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GENERAL INTRODUCTION

It is now widely accepted within the scientific community that “Human activities are
estimated to have caused approximately 1.0°C of global warming above pre-industrial levels,
[...] and that warming due to anthropogenic emissions from the pre-industrial period to the
present will persist for centuries to millennia and will continue to cause further long-term
changes in the climate system”. [1] It is therefore becoming urgent to reduce our CO;

emissions in order to curb the global temperature increase (Figure 1).

ge lemperalure anomaly, Glohal

d-sea temperature anomaly relative to the 1961-1990 average temperature.

Avera

o°C

-04°C

1850 1860 1880 1900 1920 1940 1960 1980 2000 2019

Figure 1: Global average land-sea temperature anomaly relative to the 1961-1990 average
temperature[2]

The main source of CO; comes from the consumption of energy of fossil origin. Indeed,
the use of machines makes our daily lives easier, but also releases a large amount of CO; into

the atmosphere. Many solutions exist to limit our CO, emissions:

e the decarbonation of our way of life implying a decrease in the use of fossil fuels
e the capture and sequestration of CO; in geological faults

e the use of COz in chemical or technological application.

This last option not only allows us to reduce our CO; emissions by reusing it afterwards,
but also offers the potential to replace fossil fuel sources, which are now in the majority in our
energy production. Nowadays, the utilization of CO; for the global production of chemicals
ranges only 170 Mt/y worldwide and is dominated by the synthesis of urea (140 Mt/y).[3]
Among these chemicals, cyclic carbonates offer many advantages as they are widely used in
the manufacture of industrial products such as solvents, paint-strippers, lithium batteries, and

biodegradable packaging.[4] Their typical industrial synthesis involves the reaction of glycols
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with phosgene, leading to the generation of environmentally harmful chlorinated wastes.
However, a greener pathway involving the use of CO; as C1 building blocks still exists, requiring
cycloaddition reaction of CO, onto epoxides.[5] CO2 being a very stable molecule, drastic
reaction conditions alongside with a catalyst are required to obtain high yields of carbonate
products. Nowadays, BASF and Chimei-Asahi are currently synthesising ethylene cyclic
carbonate using CO, with the presence of quaternary ammonium salts (such as EtsNBr).[6]
The process is carried out at high temperature (120-160°C ) and CO; pressure (30-80 bar) and
the development of new processes to lower these reaction conditions is currently an

important area of research.[7-9]

Furthermore, epoxides used as starting materials for the cycloaddition reaction can be
obtained at laboratory or industrial scale either from chlorohydrin process (nearly 50% of the
industrial production of propylene oxide) or by the transfer of an oxygen atom from an oxidant
to the corresponding alkene. The most common oxidants are peracids, but catalytic systems
involving NaOCI[10], iodobenzene PhIO[11] or organic hydroperoxide such as tert-butyl-
hydroperoxide (TBHP) are also used.[12] The common drawback of all of these oxidants is that
they afford stoichiometric amounts of non-valuable by-products. In this context, there is a
constant search for catalytic processes using dioxygen or hydrogen peroxide, i.e. “green”
reagents that could substitute technologies based on conventional oxidants. They offer the
advantages of having a high atomic efficiency (50% for O; and 47% for H,0) and releasing
water as only side-product.[13] Industrial production of epoxide using O actually exist only in
the case of propylene oxide in the presence of a silver-based catalyst.[14] In the case of longer
alkyl chains, the activation of the kinetically stable O, molecule implies the use of electron
donors. One example of such approach is the so-called Mukaiyama epoxidation reaction that

can be considered as a promising way of utilising Oz in mild conditions.[15]

As a logical development, it would then be possible to synthesize styrene carbonate
from styrene in mild conditions by coupling two steps in only one vessel: a first step leading
to the epoxide synthesis in the presence of a green oxidant, followed by a cycloaddition
reaction in the presence of CO; (see Figure 2). However, setting up a two-step global reaction

is not simple and raises many challenges:

e the implementation of reactions operating under similar solvent, temperature, and
pressure conditions,
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e the presence of one or more catalysts that can work for one or both reaction steps,
e simultaneous or delayed addition of compounds can also greatly influence the overall

catalytic activity.

[0l ° H,0 HO\ /OH cocl, o)J\

p— — T ‘
R R -2 HC \ {
! 2 Ry Ra Ri 2 R R
1 2
(0] 0
caty f E CO, cat,

R R, Our project

Figure 2: One pot green process for the synthesis of cyclic carbonates from olefins
In summary, the objective of this thesis (OxCyCat_CO,, ANR-17-CE06-0009) is to
develop an efficient catalytic system, allowing the synthesis of cyclic carbonates from alkenes
under operating conditions common to both reactions. A second equally important objective
will also consist in proposing the immobilisation through covalent grafting of these catalysts

on a mesoporous silica support, in order to improve their recyclability.

Consequently, the strategy adopted in this manuscript is based on the synthesis of a
material bearing several active catalytic phases, at least one for epoxidation and one for

cycloaddition. The present manuscript is thus divided as follows:

First, a bibliography section develops a state of the art of oxidation reactions
performed in the presence of O, and H.0; (Chapter 1), as well as of the cycloaddition of CO;
onto epoxides (Chapter Il). Finally, an updated review of the existing catalytic systems
proposed for the transformation of styrene into styrene carbonate in the presence of CO, will
be proposed in Chapter Ill. The aim of the latter is to identify the advantages and drawbacks
of the common reaction conditions and catalysts that have already been used for the whole

transformation.

Secondly, our experimental results will be presented in the following Chapter IV to

Chapter VIl as follows :

e Optimisation of the cycloaddition reaction alone will be studied in Chapter IV,

including the synthesis of the co-catalysts and their grafting on silica.
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e Grafting of quaternary ammonium salts onto silica will be presented in Chapter V and
the catalytic activity of the resulting materials reported for the cycloaddition of CO;
onto styrene oxide in the absence of any co-catalyst.

e Oxidation step to convert styrene into styrene oxide using either O; in the Mukaiyama

reaction or H,0; will be investigated in homogeneous conditions in Chapter VI.

Finally, the global reaction running either with 0,/CO; or H,0,/CO; and the adequate
catalysts in homogeneous conditions will be presented in Chapter VII. At the end, an
exploratory study dealing with silica supports bearing active catalytic functions with
potentialities for the epoxidation and cycloaddition reactions will be carried out in Chapter

VIII.

After the general conclusion, the manuscript ends with an appendix section where the

description of the equipment and conditions is provided.
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.1 Introduction

High attention in organic synthesis has been paid to epoxides, as they exhibit a
versatile reactivity (see Figure 3). These strained three-membered heterocycles can be
opened by a number of different nucleophilic species with high control over stereo- and

regioselectivity.[1], thus leading to the formation of multiple 1,2-difunctionalized products.

+ Hylcat
+ NHZR Z(N

.

: OH
RHH/”

Figure 3: Representative overview of epoxides reactions

The most used method to prepare epoxides is the direct oxidation of olefins, by
reaction with a peracid (Prilezhaev epoxidation reaction (see Figure 4.c)). Various other
oxidants, such as alkyl hydroperoxides or hydrogen peroxide (see Figure 4.a)) are also used
but via a metal catalysed reaction.[2,3] Otherwise, epoxides, especially propene oxide (30
million tons in 2016[4]) and epichlorohydrin[5-7], are also prepared in two steps by ring
closing of halohydrins induced by a base, halohydrin being initially produced by reaction of
hypochlorous acid with an olefin (Figure 4.b). However, sodium chloride waste is formed in

molar equivalent quantities with a potential impact on the environment.[8]

21



@ N + H0, —Fm QO 4 Ho

b) A Cly, HO + NaOH 0
— > —_—
o Cl OH - NaCl
R R
CHES R T A
OH

Figure 4: General methods of preparation of epoxides

Regarding other pathways, other parameters can be considered. Epoxidation reactions
with peracids (e.g. m-chloro perbenzoic acid (m-CPBA) and peracetic acid) and hydroperoxides
(e.g. tert-butyl hydroperoxide) show a poor atom economy since the delivery of the oxygen
atom occurs at the expense of the production of by-products with relatively high molecular
weight (e.g. m-chloro benzoic acid, acetic acid, tert-butanol). Oxygen atom availabilities in
various oxidants used in the laboratory or at industrial scale for different kind of reactions are
presented in Table 1. The more economic, the higher the % active oxygen will be. In addition,
epoxide selectivity remains a critical aspect due to the rich reactivity of these molecules with
strong oxidants and acidic conditions. Despite all these limiting aspects, Prilezhaev

epoxidation reaction is still widely used in organic synthesis (Figure 4.c).[9]

Table 1: Common oxidants ordered by active oxygen content

Active oxygen

Oxidant Waste product
content (wt.%)
02 100.0 Nothing or H,0
0,/sacrificial reductant 50.0 Oxidized form of the sacrificial reductant
H,0, 47.0 H.O
HNO3 25.0 NOx
NaOCl 21.6 NaCl
t-BuOOH 21.1 CH3COOH
m-CPBA 9.3 mCIlCsH4sCOOH
NalOg 7.5 NalOs3
Phl1O 7.3 Phl

Only one epoxide, ethylene oxide, which is actually economically the most important

epoxide due to its applications as fumigant, to make antifreeze, ethylene glycol and other
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useful compounds.[10], is made by reaction of O, with the corresponding alkene, i.e. ethylene

over a silver catalyst.[11] Other industrially important epoxides are :

e epichlorohydrin, made by a high-temperature chlorination of propylene and which is
mainly used for the production of glycerol, unmodified epoxy resin and elastomers
[12],

e styrene oxide[13], prepared either via the chlorohydrin route or catalytically with
hydrogen peroxide and which is used industrially as reactive diluent for epoxy resins
(91,

e a-pinene oxide, synthesized industrially from a-pinene oxidation by a percarboxylic
acid [14]and which is a key intermediate in the synthesis of flavours, fragrances and

therapeutics agents[15].

02 or H20; are particularly attractive for their high atom economy, lack of toxicity and
low cost.[16—19] It should also be noted that water is the only by-product generated from
these reagents. Thus, Oz or H20;, provided that catalysts are used, have the potential to be
developed into large-scale green processes. Earth abundant metal-based catalysts such as
those involving Co, Mn, Fe, Cu and Ni seem to be the most promising and interesting because
of availability and toxicity consideration. Hydrogen peroxide is one of the best terminal
oxidants in terms of environmental and economic considerations, but H,0, must be produced
from O and H; by the anthraquinone route. However, such a process, which is at the origin of
about 95% of the world’s H,0; production, is handicapped by its economy, which depends
heavily on effective recycling of extraction solvents, hydrogenation catalyst and expensive
quinone.[20] The tars produced by the in-situ oxidation of quinone during H,0, production
render the epoxidation process by H;0; less environmentally friendly as expected in the
end.[21] This explains why a lot of research is being carried out on an alternative way of

producing H,0,.[22]

In mild oxidation processes such as epoxidation, only one oxygen atom of molecular
oxygen is used (50% atom efficiency, [23]) which is a little bit more than with H,0,. However,
most of the oxidation strategy for selective oxidation with O, often require reducing agents to
capture the extra oxygen atom during the reaction. Moreover, aerobic oxidation is often

difficult to control and a commonly used scheme is to work at low conversion in order to avoid
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over-oxidation. Furthermore, in certain circumstances, O, /organic mixtures have to be

handled with caution due to some spontaneously ignition risks.

According to these statements the following chapter focuses on epoxidation methods
which uses H,0; and O3 as oxidants and their respective catalysts. A first part will focus on the
H.0; oxidation process, developing the different catalysts and processes used and the most
recent works developed in the last 4 years in the epoxidation of styrene and limonene. A
second part will be directed toward the aerobic epoxidation of styrene. Distinction will be

made between systems operating in the presence or absence of a co-substrate.

