CH;)Q]", 84) 104 (10), 91 (10) 77 (25), 59 ([@EH(CH;)OH]", 28), 31

([CH,OHY*, 12).

— : : — : — : T — L B e o e i e
4.00 3.50 3.00 1.250 1.200 1.150
ppm (f1) ppm (f1)

shEe

T ‘ T T T T ‘ T T T T ‘ T T T
o 4.0 3.0 2.0
ppm (f1)

T T T
1.0

I
5.

Figure A.54."H NMR of bisN-(2-hydroxy)propyl aniline

'H NMR (CDCl 400 MHz)3 (ppm): 7.26-7.20 (m, 4H), 6.82-6.78 (m, 2H), 6&81 (m, 2H), 6.59-
6.57 (M, 2H), 4.24-4.16 (m, 2H), 4.16-4.08 (m, 28155 (dd, J= 15Hz, 3= 2Hz, 2H), 3.40 (dd,.E
15Hz, 3= 3Hz, 2H), 3.18 (dd,.& 15Hz, J=9Hz, 2H), 3.02 (dd,k 15Hz, 3= 10Hz, 2H), 1.22 (d, J
= 6Hz, 6H), 1.20 (d, J = 6Hz, 6H).

J

150
ppm (f1)

n

J

Figure A.55.%*C NMR of bisN-(2-hydroxy)propyl aniline

JML¢I (v
T T T

T T T T T T
100 50

13C NMR (CDCh, 25°C, 100 MHz)3 (ppm): 149.2 (1C), 148.0 (1C), 129.2 (2C), 129.0 (2T)7.4

(1C), 116.6 (1C), 114.0 (2C), 112.2 (2C), 65.9 (282).9 (2C), 62.4 (2C), 60.0 (2C), 20.2 (4C).
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Bis-N-(2-hydroxy)propyl p-anisidine, 20c? (sum of diastereoisomers) brown oil. GC/MS (relativ
intensity, 70 eV) m/z: 239 ([M] 11%), 195 (12), 194 ([M-CH(CHOH]", 100), 137 (17), 136 ([M-
(CH(CH3)OH)-(CH,CH(CH;)O)]*, 76), 121 ([M-(CHCH(CHs;)OH),]*, 15), 120 (13), 77 (10), 59

([CH,CH(CH;)OH]", 14), 31 ([CHOH]", 14).

T ‘ T T T T ‘ T T T T ‘ T
4.00 3.50 3.00 3.730803040 1.2102001901 801 201 01 30140
ppm (f1) ppm (f1) ppm (f1)

‘1‘ JLJ OMe OMe MWL J‘JM

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
7.0 6.0 5.0 4.0 3.0 2.0

ppm (f1)
Figure A.56.H NMR of bisN-(2-hydroxy)propylp-anisidine
'H NMR (CDCl;, 400 MHZz)6 (ppm): 6.86-6.78 (m, 6H), 6.61-6.58 (d, J = 9HH)24.12-4.03 (m,

2H), 4.03-3.94 (m, 2H), 3.75 (s, 6H), 3.51 (dd=J5Hz, 3= 2Hz, 2H) , 3.26 (dd,k 14Hz, J=
2Hz, 2H), 3.02-2.92 (m, 4H), 1.17 (d, J = 6Hz, 6H)L6 (d, J = 6Hz, 6H).

e R
118.0 117.0 116.0 1150 114.0 113.0
ppm (f1)

H H ke ) A ‘ — L

T T T T T T T T T T T
150 100 50
ppm (f1)

Figure A.57.*%C NMR of bisN-(2-hydroxy)propylp-anisidine

13C NMR (CDCl,, 25°C, 100 MHz)3 (ppm): 152.8 (1C), 151.8 (1C), 143.8 (1C), 142.7 (1T)7.4
(2C), 114.8 (2C), 114.5 (2C), 114.4 (2C), 65.8 (28).7 (2C), 63.0 (2C), 61.2 (2C), 55.7 (1C), 55.5

(1C), 20.1 (4C).
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Table A.3. Synopsis of MS spectra of non isolated products