Different alkenes will be considered in this review since the performances of a catalyst
may vary from one substrate to another one. Indeed, terminal aliphatic alkenes (e.g. 1-octene)
are notoriously more challenging than alkenes conjugated with aromatics (e.g. styrene) or
endocyclic olefins (e.g. cyclooctene or cyclohexene). It has also to be noted that some
epoxides such as aromatic epoxides (e.g. styrene oxide) are highly sensitive to acidic
conditions, as they tend to isomerize to carbonyl compound by the Meinwald

rearrangement.[24]

1.2 Epoxidation with H;0;

The literature in the field of epoxidation with H;0, is extensive.[16,25—-27] In this
section, we will look at catalytic reactions involving metal complexes. We will not discuss
reactions carried out in basic medium on functionalized olefins ("hydroperoxide anion
mechanism", Table 2), nor organocatalyzed reactions. Table 2 specifies the main mechanisms
encountered. In those involving hydroperoxo complexes with metals (M-OOH) at their highest
oxidation state, the O-O bond is weakened by the metal which facilitates the transfer either
of the oxygen atom directly connected to the metal ("Lewis acid mechanism" which also works
with hydroperoxides), or of the most distant one ("hydroperoxy mechanism"). Peroxo
complexes are also able to transfer one of the two oxygen atoms. Note that with incompletely
oxidized metals, such as Fe(lll) or Mn(lll), the hydroperoxo complex initially formed by
interaction with H,0; can also transfer one of the two oxygen atoms, but this evolution is

rather rare. It is the result of a very specific choice of ligands. More often, these hydroperoxo
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complexes are only intermediates. They can lead to i) either to hydroxyl radicals ("Homolytic
breakdown mechanism") not very susceptible to give epoxidation reactions but rather access
to allylic oxidation products, or ii) to biomimetic metaloxo species ("Metal-oxo mechanism")
capable of transferring the oxygen atom in oxidation state -Il to the alkene. The purpose of
this part is first to review the main catalysts used over the years making a distinction between
three kinds of catalysts precursors, i.e. “heterogeneous catalysts”, “soluble metal oxides”, and

“soluble coordination complexes”. Then, we propose to have a closer look at papers published

since 2018.

.2.1 Heterogeneous systems

Epoxidation of olefins with hydrogen peroxide can be performed with the assistance
of various heterogeneous catalysts that mainly include Ti or Al that will be discussed in a first
part. [28] These catalysts are able to perform oxidation reaction through the hydroperoxy
mechanism (see Table 2). In the case of Ti, most of them are crystalline microporous zeolites
(especially, TS-1), ordered mesoporous Ti-Si mixed oxides, or supported Ti-on-silica species. In
the case of Al, most common solid catalysts consist on hydrotalcite components. species are
the most common catalysts. Other strategy to obtain heterogeneous processes consist on
grafting homogeneous catalysts onto the surface of solid support. A short presentation of
soluble catalysts covalently bonded onto inorganic supports will be presented in a second

part.
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Table 2: Classification of the mechanisms encountered for H,0, epoxidation

Metal centers

Comments

Mostly early
transition metals
(e.g., Mo, V, Re)

Concerted step leaving the
oxidation state of the metal
unchanged

Main group Se, B,
As, Al and C

Oxygen atom transferred is
the distal one

o

Early transition Ti,
V, Nb, Ta, Cr, Mo,
W and Re

Oxygen atom transferred is
the proximal one (directly
link to the metal)

Cu, Mg-Al mixed
oxides

Nucleophilic anion
able to epoxidize electron-
poor alkenes.

Name Mechanism
o OR
Lewis acid O\\Mé/ OR X G\ ':E)/h
mechanism /Yo7 o’/MO \y
RO VeH
OR
R, R
O~ /O\H
Hydroperoxy 57 l? — 7\ Se/)“\|)’\\
mechanism \O’O » \O’O
R) R
0]
/7 i
7,
0 -H
OyRe.n\\\ 20, > OQILL”\\\\O‘
eroxy mechanism
OH, o
X /<]
o
Hydroperoxide ® HOO \\ ~00 D
anion BH * = — HO” \A\
mechanism /\>n)/ o®
0]
R .
o 1
Metal-oxo Lle —\z/> R (@)
mechanism Qi__b ,I:ew
L

Late transition
metal such as Mn,
Fe and Ru

Mechanism involves the
formation of a radical
intermediate with salens
and porphyrins
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1.2.1.1 Catalysis by silica-based materials or alumina itself

Otherwise “truly” heterogeneous catalysts for epoxidation of olefins with H,0; are
typically mineral-type catalysts based on solids such as zeolites[29-31], boehmite[32—-34] or
hydrotalcite[35—37]. Titanium is probably the most used metal[27] since the discovery of
titaniume-silicalite-1 (TS-1).[38]. This zeolite, containing four-coordinated Ti centers in a
microporous siliceous framework, catalyses the epoxidation of linear small-sized alkenes, such
as propene or allyl chloride in methanol under mild condition, affording good turnovers with
more than 90% epoxide selectivity. Some of the key for its success are probably (1) its
hydrophobic pores that prevent the massive presence of water and favours the olefins
adsorption, and (2) the good dispersion of Ti in tetrahedral coordination. As a consequence,
TS-1 is the only catalyst successfully applied in the industry to produce propylene oxide with
aqueous H20,.[27] However, due to its small-sized circular pores, with dimension of 5.3x5.6
A, access to its active sites is only restricted to linear alkenes. Other zeolites with larger pores
have been since developed to address this selectivity issue. For instance, Ti-MWW, a zeolite
with large 10-membered rings, allows formation of cyclo Ce-Cs epoxides in 80-85%
yield.[39,40] However, such system tend to operate at slightly higher temperature (e.g., 60-
70°C), which may lead to decomposition of sensitive products. As seen in Table 2, Ti(IV) based
materials always involve a peroxy mechanism based on an oxidation catalysis carried out with
Lewis acid materials such as Al(lll) or W(VI). In the case of Ti, interaction between Ti(IV) and
H,0; is the key to allow the epoxidation reaction. Coordination between electronic deficient

Ti(IV) and HOO  is able to promotes the necessary breaking of the O-O bond.

More recently, aluminium oxyhydroxide, also known as boehmite [y-AlO(OH)], has also
been reported to behave as an active heterogeneous catalyst in the epoxidation of alkenes
with H;0,.[34,41] Hence, Al;03 was successfully utilised by Schul’pin and co-workers for the
epoxidation of limonene into high-value products at moderate temperature. With a particular
set of parameters (molar H,0,/limonene = 2.4 and 0.08 g of Al>Os for 2,5 mmol of limonene)
1,2-epoxylimonene was obtained with 63% yield and 90% selectivity after 10h reaction. By
increasing the amount of catalyst and oxidant per limonene equivalent, a remarkable 99%
yield of diepoxy limonene was obtained. X-ray diffraction analysis confirmed the presence of

boehmite containing Al-OOH fragments which play the role of active species. At least 5 runs
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were conducted with no noticeable loss of conversion. Earlier, Rebek and McCready also
proposed that Al-OOH species [42] can be formed by the interaction of H,0, with basic
alumina affording the epoxidation of different unfunctionalized olefins but with moderate

yields.

It is also noteworthy that hydrotalcites are able to promote the epoxidation of a large
scope of substrates by H;0, but nitriles[36] or amides[37] have to be introduced in
stoichiometric amount (or more) with the oxidant. Indeed, such basic solids, allow the in-situ
formation of peroxycarboxylic acids[43]. Hydrotalcites, hence, behave as substitutes to

bicarbonate in excess in Payne epoxidation[44] but with the advantage of being recycled.

1.2.1.2 “Homogeneous catalysts” attached to solid supports

A convenient general approach to get efficient heterogeneous catalysts may be to
anchor performant homogeneous catalysts onto solid supports. Different strategies regarding
epoxidation catalysts were detailed by K. Burgess and co-workers [19,25,26,45]. Main
strategies for immobilization of metallic homogeneous catalysts are 1) their covalent
binding/coordination onto modified inorganic mesoporous materials such as silica[25], zeolite
or other metal oxides[46], 2) the encapsulation of inorganic complexes within cavities in
modified silica or zeolites[47] or 3) the ion-exchange to bind ionic catalysts[48]. Supports with
three-dimensional open pore network structures, porosity and high surface area are

privileged for an optimized diffusion.[49]

However, as a general trend, supported homogeneous catalysts tend to have reduced
catalytic activity compared to their homogeneous analogues[50]. Such drawback often
compensates with the easily recovery of the catalyst and reduction of the contamination of

the products by traces of metal provided that leaching is avoided.

1.2.2 Catalysis with soluble metal oxides

Alkylhydroperoxo complexes issued from the interaction of transition metals with
alkylhydroperoxides (such as tert-butyl hydroperoxide) have been widely described and their
activity in olefin epoxidation tested. On the contrary, equivalent complexes obtained with
hydrogen peroxide were less successful due to their instability towards H,0, and/or H,0.[51]

An exception is that of soluble metal oxides, [18,25,26,51] such as polyoxometalates (POM)
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and methyltrioxorhenium (MTO), since these complexes, without organic ligands, are

expected to be much more resistant to self-oxidation than conventional complexes.

1.2.2.1 Polyoxometalates

Polyoxometalates (POM) are anionic clusters composed by early transition metals in
their highest oxidation state (W (VI), Mo(V), Mo(VI), V(IV) and V(V), etc) and connected by oxo
ligands.[52] They were first reported in 1826 by Berzelius who described the behaviour of
transition metal in aqueous solution and the formation of polyanions, as exemplified in

Equation 1 and Equation 2.[53]

8H* + 7[W0,12 == [W,05,]5 + 4H,0 Equation 1
23H* + [HPO4)*™ + 12[M004])*™ = [PM0,,0,40]°" + 12H,0 Equation 2

POMs can be prepared starting from d° metal oxides such as WO3, MoOs and V20s. The
latter “dissolve” at high pH value affording the corresponding orthometalates (W04%, MoO4*
, VO4*, respectively). As the pH is lowered, these orthometalates protonate to give oxide-
hydroxide compounds such as W(OH)Os3™ and Mo(OH)Os? that are able to condensate via
olation and oxolation processes, leading to the formation of M-O-M or M-(OH)M linkages with
H,0 release.[54],[55] Metal-oxo and metal-hydroxo polymers are then generated in solution

until the electrostatic repulsion developed in edge-sharing polyhedral is too strong.

Isopolyanions are one of the two main types of POMs and are represented by the
formula [MnOy]"™, where M is the addendum (usually molybdenum or tungsten, less
frequently niobium, vanadium or tantalum).[56]. On the other hand, heteropolyanions are
formed by the incorporation of other anions (referred to the heteroatoms, hence the
terminology) and are represented by the general formula [Xx\MmOy]™ (x<m). A large variety of
elements from the periodic table can be classified as heteroatom, most commons are As°*,

P>+, Ge*, Si** and B3*.[57]

The most well-known and studied structure is the so-called Keggin structure with the
general formula [X"™M1,040]®"". These highly stable and easily synthesized compounds are
generally formed with P>* or Si** heteroatom X and Mo®" and W®* as addenda M atoms. In

1933, Keggin solved the structure of H3[PW1,040] by powder X-ray diffraction from the
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association of 12 edge and corner-sharing MQOs octahedra surrounding the central XOa

tetrahedron.[58]

Applications of POMs to catalysis is stimulated by their properties, such as high thermal
stability, tuneable redox and acidity properties, sensitivity to light and inherent resistance to
oxidative decomposition allowing them to be involved in a large scope of oxidation reactions

[59],[60-62].

In 1983, Venturello and co-workers reported that a Keggin type phosphotungstate was
able to catalyse the epoxidation of a series of diversified olefins by H,0, with selectivity of ca.
95% and products yields in the range of 85-95% at 70°C.[63] However, it was later
demonstrated by several groups, that the true catalytically active species is the peroxo

complex reported in Figure 5.[64]
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Figure 5: Ishii-Venturello catalyst derived from the Keggin type phosphotungstate

This salt showed favourable characteristics such as stability to oxidation, solubility in
both water and organic solvent, effectiveness as phase transfer catalyst (due to the counter-
cation), ease of synthesis and good thermal stability. Since, this catalyst has found industrial

application in the epoxidation of olefins and in their oxidative cleavage to carboxylic acids.

Recently, Villanneau et al obtained an almost complete conversion of cyclooctene into
cyclooctene oxide by H,0; in acetonitrile after 6h at room temperature using as catalyst, B,a-
[AsWy033{P(0)CH,CH,CO,H},]>~ an  hybrid  trivacant-type  Keggin  bearing two
phosphonopropionic groups (see Figure 6).[65] B,a-[AsWs033{P(O)CH2CH,CO,H};]> could be
also immobilized, through an amide linkage, onto mesoporous silica functionalized by

aminopropyl groups without losing any catalytic activity.[66—68]
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Figure 6: Structural representation of B,a-[AsWs033{P(0)CH.CH,CO,H},]>~ (counter-cations are omitted for
sake of clarity) and catalysis results obtained with cyclooctene

Catalytic oxidation of bio-sourced molecules contained in essential oils of citrus has
also been investigated. Indeed, unsaturated terpenic hydrocarbons such as limonene are a
starting point for various oxygenated compounds used in fine chemistry industry and whose
sustainable production is of major concern. However, limonene oxidation is a particularly

versatile reaction, as various products can be obtained (see Figure 7).
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Figure 7: Typical reaction scheme for the epoxidation of limonene and its most frequent oxidized forms with
hydrogen peroxide (H20;)

In this regard, W-based POMs seem to be in the front line.[69,70] Hence, Villanneau
and co-worker were able to get significant amounts of 1,2-limonene oxide with a total yield of
84% of both diastereomers after 24h reaction at room temperature with 100% conversion of

limonene.
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1.2.2.2 Methyltrioxorhenium

Since the discovery of methyltrioxorhenium (MeReOs or MTO) by Hermann and co-
workers, epoxidation of a variety of olefins was conducted at room temperature or below
using 0.1-1 mol% of this catalyst in THF or tert-butyl alcohol with anhydrous H,0,.[71] As seen
in

Figure 8, Re oxidation state in MTO remains at +VII throughout the whole reaction.

Like Ti(IV), W(VI) before, Re(VIl) does not undergo redox chemistry but it activates H,0>

through the equilibrium formation of two n?-peroxo species 1 and 2.[72]

H,0, H,O

O
’ LZ; i 2
/RGQO O§|l| o ‘%‘ Oghe"‘*\\?
Z N/ -H20,
° \\O v % (|)H °
H,0, H,O )
1 2
U olefin olefin
) Y
epoxide epoxide

Figure 8: Catalytic cycles for MTO assisted-epoxidation by H,0;

The main drawback in MTO assisted epoxidations by H;0; is related to the inherent
acidity of the reaction medium that causes the ring opening of sensitive epoxides to diols.
None of the modifications and optimisations added to the MTO epoxidation system were able
to avoid such drawback until Sharpless and co-workers tested the use of pyridine.[73] Pyridine
has two important effects. First, it makes the environment slightly basic avoiding unwanted
ring opening event and, second, it accelerates the rate of the reaction. Following the same
strategy, use of aprotic media like nitromethane or CH,Cl, allows a biphasic system, allowing
a better separation of water from the organic phase where the epoxidation takes place.
Opening of the epoxide formed can then be avoided, which improves the overall selectivity of
the desired product. However, it seems that the pK, of the amine is determining since the
more basic ones are able to deactivate MTO. Best nitrogen donors are resistant to oxidation
themselves, and not too basic to avoid MTO decomposition into inert perrhenic acid and

methanol.[74]-[75] However this complex suffers from its cost and the use of aprotic media
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like nitromethane or chlorinated solvent, which makes it incompatible for large-scale reaction
due to toxicity issues and risk of explosion. Nevertheless, MTO remains an attractive option

for small-scale epoxidation of different alkenes with aliphatic and aromatic substituents.[19]

1.2.3 Coordination complexes

Coordination complexes play a major role in the green epoxidation catalysis. Major
metal centres found in most recent literature are Iron(lll) and Manganese(lll) and will be
especially emphasizes in the following parts. A particular attention will be paid to their organic
ligand, including porphyrins, Schiff-base ligands salen, TACN (Triazacyclononane) and amine
pyridyls complexes. Historical state-of-art will be presented as well as a few examples of the

most recent processes found in literature.

1.2.3.1 Iron and Manganese porphyrins complexes

Porphyrins are naturally occurring macrocyclic ligands playing a key role in some life
processes like oxidation with molecular dioxygen via Cytochrome P450 enzymes.[76] With the
progress done in synthetic chemistry and the known ability of porphyrins to tune the metal
reactivity and afford very stable complexes, metalloporphyrins have naturally emerged as an
important class of biomimetic or bioinspired catalysts for controlled oxidation with different
oxygen donors (see Figure 9). Iron and Manganese porphyrins are the most efficient for
epoxidation reactions. Other metalloporphyrins such as those containing molybdenum give

lower conversions and selectivity.[77]

Figure 9: Some important transformations catalysed by porphyrins
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Iron porphyrins are able to catalyse both the epoxidation of olefins and the
hydroxylation of hydrocarbons by various oxidants among which H;0,.[78] In the proposed
mechanisms, hydrogen peroxide is first activated through its coordination with iron. This
coordination allows the transfer of an oxygen atom to the olefin (monooxygenase activity) but
iron porphyrins may also cause the decomposition of hydrogen peroxide to water and oxygen
(catalase activity).[79] That is the reason why reports on efficient epoxidation with H,0, are
rather limited. The activity and selectivity of such iron-based-catalysts is strongly affected by
the nature of the porphyrin ligand, the substrate concentration and the solvent

composition.[80,81] Other oxidants such as iodosylbenzene are preferred.[82].

Manganese porphyrins tend to be more active regarding the conversions and
selectivities obtained. Mn-porphyrin complexes and their effectiveness for olefin epoxidation
with H,0; were first discovered by Mansuy and co-workers.[83] Chlorinated porphyrin ligands
were proposed to resist side-oxidation of the catalyst. However, addition of imidazole or a
combination of imidazole and carboxylic acids was required to improve the reactivity, with a
91% yield of cyclooctene in only 15 min in the presence of carboxylic acid. Experiment was
conducted with a cyclooctene : H,0, : Mn(TDCPP)CI : cocatalyst molar ratio=700:20:1: 10,

at room temperature during 2h.

1.2.3.2 Manganese Salen/Salophen complexes

Salen and salophen are two classes of ligands that are Schiff bases prepared via the
condensation of two salicylaldehyde molecules or their substituted derivatives with aliphatic
and aromatic diamines, respectively.[84]. Salen ligands are easily synthesized and are able to
form stable complexes with a wide variety of metal ions.[85] Most popular salen is the one
obtained from 3,5-di-tert-butyl-salicylaldehyde and chiral cyclohexane-1,2-diamine (Figure
10). Manganese complexe of this ligand was first reported as asymmetric epoxidation catalyst
(Jacobsen’s catalyst) by Jacobsen and Katsuki in 1990. It has since been recognized as one of
the most efficient and practical catalyst for the asymmetric epoxidation of non-functionalized

olefins.[86]
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OH -H,0 (2 eq.) —N N=
2 + g
H,N NH, OH HO

Figure 10: Synthesis of N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine salen ligand

Primary oxidants used for the epoxidation of various olefins were iodosylbenzene,
sodium hypochlorite and m-CPBA. Surprisingly, there has been little consideration on the use
of H,0; as oxidant with manganese salen complexes since its first utilization by Berkessel.[87]
As mentioned in Table 2, the mechanistic scheme commonly proposed consists of a two-step
catalytic cycle. In a first step, an intermediate Mn"-oxo complex is generated, which in a
second step carries the activated oxygen to the olefinic double bond.[88] Actually, most Mn
coordination complexes require additives such as imidazole, pyridines or tertiary amine N-

oxides to generate the requisite Mn-oxo intermediates via heterolytic cleavage of H,0,.[89]

Recently, Toscano and co-workers carried out enantioselective epoxidation of various
alkenes using H,0,, chiral Mn"" salen catalyst in water and diethyltetradecylamine to get

corresponding epoxide with enantiomeric excess values up to 95%.[90]

1.2.3.3 Iron and Manganese TACN complexes

Manganese complexes which ligands are derived from facially coordinating 1,4,7-
triaza-cyclononane (TACN) system were first published in the 1990s.[91] Metal based TACN
catalysts have been found to efficiently epoxidize olefins in the presence of acid additives
(typically oxalic, but also ascorbic and squaric acid) and H,0,. Efficiency was also improved by
using oxalate buffer.[92] However, reactions performing without additive usually require huge
excess of hydrogen peroxide for efficient epoxidation.[19] Depending on the additive used,

reactivities and selectivities change in unpredictable ways.

In recent years, both Watkinson[93] and Yin and co-workers[93] developed a catalytic
system combining trimethyl Mn-TACN as main catalyst with Sc(OTf)s as a co-catalyst. Indeed,
Fukuzumi, Nam and co-workers showed earlier that the addition of Lewis acids (LA) would
increase the oxygen atom transfer effectiveness in mechanisms involving high valent metal-
oxo species.[94] Hence, Yin and co-workers obtained excellent conversion of epoxides starting
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from various olefins (e.g., from 93 to 100%, Figure 11) at 0°C after 2h reaction.[95] An optimal
Mn2"V: Sc3* molar ratio of 1 : 2 was required to obtain high yields of epoxides. As explained by
the authors, higher molar ratio of 1 : 4 would lead to a decrease in conversion of olefin. In the
case of Watkinson and co-workers, a molar ratio of 1 : 0.5 was enough to obtain 91% yield of

styrene oxide at room temperature after 3 minutes.[96]

To conclude, TACN are ligands that afford very reactive complexes, but they are more
difficult to functionalize than salen. Alternative ligands easier to synthesize that provide a
similar coordination environment (e.g., polyamine coordination groups) are therefore

promising and will be discussed in the next part.

CH; O HsC
M

/ \
N
(P Lo A
HyC-N- =M = N-Chs (PFg)2
v N\ )
CH, 1 HsC

R, Rj 1 (1 mol%), Sc(OTf)3 (2 mol%) R, R3
H,0, (10 equiv.), MeCN, rt, 1.5h

> O O e

90 (100) 86 (96) 87 (95) 79 (93)

(0] (0]

N UGS U U

89 (97) 69 (100)

Figure 11: Epoxidation results based on a Mn-TMTACN : Sc(OTf)s catalytic system and respective yields
(conversion %) obtained from various epoxides

1.2.3.4 Iron and Manganese pyridyl-amine complexes

Ligands containing pyridine and amine coordinating groups have been investigated by
Que and co-workers in their search for oxidation catalysts used as biomimetic models of non-
heme monooxygenases enzymes.[97] Most of these catalytically active models are octahedral
iron(ll) complexes with tetradentate N-donor ligands (primarily consisting of amines, pyridines
and pyrrolidines) and two labile triflate or acetonitrile ligands.[98] Que and co-workers
suggested that Fe''-OOH hydroperoxo intermediates are produced upon reaction. Through

either homolytic or heterolytic O-O cleavage, Fe'"-OOH would afford iron(IV) or iron(V) oxo
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species that are potential catalytically active species in olefins epoxidation. It is also
noteworthy that HO- radicals, which are not synonymous of selective processes, are co-
produced in the case of homolytic cleavage. The formation of diols that are usually considered
as epoxide co-products issued from the subsequent hydrolysis processes could also be
explained by the direct interaction of alkenes with cis-HOFeV=0 oxo species.[99] In different
studies, the activity of these model catalysts was improved significantly by using additives such
as Lewis acids (e.g., Sc(OTf); as mentioned previously) or non-coordinating (e.g. perchloric
acid)[100] and coordinating (e.g., acetic acid)[101] Brgnsted acids. Acetic acid considerably
increases the selectivity towards epoxides as the result of the suppression of the competing

coordination of water, that affords diol through the participation of cis-HOFeV=0 species.[101]

Another limitation observed is the catalyst deactivation upon the oxidative
degradation of the organic ligands.[102] Various pathways have been described such as the
oxidation of alkyl and aryl C-H bonds [103] and/or the oxidative N-dealkylation of amine-based
ligands.[104] Different strategies have been applied in order to reduce the catalyst
decomposition, such as the slow addition of H,0;, the addition of acetic acid, or the

modifications of the ligands by increasing the bulkiness of the pyridine fragments.[105]

In a rather recent work, from Gebbink et al reported the development of an iron-N;Py:
(bis-alkylamine-bis-pyridine ligand) able to successfully achieve epoxidation of various olefins
such as cyclooctene with 80% yield of corresponding oxide.[106] The reaction occurs in short
amount of time (30 min) at 0°C in the presence of non-aqueous H,0; and acetic acid. Authors
showed also that the lifetime of their catalyst could be increased by adding deuterated sites

on the N2Py; ligand.