GCIMS
Compound (El, 70 eV)
13a miz: 137 ((M[, 18%), 106 [M-CHOHJ", 100), 79 (16), 77 (34), 54 (18), 32 (16)
miz: 163 ([M], 38%), 106 (13), 105 (EIsN=CH,]", 100), 104 (53), 77 (40), 51 (23), 32
16a (26)
miz: 163 ((M[, 50%), 118 (M-CG-H]", 16), 104 [M-CQ-H-CH,]", 81), 91 (16), 77
18a (100), 52 (15), 51 (27), 50 (10), 29 (10)
13c miz: 167 (IM[, 20%), 136 ([M-CHOH]", 100), 121 (13), 108 (13), 32 (14)
miz: 193 ([M[, 61%), 178 (23), 136 (10), 135 (M-GBH]", 100), 121 (10), 120 (66), 92
16¢ (13), 77 (15), 65 (17), 64 (10), 39 (11)
miz: 193 ([M[, 60%), 148 (M-CG-H]", 10), 135 (11), 134 ([M-COH-CHy]*, 100), 121
18¢ (17), 107 (15), 91 (12), 80 (10), 79 (10), 78 (T7,(25), 65 (11), 64 (16), 63 (13), 52 (13),
51 (12), 39 (12), 32 (12)
13e miz: 151 ([, 18%), 121 (10), 120 ((M-CHDHJ", 100), 91 (27), 77 (11), 65 (16)
miz: 177 ([M[, 36%), 120 (18), 119 (M-CKDHJ", 100), 118 (31), 91 (45), 65 (22), 39
16e (12), 32 (36)
miz: 177 (IM[, 54%), 132 (M-CQ-H]", 18), 118 (M-CO-H-CHy]", 79), 105 (20), 91
18e (100), 89 (10), 77 (13), 65 (36), 63 (13), 52 (BN,(17), 39 (21), 32 (10)
miz: 171 ((M[, 15%), 142 (33), 141 (10), 140 ([M-GBH]", 100), 111 (11), 105 (12). 77
13b (19), 75 (16)
miz: 197 (IM[, 42%), 141 (33), 140 (22). 139 ([M-GBH]", 100), 138 (40), 111 (20). 75
16b 16
miz: 197 (IM[, 44%), 152 (M-CG-H]", 15), 140 (33), 139 (12), 138 (M-G®I-CHy]",
18b 100), 125 (13), 113 (26), 111 (79), 90 (10), 76)(T6 (36), 74 (10), 69 (14), 63 (19), 51
(14), 50 (19), 39 (10), 38 (10), 32 (93)
19a miz: 151 ((M[, 11%), 106 ((M-CH(CK)OH", 100), 79 (11), 77 (23), 51 (12)
21a miz: 191 ((M[, 24%), 106 (10), 105 (EIN=CH,]", 100), 104 (29), 77 (21)
miz: 177 (IM[, 24%), 163 (10), 162 (M-CH, 100), 134 ([M-CH-COT", 36), 118 ([M-
22a CH,-COJJ", 32], 117 (11), 105 (M-CECHCH]", 15), 104 (23), 91 (22), 77 (69), 51 (28),
43 (14)
19¢ miz: 181 ([M[, 14%), 136 ((M-CH(CH)OHJ", 100), 121 (11), 108 (11), 77 (6)
miz: 221 (IM[, 39%), 136 (17), 135 ([CHDCeHN=CH]", 100), 134 (11), 120 (39), 92
21c 9), 77 87)
miz: 207 ([, 44%), 193 (13), 192 ((M-CH, 100], 164 (M-CH-COT", 48), 162 (12),
pe 150 (10), 148 ((M-C@CHs]", 26), 136 (11), 135 (M-CEEHCH]", 14), 134 (76), 122

(14), 121 (35), 120 (11), 109 (11), 108 (14), 18G)( 92 (18), 79 (10), 77 (17), 65 (13), 64
(11), 63 (13), 51 (10), 43 (13), 41 (23)
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A.6 Decarboxylation of Dialkyl Carbonates to Dialky Ethers over Alkali Metal-exchanged
Faujasites [Ch. 4, par. 1]

Dipropyl carbonate, DPrC: GC/MS (relative intensity, 70 eV) m/z: 146 ([Mk1%), 63 (42), 59 (27),
43 (100), 42 (16), 41 (28).

b

H‘HH‘HH‘HH‘ \H\‘HH‘\H\‘HH‘HH‘HH
4.15(34.1004.0504.000 1.8001.7501.7001.6501.600 1.0501.0000.9500.9000.850
ppm (f1) ppm (f1) ppm (f1)

j ;o

l
10.0 5.0 0.0
ppm (f1)

Figure A.58.'H NMR of dipropyl carbonate

'H NMR (CDCk, 400 MHz) & (ppm): 4.07 (t, 4H, J=6.7Hz), 1.68 (m, 4H), 0.95 §H, J=7.4Hz).

Spectroscopic properties were in agreement witbelod an authentic commercial sample of DPrC.

Dioctyl carbonate, DOC: GC/MS (relative intensity, 70 eV) m/z: 286 ([Mk1%), 113 (32), 84 (22), 83
(26), 71 (100), 70 (33), 69 (37), 57 (74), 56 (FH,(46), 43 (49), 42 (24), 41 (64).

My

I R AR e e R B R I R
4.200 4.150 4.100 4.050 1.75Q1L.700L.65Q..600L.550 0.950 0.900 0.850 0.800 0.750
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Figure A.59.'H NMR of dioctyl carbonate

'H NMR (CDCk, 400 MHz)d (ppm): 4.11 (t, 4H, J=6.7Hz), 1.65 (m, 4H), 1.38 QOH), 0.87 (t, 6H,
J=6.8Hz). Spectroscopic properties were in agreemitn those reported in the literatufe.