Examples of efficient Manganese epoxidation catalysts with pyridyl-amine ligands have
also been reported. Hence, Sun and co-workers obtained pretty high yields of various epoxides
(up to 95%) in the presence of aminopyridine complexes derived from L-proline with
H20,.[107] The reaction occurred under 30 min at -30°C in the presence of 2,2-

dimethylbutanoic acid, used as an additive.
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1.2.4 Most recent works published since 2018

The literature in this area is extensive and difficult to segregate into categories. As an
attempt to classify the latest results regarding this field, recent results shall be presented
according to the catalysts precursors: “Heterogeneous complexes”, “soluble metal oxides”,
and “homogeneous coordination complexes”. The most recent studies involving H.0; have
been gathered in Table 4 for styrene oxide product, showing the catalyst category, the solvent
used, the reaction conditions (temperature and reaction time), the catalyst loading and the
resulting yield of styrene oxide. A colour classification has been proposed in Table 3 in order to
expose the best parameters and yields obtained: the greener the best. Therefore, a system
allowing 95% vyield of styrene oxide at room temperature with a catalyst loading of 0.1% will

be part of the top tier catalytic systems

Table 3: Colour classification proposed to classify the catalytic systems

Parameters ++++ +++ ++ + -
Yield (%) 90-100 80-90 70-80 60-70 <60
Molar cat. loading (%) <0.2% 0.2-0.25% | 0.25-0.4% 0.4-1% >1%
Temperature <30°C 30-50 °C 50-60 °C 60-80 °C >80 °C

First catalytic processes displayed are part of the heterogeneous class, including
supported homogeneous catalysts (Table 4 entries 1-8), nanoparticles (Table 4 entries 9-10)
, and other functionalized inorganic materials (Table 4 entries 11-15). Most recent works
report Schiff base complexes supported on inorganic supports such as silica SiO,, Graphene
Oxide or polymer resin. Experiments were conducted in ACN solvent in most cases (Table 4
entries 4-8) with metal concentration as low as 50 ppm (entry 2), able to obtain styrene oxide
with high yield of 90% minimum. It is noteworthy that some processes are efficient at room
temperature (entries 3, 5-6) with low reaction time (minimum 3h). Best systems reported with
heterogeneous catalyst were developed by Dasgupta and co-workers involving a copper(ll)
Schiff base supported on magnetic nanoparticle Fe304.[108] High yield of styrene oxide of 96%
was obtained after 3h reaction at room temperature. Catalyst was used in very low molar ratio
of only 50 ppm. It is remarkable that the reaction was conducted in H,O medium with
equivalent molar ratio of H,0; and styrene. Catalyst was reused up to 6 times without loss of

reactivity or leaching phenomenon.

The next catalytic systems belong to the metal oxides class (Table 4 entries 16-25),

including peroxomolybdates (entries 16-19) or polyoxometalates species (entries 20-21). As
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seen in previous processes, most of the system evolve in ACN solvent, at mild temperature of
60°C with molar H,O;:styrene ratio of 2 to 5. Remarkable yields of styrene oxide were
generally obtained in a lesser time compared to supported homogeneous catalyst (time
reaction from 0.75 to 6h.) Best system so far was developed by Kurup and co-workers,
involving a dioxidomolybdenum(Vl) complex chelated with N*-(3-methoxyphenyl)
thiosemicarbazone.[109] High yield of styrene oxide of 97% was obtained in 4h at 60°C with
very low concentration of catalyst (200 ppm). Styrene oxide was obtained via a peroxy
mechanism (Table 2) as detailed by the authors. As a down-side, utilization of co-catalyst
NaHCOs leading to the active specie [Mo(VI)O(02)]** was needed to obtain high yield of

corresponding product.

Homogeneous complexes catalysts are then presented in the last part of Table 2
entries 24-31. Recent processes involve the use of manganese centre inside either TACN
ligands (entries 24-25) or Schiff base (entries 26). Like the previous heterogeneous and metal
oxides catalysts described, they are able to perform well in ACN in most cases with high yields
of styrene oxide from 60 to 93%, at temperature close to 0°C or below. However, a large scale
of these systems tends to have higher concentration of catalyst : styrene molar ratio (close to
1%). Best catalyst so far was developed by Watkinson et al. with the utilization of Mn-TACN
associated to Sc(OTf)s as a co-catalyst.[96] Such system was already presented in previous
TACN part and is closely related to the one presented in Figure 11. High yields (92-99%) were

obtained for substituted styrene oxides after only 3 min at room temperature in ACN.

1.2.5 Conclusion

Catalytic processes involved in the green epoxidation reaction of alkenes using H,0;
have been displayed in this part. Most general group of catalysts have been classified and a
non-extensive review of systems developed in recent years has been presented.
Improvements have been made over the years to afford high yield of corresponding epoxide
with low temperature and reaction time conditions. Systems requiring low molar ratio and no
additive needed are preferable, but it is noteworthy that the best methods always depend on
the desired substrate and the reaction scale. To our sight, it is clear that the best systems shall
display good catalytic activity, low metal toxicity and the ability of the catalyst to be supported

on solid support.
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Table 4: Most recent studies involving the catalytic epoxidation of styrene in the presence of green oxidant hydrogen peroxide H;0;,

Entry Catalyst category Catalyst subcategory Catalyst Solvent Condition® cat : alkene : H0,® YId© (%) Ref.
[V] Schiff base@GO Et,(OH), 90°C / 3h

=

2 [Ta] complex@resin - 80°C / 6h
3 [Co] Schiff base@Fes04 H,0
4 [Co] Schiff base@Al,0; ACN® 50°C/ 5h -:1:14
5 MIL-101-guanidine-Fe ACN -:1:2 81 [113]
6 Mn Salen-DIC@MCM-41 ACN - 1:30:100 45 [114]
7 [Cu] Schiff base@GO ACN 75°C/ 5h - 44 [115]
8 [Te2W20070{Re(CO)3}]** ACN 75°C/ 3h 1:200:600 20 [116]
9 CNP 5%Au/CeO,-nancubes - 80°C/ 18h - 86 [117]
10 CNP NiC0,04 ACN 70°C/ 10h -:1:3 52 [118]
Boehmite and silica Mn-Silicalite-1 DMF _ -
Boehmite and silica V-Silicalite-1 ACN 85°C/ 4h - 17 [120]
Other supports Pyr-Mn; t-BuOH/Me,CO
Other supports AuNPs@GO ACN 60°C/ 5h
Other supports {2(Him).[Cu(pdc)2]}n EtOH 60°C/ 8h
Peroxomolybdates [{Mo00,(H20)}sptk(bhz)s] ACN 60°C/ 2h
Peroxomolybdates MoQ,LD ACN 60°C/ 4h
Peroxomolybdates [Mo(VI1)O,Ls(DMSO)] ACN 60°C/ 4h
Peroxomolybdates [Mo] Schiff base DCEt® -:1:3 22 [126]
Polyoxometalates {Mizsf::;;tgpe EtOH 78°C/3,5h 1:500 : 1500 76 [127]
Polyoxometalates [AseWs30206]%%" BuOH 65°C/ 4h 46 [128]
Other (NHa4)3[FeM0gO13(OH)e] ACN 50°C/ 6h 85 [129]
Other [TBA][NbO(OH)(LA)] ACN 1:60:60 68 [130]
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24 Complexes TACN™ [Mn]TMTACN ACN r.t. /3 min 1:100:300 92 [96]
25 Complexes TACN Mn-Mestacn ACN 0°C/2h 1:100: 300 74 [95]
26 Complexes Pyridyl-Amine [Mn] Schiff base ACN -30°C/ 30 min 1:500:2000 41 [107]
27 Complexes Other [VOa(dar-inh)] ACN 80°C/ 6h -:1:3 93 [131]
28 Complexes Other enzyme [Fe] ACN r.t. / 30 min 1:20:40 88 [132]
29 Complexes Other [VO,L] ACN 70°C/ 5h 1:75:150 78 [133]
30 Complexes Other [Ru(pydic)(hcptpyDP)] DCM/MeOH r.t. /2,5h 1:200 : 400 (UHP) 60 [134]
31 Complexes Other [Cuz(oxalate)] ACN 50°C/ 3h -:1:2 60 [135]

(a) r.t. stands for room temperature, (b) molar ratios, (c) Yield of styrene oxide, (d) SHC: Supported Homogeneous Catalyst, (e) ACN: Acetonitrile, (f) CNP: Crystalized Nanoparticles, (g) DCEt :
dichloroethane, (h) TACN: 1,4,7-triazacyclononane
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I.3 Epoxidation reaction using green oxidant O;

The use of O; in synthetic epoxidation reactions is an important challenge since only
one epoxide, ethylene oxide, is produced at industrial scale with this oxidant. Indeed, for
kinetic reasons, molecular oxygen is insufficiently reactive under relatively mild
conditions.[37] This is explained by the triplet ground state of molecular oxygen (presence of
2 unpaired electrons) since, according to Wigner rule[136], reactions occurring between
triplet molecules and singlet molecules such as alkenes (with paired electrons) are kinetically
unfavourable. Therefore, one should use an appropriate activation mechanism, compatible
with the reactants. Different approaches can be implemented for the activation of O, and
alkenes such as the use of heat, catalysis, electrocatalysis or photocatalysis. Only then the
high-energy spin forbidden pathways can be bypassed, for example, by a more efficient free
radical mechanism in which in-situ formed peroxyl radicals act as the active oxidant instead of
0. This poses serious difficulties as unwanted oxidation side-reaction are more likely to
happen, leading to the formation of mixtures of by-products that lower the yield of epoxide
yield. Other strategies rely on the use of co-substrate able to give away 2 electrons to the
system. The following part will be organized according to systems able to perform with or

without these co-substrates.

1.3.1 O, with sacrificial reagent

Use of co-substrates that act as 2e” reducing agents in mild conditions can be a good
strategy for synthetic organic chemistry. Indeed, Nature provides many examples of enzyme
assisted oxidation reactions using O, that are of great inspiration for chemists. In
monooxygenases, the cleavage of the 0O=0 bond and the transfer of one of the two oxygen
atoms of O, to the substrate systematically goes through a reduction of the two oxygen atoms
to their -l oxidation state with the assistance of catalysts and external electron sources such
as NADH, or NADPH. By analogy, chemists have used numerous sacrificial reagents such as
inorganic compounds (Zn, BHs, H...)[137-139] or organic molecules (alcohol,
aldehydes...)[140,141] or the assistance of electrodes. Several metal complexes catalyse the
aerobic epoxidation of olefins in the presence of aldehydes (as seen in Figure 12). This process
in known as the Mukaiyama epoxidation reaction.[142] Original Mukaiyama-type catalytic

systems based on the use of O, and an aldehyde offered interesting applications, for example,
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in the regioselective epoxidation of steroids.[143] First studies reported involved nickel-B-
diketonate metal complexes, showing efficient alkene conversion and selectivity toward the
epoxide.[144] It was shown that catalytic activity is strongly sensitive to the nature of the
aldehyde, which is converted to the corresponding carboxylic acid (best known were
isobutyraldehyde IBA and pivalaldehyde PA). Indeed, aldehydes containing a secondary or

tertiary carbon next to the carbonyl moiety provide the best results.

IA BA

IBA
» O O
>‘/\ \O \O
PA CHA BZA

Figure 12: Structures of some aldehydes used as additives in epoxidations with O,

The mechanism of Mukaiyama reaction has long been investigated. It is nowadays
agreed that it remains dependent on specific reaction conditions and catalysts. As seen in

Figure 13, an acylperoxy radical (a) is most likely formed by the autoxidation of the aldehyde.

e In one pathway (I, in red), (a) would be later involved in a radical chain, where the
metal’s role appears first to be the initiator, affording the corresponding percarboxylic
acid (b) that needs further activation through its coordination to M (c). Subsequent
heterolytic cleavage of the O-O bond in the resulting acylperoxy complexe (c) would
afford a metaloxo species (M(™2*=0), that would be the real reagent for oxygen
transfer onto the alkene substrate (“metal-oxo mechanism” in Table 2).

e In the second pathway (ll, in blue), (a) would directly interact with M"* affording
another acylperoxy complexe (d) with a higher metal oxidation state than (c) that
would be able to transfer an oxygen atom to the alkene substrate (“Lewis acid
mechanism” in Table 2) but a non-metal assisted epoxidation by (a) cannot be totally

excluded in some cases.

Mukaiyama reactions are operationally simple, and work with several metal catalysts. As
concerns metals, manganese(lll), cobalt(ll), iron(lll) or iron(ll), and copper(ll) complexes have

been widely used (see recent developments based on Fe-porphyrins [146] and Co-Schiff base
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Figure 13: Proposed mechanisms for the "acylperoxy and peroxy carboxylic” metal-assisted epoxidation of olefins
with O, [145]

based catalysts.[51]) However, these reactions have the drawback that the corresponding
oxidized co-substrate (carboxylic acid here) is produced in stoichiometric amounts. In this
mater, a promising Mukaiyama reaction would be one catalytic system generating high-value

carboxylic acids with the expected epoxide product.

Manganese turns out to be the metal of choice for the development of aerobic
epoxidation of olefins with Mukaiyama type systems. As early as in 1991, chiral manganese(lll)
salen complexes have been proposed by Mukaiyama and co-workers as catalysts for the
epoxidation of conjugated olefins using molecular dioxygen.[147] The system involved
catalyst 1a (Figure 14) as main catalyst working with O, and pivalaldehyde. According to the
authors, the chiral manganese(lll) salen complexes coupled with O, and an aldehyde[143]
(typically pivalaldehyde in 3-fold excess) work like monooxygenase enzymes, following

pathway b (Figure 13) [148].
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Figure 14: Mukaiyama catalyst system for the green epoxidation of olefin using O, as oxidant
and proposed mechanism

The impact of nitrogen bases such as imidazole was also investigated with Oa.
Moderately high yields (from 40 to 60%) were obtained, with the best results in the presence
of alkyl imidazole additives. Actually, results were related to the length of the alkyl chains in

the following order: CHs < n-C;Hs < n-CgH17.

Other reductants were used instead aldehydes avoiding the formation of carboxylic
acids in the reaction mixture. Hence, in 1996, Nolte and Gosling reported a dual catalytic
system for olefin epoxidation involving both Mn(III)TPPCl and [Rh(lll)bipyCp*]Cl complexes as
well as sodium formate[149]. Making the hypothesis that Mn(lll) needs to be reduced to
Mn(ll) in order to interact with Oz like Fe(lll) in Cytochrome P450 enzymes, the authors
introduced the Rh(l) form of [Rh(lIl)bipyCp*]Cl, also in catalytic amount, that can be made in-
situ using formate as reductant (see Figure 15). Such reaction has the disadvantage of
producing CO; in stoichiometric quantity but in the frame of the carboxylation of alkenes with
02 and CO; (present experimental study), such approach for the aerobic oxidation of olefins

could be suitable.

HCO, Rh'" M =

0,, 2H*

CO2 +H* Rh! Mn't! & + HZO

Figure 15: Proposed mechanism of the dual catalytic epoxidation system involving Mn and Rh in the presence of
formiate.
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Lots of manganese salen complexes, including chiral ones, have been tested for the
aerobic epoxidation in the presence of sacrificial reductants. Several alkenes were

investigated, including styrene, a compound well known for its difficulty of epoxidation.

e Moderate to good yields were obtained for example with manganese salen complexes
I and Il (see Table 5 entries 1-3, 6 and 7) using PA (Pivalaldehyde) as co-reductant. The
reaction was conducted in fluorobenzene (fluorous solvents have a high affinity with

0y) in the presence of N-methylimidazole (NMI) acting as an axial ligand.

—
N\ _
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o ‘ N\
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H CH
= N— >_
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R = mesityl (b) Vi

R= (c)
E Ph* = 4-tBuPh
*

Figure 16: Manganese complexes used in aerobic epoxidation ion Mukaiyama reactions

e Leeetal [150] described a co-reductant free system based on complex Il (also known
as Jacobsen catalyst), CHCl;, NaOH and TBABr for the asymmetric epoxidation of
alkenes (see Table 5 entries 4,15-17). According to the authors, the oxygen capture, in
that case, would be related to the in-situ generation of :CCl, carbene species
responsible for the production of dichlorocarbonyl peroxide, the actual terminal
oxidant. However, low yields of epoxides were obtained and the addition of NMI was
necessary, otherwise only dichlorocyclopropanes were found among the reaction
products. Other authors such as Woodward et al.[151] were able to test a large scope
of alkenes such as styrene and chromene using complex lll in the presence of 2-
oxocyclopentanecarboxylates as co-reductants instead of aldehydes. Poor vyields of

epoxides were obtained with 38% of styrene oxide with moderate selectivity of 47%.
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e Variations of the solvents were also reported in some studies. Pozzi and co-workers
suggested fluorous biphasic conditions (perfluorohydrocarbons : CH.Cl, = 1:1) for
aerobic epoxidations in the presence of manganese complexes IV (see Table 5 entries
10-11). Such conditions allowed utilization of the catalyst with quantities as low as 1.5
mol%. Authors were able to obtain good vyields of epoxides from corresponding

alkenes after 5h at 20°C under atmospheric O, pressure.

e Mukaiyama et al. published a series of papers introducing B-ketoiminato manganese
optically active complexes (see Table 5, complexes V and VI) that were tested in
reaction conditions analogous to those used in Mukaiyama Mn-salen epoxidation
system described here (12% cat. loading, PA, room temperature, 4 h and 1 atm

03).[152] Catalysts V present moderate to good yields of epoxides (from 52 to 70%).

The above survey of the literature shows that manganese salen complexes are interesting
epoxidation catalysts that can be used with a large scope of alkenes. They are easy to
synthesize, and their substituents can be tuned to optimize their catalytic performances.
The reaction not only requires a co-reductant (aldehydes, or the solvent itself in the case
of CHCI3) but also an imidazole ligand. Even though the reaction occurs in the absence of
aldehydes in some case, the resulting conversion remains pretty low (see Table 5 entries

4,15-17).
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Table 5: Epoxidation reactions of conjugated olefins with O, in the presence of manganese salen complexes[17,153]

Sacrificial - Yield t T
Entry Substrate Catalyst reductant Additive (%) h)  (°C) ref.
1 | PA - 42 12 r.t. [143]
2 | PA N-Me-Imd 62 12 r.t. [143]
3 | PA N-Me-Imd 62 12 r.t. [143]
4 ]| CHCl3 Imd 12 12 r.t. [154]
5 Vc CHCl3 Imd 70 12 r.t. [154]
6 | PA N-Me-Imd 52 12 r.t. [143]
7 | PA N-Me-Imd 52 12 r.t. [143]
8 Vb PA - 79 1 r.t. [152]
9 Vc PA - 52 1 rt [155]
10 IVa PA N-Hex-Imd 83 2 20 [156]
11 Vb PA N-Hex-Imd 77 2 20 [156]
12 \ 1] PA N-Me-Imd 12 12 r.t. [143]
13 ©Ej< 1] PA N-Bu-Imd 26 12 r.t. [143]
14 ° i PA N-Oct-Imd 37 12 rt [143]
15 1] CHCI3 Imd 19 12 r.t. [154]
16 N 1] CHCl3 N-Me-Imd 17 12 r.t. [154]
17 ©/\ 1] CHCl3 N-Oct-Imd 10 12 r.t. [154]
18 IVa PA N-Hex-Imd 86 5 20 [156]
19 Vb PA N-Hex-Imd 81 5 20 [156]
20 @ Vb PA - 28 1 r.t. [152]
21 Vi PA N-Me-Imd 14 12 r.t. [154]
=
22 Va PA - 53 1 r.t. [157]

PA = pivalaldehyde, N-Me-Imd = N-methylimidazole, N-Bu-Imd = N-n-butylimidazole, N-Hex-Imd = N-n-
hexylimidazole, and N-Oct-Imd = N-n-octylimidazole

More recently, Hemmat and co-worker [158] showed that a Salen-Mn complex
anchored onto the surface of a magnetic silica nanocomposite (1 : 45 molar eq.) could be
efficient at room temperature within 90 min. Numerous epoxides could be prepared, such as
styrene oxide obtained with a yield of 100%. Oxygen in the presence of IBA was found to be
the most effective compared to other oxidants such as m-CPBA, NalOs or even H;0,. The
radical character of the reaction could be emphasized by radical scavenger, i.e. BHT (2,6-tert-

butyl-4-methylphenol).

However, most of the recent research works seem to focus on porphyrin complexes,
as presented in Table 8. Recently, epoxidation of multiple unfunctionalized alkenes has been

investigated using manganese porphyrin Mn(TPP) (5,10,15,20-tetraphenylporphyrinato
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complex), in the presence of molecular dioxygen and isobutyraldehyde[145]. In that case, the
metal complex would be involved in the initiation step allowing the free radical autoxidation

of the aldehyde, leading to the active epoxidizing agent.

Last three years, several supported MnTPP complexes were used successfully in the
aerobic epoxidation of styrene in the presence of IBA under mild conditions (O, atmosphere,
balloon or bubbling, and temperature always below 60°C). Catalysts were used in a wide scope
of styrene/metal concentration, from 11% in the worst case (Table 6 entries 13) to 7 ppm in
the last case (Table 6 entries 12). Silica, graphene oxide (GO), carbon nanotubes (CNTs) or
magnetite (Fes04) nanoparticles were used as shown in Table 8. In some cases, reactions
perform very well at room temperature providing styrene oxide with high yields from 60 to
100% (see Table 6 entries 1,3,6-8, 12 and 13). Sacrificial reductor IBA is always added in 3 to

5 molar equivalent vs. the alkene.
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Table 6: Most recent studies involving the epoxidation of styrene by O in the presence of Manganese based catalysts

Entry Catalyst Aldehyde Solvent Conditions'? cat: alkene: Ald®) Conv. (%) Yield (%) Ref
1 Mn-salen@Si0; 1BA) ACN® [ 25°c/1,5h 1:45:225
2 MnTPP@Si0," IBA ACN 52°C/6h ?:1:30
3 MnTPP@SiO> IBA butyronitrile
4 MnTPP@GO IBA ACN 60°C/ 2h
5 MnTPP@SiO; IBA ACN
6 MnTPP@GO'®) IBA Me,CO 1:90: 450
8 MnTPP@SiO; IBA Me,CO
9 MnTPP@p(APTMACI) (M) IBA ACN 60°C/ 7h
10 Mn(L)(OH)@Fes0, IBA ACN 40°C/ 8h 78 [167]
11 MnTPP@Fes0, IBA ACN 67 [168]
12 MnTPP@Fes0, IBA iPrCHO/ACN 63 [169]
13 MnTPP@SiO, IBA ACN 1:9:27 62 [170]
14 MnTPP@MWCNTs? IBA ACN 1:45:135 56 [171]

(a) r.t. stands for room temperature, (b) molar ratios, (c) yields are for styrene oxide, (d) IBA: Isobutyraldehyde, (e) ACN: Acetonitrile, (f) TPP: Tetraphenylporphyrine (see Figure 9), (g) GO:
Graphene Oxide, (h) APTMA: (3-acrylamidopropyl)trimethylammonium, (i) MWCNTSs: multi-walled carbon nanotubes, (j) no information found regarding the catalyst concentration
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1.3.2 O, without sacrificial reagent

As already stated in the Introduction, the use of a heterogeneous silver catalyst for the
synthesis of ethylene oxide from ethylene and O, remains the most notable example of
aerobic oxidation performed in the absence of a sacrificial reductant. Selective
monooxygenation is very difficult to achieve with other heterogeneous metal catalysts, which
tend to fully oxidize the organic compound to form water and CO; in the temperature
conditions used for ethylene in the presence of Ag. However, the extension toward of 0O,/Ag
to substituted alkenes remains a challenge because alkyl substituents are more prone to
oxidation and even combustion. Most of the catalytic systems developed recently involve the
use of Co and Au (also known as coinage metals). Cobalt is especially preferred with systems
involving the use of DMF solvent and will be developed in a first part. Gold surfaces for more

active and selective catalysts are investigated in a second part.

1.3.2.1 Cases without announced sacrificial reductants

Several papers have reported the successful aerobic epoxidation of olefins with cobalt
nanocatalysts in DMF without adding any sacrificial reductants (see Table 7, entries 1-7).
Actually, the use of the amide solvent (DMF, here) is required for catalytic activity. DMF would
behave as a ligand for Co atoms at the surface of the nanoparticles. This gives rise to a Co-
DMF complex that reacts with dioxygen affording a Co superoxo species able to transfer an
oxygen atom to the olefin. Such solvent effect has already been noted on several oxidation
reactions. Tang and co-workers suggested that the tetrahedrally coordinated Co?* sites,

including DMF as a ligand, play an important role in the activation of dioxygen.