260



Table A.4. Synopsis of MS signals for major gaseous and diquioducts, including DME, CQ
propylene, diethyl ether, diproyl ether, dioctyhet, isomeric octenes, and glycidol

Match Qality
Compound (E?C7/(';A<§V) (%)
' (Ref. Wiley)
miz: 46 ([M[, 42%), 45 (90), 29 (100), 17 (17), 15
DME ([CHJ]", 64), 14 (15) (29615)
c miz: 44 ([M], 100%), 28 ([M-O], 59), 16 (10) 9
. (178)
miz: 42 ([M[, 45%), 41 ([M-HJ, 100), 40 ([M-
Propylene (H)2]", 23), 39 ([M-(H}]", 55), 38 ([M-(H)]", 14), 45
37 ((M-(H){]*, 9), 16 (11), 14 (10) (156)
miz: 74 ([M], 65%), 59 ([M-CH]*, 100), 45 ([M-
Diethyl ether CH,CHs]*, 94), 43 (29), 41 (27) (1223)
miz: 102 ([M]+, 8%), 73 ([M-CHCHy]*, 19), 59
Dioroovl ether (IM-CH,CH,CH,]*,11), 55 (6), 43 ([CHCH,CHJ]", 80
propy 100), 41 (26) (7877)
miz: 242 ([M], 0%), 131.10 (2), 113 (11), 112
(12), 111 (7), 84 (28), 83 (23), 71 (84), 70 (2,
Dioctyl ether (31), 68 (12), 57 (100), 56 (29), 55 (30), 43 (58, (12?31177)
(20), 41 (43)
miz: 112 (M, 11%), 84 (IM-(CH),]*, 23), 83
(39), 71 (12), 70 ([M-(CH4]", 88), 69 (50), 57
1-octene (16), 56 ([M-(CH).]", 86), 55 (100), 54 (11), 53 (112372)
(10)
miz. 112 ([M], 40%), 84 ([M-(CH),]*, 10), 83
(21), 70 (IM-(CH)4]*, 53), 69 (29), 57 (18), 56 91
2-octene
(IM-(CH>)4]*, 53), 55 (100), 54 (10) (3597)
miz: 57 (2%), 53 (1), 55 (2), 45 (9), 44 (85), 43
Glycidol (100), 42 (16), 31 (65) (1;?6)
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Figure A.60.Comparison of IR spectra for the confirmation of BMtructure: reaction mixture (a) standard DME

(b), CO; (c) and DMC (d)
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Figure A.61.Expansion of DME IR absorbance bands. Comparisbmd®s reaction mixture (top) and reference

(bottom)
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A.7 Q The Reaction of Glycerol Carbonate with Phenoin the Presence of NaY Zeolites
[Ch. 4, par. 2]

Table A.5. Synopsis of MS spectra of non isolated products

Copound GC/MS Matc(f;ﬂ)()gahty
(El, 70 eV) _
(Ref. Wiley)

O-(2,3-dihydroxy)propyl phenol ;. 168 (IM[, 29%), 137 (M-CH,OH, 3), 119

O/\EOH ([PhOCH=CHT, 16), 108 (11), 107 (f4 64
CH(CH,OH)OH, 10), 65 (28), 94 (100), 90
© on (CHOH)OH, 10), 65 (28), 94 (100) 2783
(11), 79 (10), 78 (15), 77 (41), 66 (20), 65 (22),
24 51 (22)

4-(phenoxymethyl)-1,3-dioxolan-2-one

miz: 194 (IM], 61%), 107 ([PhO=CH’, 100),
95 (11), 94 (83), 79 (36), 78 (11), 77 (97), 66
(23), 65 (30), 57 (11), 51 (36)

s

25

miz: 244 ([M], 28%), 151 (M-OPh, 8), 150

1,3-diphenoxypropan-2-ol
P yprop (M*-OPh-H, 24), 133 (MOPh-H-OH, 19), 108

OH
(24), 107 (PhO=CH"*, 74), 105 (13), 95 (15),
PhO OPh
Qze\/ 94 ([PhOHT, 82) 91 (11), 79 (26), 78 (14), 77

(100), 66 (13), 65 (26), 51 (36)
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Reactions

Estratto: In questo lavoro di tesi € riportato I'impiegoadituni strumenti della Green Chemistry
(come la CQ i liquidi ionici e i dialchilcarbonati) per la mesa a punto di metodologie
innovative a ridotto impatto ambientale per la famone di legami C-C, C-N e C-O. Sono state
investigate le seguenti reazioni: la metatesi Helitene catalizzata da sistemi a base di Re
ossido, in presenza di GQlensa come solvente; I'addizione di Michael droaicani ef3-
dichetoni a chetoru,3-insaturi catalizzata da liquidi ionici; la selgdimono-idrossialchilazione

di aniline con la glicerina carbonato, catalizzdtafaujasiti; la selettiva bis-alchilazione di
aniline da parte del dimetilcarbonato prodotiaitu via transesterificazione di carbonati ciclici
con metanolo, catalizzata da faujasiti; l'alchibe® di aniline con carbonati ciclici catalizzata da
liquidi ionici; la reazione di decarbossilazionei agalchilcarbonati in presenza di diversi

catalizzatori eterogenei; la reazione tra fenofieerina carbonato catalizzata da faujasiti.
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