Another explanation would be the role of solvent as a co-reductant. Indeed, a closer
look of the product distribution made by Baiker et al. revealed an oxidation product of DMF:
N-formyl-N-methyl formamide (FMF).[172] The authors suggested that DMF may be an active
component in the oxidative transformation of styrene, with the parallel formation of FMF with
the conversion of styrene. As seen in Figure 17, the autoxidation of N, N- dialkyl-amide resulted
in the formation of hydroperoxide, later decomposed into N-formyl-amide. Addition of
hydroquinone proved a free-radical mechanism. Peroxy-radical may propagate a chain

reaction by abstracting hydrogen from a further molecule.[173]
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‘ H,C—OOH H,C—OH
2 o M2 o]
I H@N/ H—C—N = H—C—N
H—C—N — > —C— 7—? —C— —C—
DMF S sO FMF

Figure 17: Autoxidation of DMF via the thermal oxidation of DMF and epoxidation of styrene (S) into styrene oxide
(sO)

Many examples in Table 7 (entries 1-6) are involving heterogeneous catalysts made by
Co doping of oxides or carbons. A general conclusion of these papers was that isolated Co

species are more active than aggregates which means that low Co loadings can be used.[174]

1.3.2.2 Au nanoparticles

Nanocrystalline gold catalysts allow the epoxidation of styrene under relatively mild
conditions (80°C) providing the epoxide as the major product, with low to good (40-90%)
selectivities as seen in Table 7 (entries 8 and 15-17). Due to poor lack of reactivity, a peroxide
initiator (TBHP) is often required in these reactions as radical initiators (Table 7 entries 15 and
16). Lambert et al have reported that the use of very small gold entities (~1.4 nm) derived
from 55-atom gold clusters and supported on inorganic support are efficient and robust
catalysts for the selective oxidation of styrene by dioxygen.[175] In these reactions, even
though the processes are remarkable because no initiator was used (see Table 7 entry 17),
epoxide was obtained with a low selectivity (up to 18%) with much more drastic temperature
conditions (100°C). It is proposed that O; activation at the gold clusters takes place by splitting
the 0—0 bond.[175,176]
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Table 7: Most recent studies involving the epoxidation of styrene in the presence of O, without adding any sacrificial reagent and with (top) or without (down) DMF.

Entry Catalyst subcategory Catalyst Aldehyde Solvent Condition cat:alkene:Ald® Conv. (%) Yid(%)"” Ref
1 Co NP Co-Ce0; DMFE  140°C/ 4h - 100 90 [177]
2 Co NP Co30; DMF 130°C/ 5h - 99 89 [178]
3 Co NP Co/SiO; DMF 100°C/ 3h - 98 92 [179]
4 Co NP Co-Ce0; TBHP 15% DMF 140°C/ 4h 1:420:2 000 99 89 [177]
5 Co NP Co/CNTs(in)€ DMF 100°C/ 1h - 93 86 [180]
6 Co NP Co-SiO; DMF 80°C / 24h - 50 45 [181]
7 Co complex Co(acac),@Si0, " DMF  100°C/12h - 74 44 (182]
8 Au NP Au@Pd LED(®) DMF 80°C/ 10h 1:1400 65 37 [183]
9 Co complex Co-PAA@GO™M - ACN 60°C/ 3h 1:500: - 93 90 [184]
10 Co complex Co-schiff base = ACN 60°C/ 5.5h - 84 67 [185]
11 Co complex CoOx/MOR CHP 10% 1) - 60°C/ 7h 1:200:2 000 70 64 [186]
12 Co complex [Co(HL);]NO; s ACN 60°C/ 3.5h 1:1000: - 100 46 [187]
13 Co NP CoPMA@UI0-67")  t-BuOOH - 80°C/ 6h -:1:50 80 47 [188]
14 Co NP Co-Al,0s3 - dioxane 90°C/ 5h - 76 43 [189]
15 Au NP Au@HTCo/Al!) TBHP - 80°C/ 80h 1:100: - 87 38 [190]
16 Au NP Au-HT TBHP5%  Toluene  80°C/24h 1:100: - 42 33 [191]
17 Au NP Au/TiO; - Toluene 100°C/ 15h - 56 10 [176]

(a) molar ratios, (b) yields are for styrene oxide, (c) NP: nanoparticles, (d) DMF: Dimethylformamide, (e) CNTs: Carbon nanotubes, (f) acac: acetylacetonate, (g) LED: Light emitting diode, (h)
PAA: polyacrylic acid; GO: Graphene oxide, (i) MOR: mordenite (Al;Si10024:7H,0), (j) CHP: Cumene hydroperoxide, (k) PMA: Phosphomolybdic acid, (I) HT: Hydrotalcite, (m) BTAM: benzyl
trimethylammonium, (n) TPP: Tetraphenylporphyrin.
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1.4 Conclusion

Epoxidation methodologies that can be considered satisfactory from a sustainable
perspective are currently available for most classes of olefins. H,0, (even if synthesized from
H. and Oz by a not so green industrial process) and molecular dioxygen can be reliably and
efficiently used as green oxidants with the presence of proper metal-based catalysts.
However, important problems remain. First of all, catalytic epoxidations with O, usually
require the introduction of a cosubstrate. Methods that could use dioxygen alone will
represent an extraordinary advance, but major breakthroughs in the discovery of O; activation
and of the catalysts that engage in these processes are needed. There are now catalysts, like
polyoxometalates, that allow their use in an extraordinarily efficient manner, limiting or

avoiding disproportionation reactions.

This review highlights main catalysts for the epoxidation reaction in the presence of
green oxidants H,0,/0, such as polyoxometalates, TACN, porphyrins, and Salen ligands.
Among these complexes, salen are represented in systems requiring either H,0; or O, oxidant.
They are simple to synthesize, easily tuneable and presents interesting catalytic properties:
high epoxide yields with only little molar ratio below 1%. One of the most well-known salen is
the Jacobsen catalyst (Salen-Mn(lll)Cl), tested both in homogeneous and heterogeneous
conditions. Complexes salen have been grafted at the surface of numerous inorganic materials
such as alumina, magnetite, graphene oxide, silica, or polymer resin. Salen-Mn(ll1)Cl complex
have been bonded to silica support SiO;, which present good thermal resistance and
interesting tuneable properties. As seen before, one of the best catalytic system consists on a
supported Mn-Salen grafted on SiO; silica support, affording 100% yield of styrene oxide after
1.5h at 25°C.

The review encouraged the use of homogeneous and supported Salen-Mn(lll)Cl to
study the epoxidation of styrene with the aerobic Mukaiyama system oxidant system. In the
case of H,0; oxidant, a system involving a Polyoxometalate catalyst either in solution or

grafted in silica support will be preferred.
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CHAPTER I

GREEN STRSTEGY IN SYNTHESIS OF CYCLIC CARBONATES VIA
CO, CYCLOADDITION TO EPOXIDES
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I1.1 State of the climatic urgency

Since the industrial revolution and the invention of the steam engine, mankind has
been constantly meeting a growing need for energy. This growing energy consumption is
reflected in the many machines that now populate our daily lives, from the car to the clothes
we wear, from the heating for our homes to the millions of connected computers around the
world. This energy requires the combustion of fossil fuels, which are free and abundant on
Earth and are considered to be the main source of CO; emissions into the atmosphere.[1] This
greenhouse gas (GHG) has always been present and is at the centre of many exchanges
between the earth's surface, the ocean and the atmosphere via its carbon cycle. However, this
balance has been broken, and a surplus of CO; equivalent to 1400 billion tons has since been
emitted into the atmosphere between 1850 and 2014.[2] The concentration of CO; in the
atmosphere has thus reached an all-time high of 416 ppm in 2020, compared to 280 ppm
before the industrial revolution (which already represented a high concentration on the

geological time scale of the last 800,000 years).[3]

CO; emissions have been increasing steadily since the industrial revolution of 1850. In
spite of the awareness of nations and the holding of numerous international agreements
aimed at reducing greenhouse gas emissions (creation IPCC 1988, Rio Summit 1992, Kyoto
Protocol 1993, Copenhagen Agreement 2009 and Paris Agreement COP21 in 2015 to name
but a few), the only reductions in CO; emissions have only been observed in the wake of
sudden economic crises (see Figure 18). In summary, no policy has so far led to an effective

reduction of CO, emissions.

An increase of 25 to 90% (compared to the year 2000) in global GHG emissions is
estimated in 2030 at an increase in CO; concentration of between 600 and 1550 ppm. Such
an increase would, in the worst-case scenario, result in a global temperature increase of 4.8°C.
[4] As a reference, the global temperature difference between the pre-industrial area and the
last ice age was only -5°C. This temperature rising up to our time occurred in a very long
geological time of 0.1 °C per century, whereas today it is 2 °C per century and is therefore not
to be taken lightly.[4] At 2°C, food insecurity is expected to occur in several areas of the globe,

probably leading to political instability (see Figure 19).
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Annual total CO2 emissions, by world region

This measures CO: emissions from fossil fuels and cement production only — land use change is not included.
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Figure 18: Annual total CO, emission (source: OurWorldInData)

At 4°C, living conditions in equatorial zones become fatally unliveable for more than
100 days a year for more than 3 billion human beings.[5] As a result, a target of 2°C above pre-
industrial levels was confirmed in the Paris agreements in 2015 by a large majority of countries

(main CO; emitters such as China or India are out of it).
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CO, emissions need to be regulated and reduced worldwide by 78-118% by 2100
compared to the 2010 level. Since fossil fuel are the main source of energy, these emissions
are closely related to our economic activity. Which means that a drop in CO, emissions, and
therefore in energy consumption, will probably lead the world into an economic recession.[7]
In France, this would amount to a 5% decline in growth per year, which would correspond to

the effects of a COVID health crisis every year.

1.2 Main strategies to reduce CO; emissions

The reduction of anthropogenic CO; emissions is an urgent matter and three main
strategies are now at work to stem its increasing concentration. The first, outlined above,
would be to significantly reduce our energy needs, thus lowering the quantity of CO; emitted.
This method would have to be implemented sufficiently in advance to avoid a transition that
would be too abrupt for governments. A resilient economy study may be considered in order
to face not only a decreasing energy demand, but also a depletion of available raw materials
(peak oil for Europe in 2008).[8] A second strategy consisting on the Carbon Capture and
Sequestration (CCS) is attracting growing interest. The capture and concentration of CO; by
chemical absorption with amines represents the most mature capture solution to date
(estimated cost between 40 and 60 €/tCO> captured).[9] Monoethanolamine (MEA) remains
the most currently studied compound for CO; adsorption. They can be grafted on
Polyethylene glycol (PEG) as solid support. A CO; purity higher than 99% can thus be achieved.
However, a compromise must be found between the purity targeted and the operating costs
of the capture process. Depending on the final concentration obtained, the CO; can either be
buried in geological faults if its purity remains below 95%: this strategy is called Carbon
Capture and Sequestration (CCS).[10] For example, Total plans to store 40 million metric tons
of CO, over 25 years. However, this capture strategy is not optimized for every type of
industry. It is therefore preferable to the steel or cement industries that produce fumes with

a higher concentration of CO;.

These strategies increase the amount of highly concentrated CO; available as a raw
material. Consequently, the use of CO; as an abundant renewable and non-toxic C1 carbon
resource allows the synthesis of high value-added products.[11] This is referred to as Carbon

Capture and Utilization (CCU). This strategy would allow to mitigate CO, emissions, but also
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to slow down the depletion of fossil resources by offering an alternative by synthesis to
products that were previously in limited quantities. However, such a strategy remains difficult
and time-consuming to implement compared to CCS strategy. Furthermore, in order to
confirm if the process is able to prevent more CO; release, rigorous study of the life cycle of
the product formed will allow us to conclude on the effectiveness of this technology.[12]
Other feasibility, time and cost parameters come into play and will not be discussed in this

section.

11.2.1 Mains reactions for CO, utilization

CO> is a very stable molecule (A/G" = -396 kJ/mol):[12] which is found as waste in any
combustion process. For a long time, CO2 has been considered as a “spent” form of carbon.
Such a molecule is nevertheless utilised in nature, the most well-known reaction being
photosynthesis, which converts carbon dioxide into carbohydrates and dioxygen using energy

from sunlight.

Nowadays, the utilization of CO, for the global production of chemicals ranges (see
Figure 20) around 170 Mt/y worldwide and is dominated by the synthesis of urea, then
inorganic carbonates. Carbonate production shows the greatest growth, with a 5 000%
evolution from 2014 to 2020, confirming the growing interest and technological development
for this process.[13] Non-chemical and technological employments of CO, range around 30
Mt/y worldwide and present a number of applications where CO; acts essentially as a fluid.
Such utilizations refer to the substitution of CO, to chlorofluorocarbons (CFC) in air
conditioners[14], to perchloroethene in dry washing[15], to complex chemicals in food
conservation[16], and so on. The dual use of supercritical CO2 (sc-CO3) as reagent or solvent,
in chemical process, like the caffeine extraction from coffee beans[17], is another innovative

application.

Conversion of CO3, as well as attempts to produce H(C™')OOH, (C™)O, H2(C%O0, Hs(C
OH, or (C'V)H4 hydrocarbons, are based on the reduction of carbon from its oxidation state
+IV in CO; [18] and require quite a lot of energy.[19—-24] These will not be discussed in this
part therefore. On the other hand, reactions where carbon dioxide is incorporated into target

chemicals without any change of its carbon oxidation state are more favourable. It includes
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Figure 20: Main substrates and products obtained from catalytic reaction using CO; as C1 material

carboxylation reactions, such as the formation of carbamates (RR’N(C*V)(O)OR”), carbonates
((RO)2(C*V)0), ureas ((RNH)2(C*V)(0)) and polymeric materials. Previous processes for the
industrial synthesis of these different classes of chemicals utilising toxic intensive species[25]
such as COCI; are increasingly reconsidered with the progresses of an inherently safer green
chemistry.[26] Consequently, there is now a crucial need for applications showing that CO; is
a good starting material or building block for the synthesis of bulk or fine chemical. As one
example, recovery and utilization of carbon dioxide to produce carbonates is a well-known
technology since the 70s where the carboxylation of epoxides into cyclic carbonates catalysed
by quaternary ammonium salts was discovered[27]. Nowadays, new catalysts have been

developed for this application.

1.3 About cyclic carbonates and epoxides

Cyclic carbonates are widely used in the manufacture of industrial products such as
solvents, paint-strippers, epoxy glue, lithium batteries, and biodegradable packaging[28-30].
They also have application in the medicinal chemistry, such as controlled drug release[31],
surgical implant substances[32], or even as anti-depressant.[33] Cyclic, acyclic and poly-
carbonates are all commercialized,[34,35] and industrially important organic carbonates
include dimethyl carbonate, diphenyl carbonate, ethylene carbonate and propylene

carbonate (see Figure 21).[36]
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Figure 21: Most frequently obtained products of cycloaddition reaction as well as their corresponding epoxides

Various sources of C1 carbon can react with diols such as dimethyl carbonate, urea or
CO to produce cyclic carbonates (see Figure 22), but the most seducing route in green and
sustainable chemistry remains the cycloaddition of CO, to epoxides. Furthermore, the latter
pathways to synthesize cyclic carbonates is one of the few methods that allows a 100% atom-

economical efficient assimilation and has been industrialized for more than 40 years[37].
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Figure 22: Cyclic carbonate synthesis pathways
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Coupling CO; with epoxide is a chemical reaction known since 1969 when Inoue et al.
combined ZnEt,, water, CO, and propylene oxide to yield a small quantity of polymeric
material[38,39]. Such a reaction path is much more environmentally respectful than the multi-
step phosgenation reaction pathway.[37] The latter thus involves the formation of an
intermediate diol by hydrolysis of the epoxide and its reaction with phosgene. This last step is
particularly troublesome due to the use of a toxic reagent, i.e. phosgene, and to the
production of hydrochloric acid (see Figure 23). However, the subsequent studies in this area
frequently faced low catalytic activities and competitive formation of polycarbonates and/or

undesired by-products, such as higher degrees of ether linkages in the polymer chains.
o}
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R; R, -2HCI \ ]

o R2 R R,
Figure 23: Synthesis route of cyclic carbonate from epoxide with phosgene as C1 source
The fundamental transformations of CO; require the C=0 polarization, with a partial
negative charge (-0.296) on the O atoms and a positive partial charge (+0.592) on the center
C. This polarization allows nucleophilic attack of amines, halides or phenolates at the central
atom C. The concomitant use of a catalyst can induce significant changes in chemical reactivity
by modifying both its molecular geometry (from linear geometry to bent) and its electronic

distribution (less electron-deficient carbon during coordination).

In the context of the CO; activation, many different catalysts that can efficiently
convert CO; into high-value molecules were studied until now, but the quest for new catalysts

able to significantly reduce drastic reaction conditions remains an intensified research area.

The efficiency of ammonium salts as catalysts in this CO,/epoxide coupling reaction
was first developed by Steinbauer et al. who studied the kinetics of the butylene oxide
conversion without solvent in the presence of ammonium salts (2 mol%) for 6 hours at 90°C
under 10 bar of CO,.[40] The activity of different ammonium salts was found strongly
depending on the nature of the anion according to the order CI" > Br" > I (see Table 8) in this
work. In particular n-BusNCl (TBACI) (a) has proven to be the most active monofunctional
ammonium salt. First-order kinetics were found for the conversion of 1,2-epoxybutane with

CO; at constant pressure. The rate constants kobs Were determined for the reaction in the
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presence of ammonium salts decreasing in the order of 0.178 h* (a) > 0.051 h! (b) > 0.028 h
c).

Table 8: Kinetic constants of cycloaddition reaction of butylene oxide using ammonium salts

o 2 %mol catalyst /[L

/A + co, 90 °C, 6h, Pcoy = 10 bar o~ o

Et solventless >_/

Et
Entry catalyst Kobs (h%)
1 n-BusNCI (a) 0.178
2 n-BuaNBr (b) 0.051
3 n-BuaNI (c) 0.028

Lots of examples of catalysts developed for the cycloaddition of CO; onto epoxides
were based on the use of easily accessible and commercially available quaternary ammonium
or onium salts. This made them the most used catalysts for laboratory research and industrial
production,[41] alone or combined with co-catalysts such as metal complexes [42,43] or
hydrogen bond donors[12,41,44)[45] in order to enhance the catalytic activity and improve
epoxide conversion. Zhang and co-workers compared the catalytic performances of several
onium salts in the conversion of propene oxide (used as a model epoxide) into propylene
carbonate. The catalytic activity of the salts decreased following the order: PPhsBu* > BusN*
>> K* > Na*.[41][46] Thus, in the case of onium salts it was shown that longer alkyl chains led
to higher activity and selectivity. More generally the larger the steric hindrance, the greater
the anion lability, due to reduced electrostatic interactions.[47] In parallel, it was shown that
the activity of the anions varies in the order I' > Br > Cl > PF¢s’, BF4™ in the presence of water.
However, the activity of I" is very sensitive to water since the following order Br > Cl"> | > PF¢
, BF2~ was observed in the absence of water Thus, tetrabutylammonium bromide (n-BusNBr)
is generally considered as a good compromise and is still the most used catalyst for the
addition of CO; to epoxide.[50,51] In a general way, tetraalkylammonium or imidazolium-
based ionic liquids are widely used as both solvents and catalysts[52-55] due to their
extremely low vapour pressure and high boiling point, their thermal stability and their
tremendous variety (various libraries of cations and anions are available to tune their

properties[56,57]).
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As stated above, metal complexes or salts as well as hydrogen bond donors thus act as
Lewis acids.[58—61] In some cases, CO; is adsorbed on a Lewis base site (Nu), thus forming a
Nu*-COO" carbonate-type species, whereas the epoxide is coordinated on the Lewis acid site.
In a second step, the ring-opening of the coordinated epoxide occurred through the
nucleophile attack of the pre-formed carbonate. This led to an oxy-anion of which evolution
afforded the expected cyclic carbonate as a product. Arai et al. studied the catalytic activity of
various metal salts in the presence of 1-butyl-3-methylimidazolium chloride for the conversion
of styrene oxide[47], hence showing that the nature of the metal cation had a significant
impact. The catalytic activity decreased in the order Zn?* > Fe3* > Fe?* > Mg?* > Li* > Na*, which
is in accordance with the order of Lewis acidity strength of the metal cations.[47] Compared
to Fe3*, Zn?* has indeed a weaker ionization potential but a stronger ionic radius. According to
the literature, other metals such as Mn, Cr, Co, Ni and Al that can also act as effective catalysts
for CO2/epoxide coupling. This included complexes with various ligands such as porphyrins N4,
Schiff bases N4, Schiff bases Salophen and Salen 2N20, macrocyclic ligands 4N20, and

phenolic derivatives (see Figure 24).

NH OH HN
HO :><z: ::><i
NH OH HN

F

Porphyrin Ny Phenolic derivative
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~—N N=— —N N= ~N N=—
R R
Schiff base N4 Salphen or salophen Salen

Figure 24: Efficient ligands for CO,/epoxide coupling after metal complexing
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Cycloaddition of CO; to epoxides can be carried out using nucleophilic catalysts, binary
systems composed by Lewis acid/base dual components, or a single-component catalyst
displaying both functions. As seen in Figure 25, nucleophilic compounds such as guanidine
base TBD (1,5,7-triazabicyclo[4.4.0]dec-5-ene),[62] amidine base DBU (1,8-
diazabicyclo[5.4.0]Jundec-7-ene),[63,64] or N-heterocyclic carbenes (NHCs)[65] are known to
perform nucleophilic attack onto the electrophilic C-atom of CO,, leading to the corresponding
COz-adducts. Such adducts (A-1, Figure 25, Cycle 1 left ; nucleophiles in this class are referred
to Nul) can then attack an epoxide (or a Lewis-acid (LA) activated epoxide A-2) leading to the
alkoxy-ester I-1. Target carbonate product was then obtained after intramolecular cyclization

of the latter and restored the nucleophile for a new catalytic cycle.
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Figure 25: General mechanistic pathways for the cycloaddition of CO; to epoxides[62]
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Alternative mechanistic routes (Figure 25, Cycle 2 right, the nucleophilic species in this
cycle are referred to Nu?), were also described. Ammonium and phosphonium salts and ionic
liquids (ILs) bearing nucleophilic counter-anions (see Figure 26) were thus able to perform the
ring-opening of the epoxide after the nucleophilic attack of the anion, leading to the formation
of the targeted cyclic carbonate. Such organic catalysts were most of the time not efficient
enough to afford efficient cycloaddition reaction on their own. Consequently, the presence of
hydrogen bond donors or of a Lewis acidic compound (such as metal-organic complexes and
coordination compounds) were able to act as a Lewis acid and to activate the epoxide. This
facilitated its opening and often led to a remarkable acceleration of the reaction rate. From a
mechanistical standpoint, CO; inserted into the metal-alkoxide bond of I-2 leading to the

intermediate I-3 whose cyclization yielded the cyclic carbonate product (Figure 25, Cycle 2).

X
R4 Ry |
@ | ® | 7o) 6
L N R~ NN—R2 N
cations: Rk Rs R L Rs R </ !
ammonium phosphonium imidazolium pyridinium
anions: BF4, PFg, X" (X = ClI, Br, I), OH", CH3COO", CF3S03, NO3", PhSO3"

Figure 26: Representative anions and cations of ammonium salts and ionic liquids (ILs)

This binary system is a representative of many cycloaddition reactions of CO; to
epoxides. In this context, the Lewis acidic component is referred as the “catalyst” and the
Lewis basic component as the “co-catalyst” in a majority of works. However, this convention
is misleading, as the Lewis acidic “catalyst” may generally be not active in the absence of a
nucleophilic “co-catalyst”, the latter sufficient on its own to promote the catalytic reaction.
Therefore, it is not used in this manuscript and the main “catalyst” should always refer to the

nucleophilic specie and the “co-catalyst” term referring to the Lewis acid catalyst.

At the same time, the quest for more gentle conditions for this type of reaction allows
now temperatures set under ambient condition. Such performances were obtained in recent
works via catalytic systems involving the binary use of LA-BA catalysts and following the
mechanism shown in cycle 2 of Figure 25. In this context, most of the recent literature reports

described the application of Lewis acidic complexes and compounds acting as co-catalyst in
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the presence of well-established source of nucleophilic anions such as quaternary onium salts
or ionic liquids. Therefore, some recent reviews focused on the cycloaddition of CO, and
epoxides. These reviews were generally organized according to the class of Lewis-acid

employed and categorized these Lewis acids according to their chemical structure.

Finally, it is noteworthy that organocatalysis, working thus without metal centre,
recently drew attention these last years, the processes being inexpensive (absence of noble

metals), and the compounds used generally stable and in particular not sensitive to air.

11.3.1 Recent homogeneous catalytic systems developed

As seen in previous part, a large variety of catalytic systems were developed in the past
few decades in the context of the cycloaddition reaction of CO, onto epoxides. The majority
of these systems involved the use of n-BusNBr as the main catalyst. Furthermore, the use of
Schiff base (Salen type) catalysts regularly appeared in the literature, being mono-, bi- or
trimetallic. In parallel, a few number of epoxides were studied over the years. A non-
exhaustive list of these is presented in and a selection of representative recent works is
reported in Table 9, that will be commented in the next paragraph. The same classification of

co-catalysts was used as seen in Figure 27.

& Ethylene oxide (EO) {O§ Propylene oxide (PO)
o]

\/A 1-Butene oxide (BO) \/\/& 1-Hexene oxide (HO)

o)

0
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KA Ph/A

¢]] 0

@ Cyclohexene oxide (CHO)

Figure 27: Commonly used terminal epoxides and their relative’s abbreviations
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Table 9: Experimental conditions and the corresponding outputs from the CO; cycloaddition reactions

. o P Yield
Entry | oxide Cat Co-cat (molar%) T(°C) (bar) t (h) (%) Ref.
1 PO - [BMIm]BF4 IL (5%) 110 25 6 91 | [66]
2 TBACI (2%) - 90 10 6 20
3 SO TBABr (2%) - 90 10 6 23 | [40]
4 TBAI (2%) - 90 10 6 16
5 25 1 3 37
6 TBABr (2.5%) Salophen-Cr (2.5%) 25 1 6 60
7 25 1 24 | 100
8 50 25 1 3 44 [67]
9 TBABr (2.5%) Salophen-Al (2.5%) 25 1 6 71
10 25 1 24 100
Bimetallic salen complexes
Bimetallic Salen-Co
11 TBABr (7%) (0.5%) 25 10 48 76
12 | PO | TBABr(7%) B'met?gf;;?'e”'A' 25 | 10 | 48 | 73 |[68]
13 TBABr (7%) B'mEt?g';;”)"e”'zn 25 | 10 | 48 | 72
Monometallic non-salen complexes
14 SO - Zn(ll) TPP (0.01%) 120 17 9 94 | [69]
15 PO TBABr (5%) 0 1 8 43
16 SO TBABr (5%) . 20 1 12 32
17 TBABr (5%) | COevPtand (0.05%) o T T T 4 | 7o)
18 ECH - 20 1 48 6
19 TBABr (5%) - 20 1 | 48 | 11
Bimetallic non-salen complexes
20 TBABr (5%) Bialuminium r.t. 1 24 | 75
21 | SO | TBABr (5%) ) r.t. 10 | 24 | 97 |[71]
scorpionate (5%)
22 TBABr (5%) r.t. 10 24 59
Trimetallic non-salen complexes
0,
;z TE?;r((li/f;) Trimetallic-Co (0.1%) :8 ;1 ;3 gg
25 | CHO | TBABr (1% 80 21 24 90 72
26 TBAl ((1%)) Trimetallic-Zn (0.1%) 30 71 24 37 [72]
27 TBABr (1%) | Trimetallic-Ni (0.1%) 80 21 | 24 | 43
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11.3.2 Impact of the temperature

The catalytic activity of the processes implemented for the cycloaddition reaction is
very sensitive to the temperature. Indeed, an increase of the yield in carbonate product was
generally observed in most cases when the temperature increased. However, it has been
reported by Sun et al that in the case of the global formation of styrene carbonate from
styrene, an increase of the temperature from 80 to 90°C led to a decrease in styrene carbonate
yield.[73] According to the authors, this decrease was actually linked to an increase in the
formation of benzaldehyde, a side-product caused by the oxidative cleavage of styrene, as the
temperature rises. In this particular case, the cycloaddition reaction that led to the formation
of styrene carbonate being faster than the epoxidation step, the formation of benzaldehyde

and styrene carbonate ultimately occurred together over time.

11.3.3 Impact of CO, pressure

Typical conditions observed for the synthesis of cyclic carbonate in the literature
required 15 to 30 bar of CO; to reach a significant catalytic activity. However, several recent
works reported reactions operating at pressures close to 1 bar (see Table 9 entries 5-10 and
15-20). It was demonstrated that a decrease as well as an increase from the optimal value of
CO; pressure led to a dramatic decrease of the catalytic activity. In the latter case, it was found
that the presence of an excess of CO; led to slow down the epoxides interaction with the
catalyst.[74] Indeed, this resulted in a lower substrate concentration and consequently a

reduction in the substrate conversion.

1.4 Heterogenization of cycloaddition catalysts

Various heterogeneous catalytic systems were developed in the past decades. Simple
separation process and possibly to work in gas flow are the main reasons for the high demand

for heterogeneous catalysts.[75]
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11.4.1 Strategies for supporting homogeneous catalysts over silica

support

Many studies in the literature dealt with the immobilization of homogeneous catalysts
for the cycloaddition reaction, varying at once the nature of the catalysts and the supports.
Representative examples in recent literature were based on the grafting of ionic liquid onto
polymer matrix,[76,77] on the functionalization of MCM-41 silica with imidazolium,[78] or on
SBA-15 with triazolium-based ionic liquids.[79] The nature of the support was important and
must meet pertinent criteria since it had 1) to be chemically compatible with the active phase,
2) to show high stability within the drastic conditions used during the reaction, and 3) to
prevent negative interaction, and if possible, to enhance the catalytic activity. Interestingly,
with regard to this last point, it is now admitted that supports bearing H-donor groups such as
-OH could greatly improve the conversion of the epoxide (see Figure 25). Thus, SBA-15 silica
supports that bear -OH groups was considered as a good candidate for the immobilization of
either homogeneous ammonium salts catalysts or Salophen co-catalysts. Valuable examples
of co-catalysts Salophen grafted on silica will be further developed in the following part. On
the other hand, grafting of main catalyst quaternary ammonium salts will be further
developed in the Chapter V and related to the covalent grafted of ammonium salt on silica

support.

11.4.2 Grafting salen over silica support

Covalent immobilization is a key to obtain robust bond and can efficiently prevent from
the leaching of active sites from the support. Chromium salen complexes were anchored
successfully by Baleizao et al. on aminopropyl-functionalized SiO; silica.[80] Two strategies of
anchoring were developed by the authors: the grafting was made either by coordination with
Cr (see Figure 28 (a)), or by covalent linkage to the ligand (see Figure 28 (b)). In the case of a
grafting through the metal coordination, a severe leaching of the complex into solution was
observed. It has to be noted that non-covalent immobilization strategies led to materials much
more sensitive to the experimental conditions, especially the polarity of the solvent. However,
non-covalent anchoring led to more difficulties to control the immobilized amount. In the case
of a covalent linkage (see Figure 28.b), leaching of the ligand was not observed, while the

styrene oxide conversion remained low, with 59% vyield obtained compared to 74% in the case
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of coordinated catalyst (a) (see Table 10 entries 1-2). Experiments were conducted at 80°C

during 6h under a high CO; pressure of 100 bar.

However, this contrast between grafting by coordination or covalent linkage was not
systematically observed. It was thus shown by Alvaro et al,[82] Ramin et al,[81] and Jutz et
al.[83] that better yield of carbonate was obtained in the case of covalently grafted catalyst at
the surface of silica support. In the case of Chromium(lll) supported catalyst, 30% vyield of
propylene carbonate was obtained with coordinated bonded catalyst while 41% was obtained
in the case of covalent bond anchoring (see Table 10 entries 3-4). Cycloaddition was occurring
at 140°C under 35 bar during 3h in the absence of homogeneous quaternary ammonium salt.
In the case of silylated Salen-Mn(lll) [83], covalent grafting (see Figure 28 (f)) allowed better
catalytic performances. Indeed, 95% yield of styrene carbonate was obtained after 3h
reaction at 140°C under 35 bar of CO, (Table 10 entry 6) with catalyst (f) while 6% was
obtained with coordinated compound (e) (Table 10 entry 5). However, in these works,
significant loss of the catalytic activity was observed after the first cycle despite the
immobilization of the metal co-catalyst. 95% yield of styrene carbonate was obtained after 3h
reaction at 140°C under 35 bar of CO, (Table 10 entry 6) while 0.6% was obtained after a
second run. The authors thus attributed this decrease in reactivity to the formation of inactive
species on the surface of the silica due to the loss of Br halide. Therefore, addition of
homogeneous EtsNBr catalysts was necessary to increase the catalytic activity (85% and 78%
yields obtained after 2" and 3™ runs). In another case, Lu et al. demonstrated the ability for
immobilized metal complex (Co-Salen) to be effectively used in a flow rector for continuous

cycloaddition reaction.[84]

Table 10: Experimental parameters of cycloaddition reaction using COz and supported Salen catalysts

Entry Co-catalyst Catalyst Substrate | T(°C) | t(h) | P(bar) | Yield (%) | Ref.
1 Cr-salen (a) - SO 80 6 100 74 [82]
2 Cr-salen (b) - SO 80 6 100 59 [82]
3 Cr-salen (c) - PO 140 3 35 30 [81]
4 Cr-salen (d) - PO 140 3 35 41 [81]
5 Mn-salen (e) Et4sNBr SO 140 3 35 6 [83]
6 Mn-salen (f) EtaNBr o) 140 3 35 95 [83]
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Figure 28: Recent examples of supported Salen catalysts over functionalized silica support SBA-15

11.4.3 Impact of hydroxy group activation

The acceleration of the cycloaddition reaction was sometimes mentioned upon
immobilization of cycloaddition catalysts onto silica surface. The presence of acidic surface
silanol groups interacting with the epoxide substrate could lead to the activation of this
substrate before the nucleophilic attack that led to the ring opening. Sakakura et al thus
observed the reaction acceleration of cycloaddition on propylene oxide using quaternary
phosphonium salts supported on silica support.[85] As seen in Figure 29, supported
phosphonium halide showed enhanced catalytic performance compared to their
homogeneous equivalent. For example, only 4% yield of carbonate product was obtained with
homogeneous BusPBr catalyst after 1h reaction at 100°C under 100 bar of CO,. Yield

subsequently increased to 53% when supported catalyst has been used instead.
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Figure 29: Possible mechanism for cycloaddition of CO2 to PO over {R4PX}-SBA-15

Oher works were able to confirm this assumption. For instance, the catalytic activity of
amine groups supported on silica support SBA-15 was investigated by Zhang et al. [60].
According to this study, the catalytic performances increased with the amine group basicity:
[NH2} < NH(CH2)2NH2 < TBD. In the case of {TBD}-SBA-15, propylene carbonate was obtained
with 99% vyield after 20h reaction at 120°C under 20 bar of CO,. Furthermore, the authors
found that when the surface of the support was modified to remove the surface hydroxyl
groups, the yield of carbonate severely dropped to 0.2% under the same reaction condition.
According to the authors, this observation strongly suggested the implication of silanol groups

in the cycloaddition reaction.

11.4.4 Impact of amines group over catalytic activity

According to Figure 30, the formation of activated CO; carbamate zwitterion occurred
on the basic amine sites at the surface of amino-functionalized supports such as {NH2}-SBA-
15. Srivastava et al. showed that the carbamate formed at the surface of primary amines tends
to be the most stable, followed as so by those formed with secondary and tertiary amines:
primary > secondary > tertiary.[86] As seen in Figure 30, this is due to the formation of a
neutral “carbamic acid” form, which exists in equilibrium with the corresponding zwitterionic
carbamate anions in the case of the H-bearing primary and secondary amines. Such an

equilibrium is therefore not possible on tertiary amines since there is no H-atom attached to
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the tertiary N atom.[49,87] The presence of activated carbamate species was observed by in
situ IR spectroscopy in the case of the H-bearing primary and secondary amines. Intensity of
the corresponding peaks of bicarbonate anion HCO3™ near 1640 and 835 cm™ at depended on
several parameters such as the CO; pressure (the higher the better) or the temperature.[88]
Low temperature increased the adsorbed CO; concentration (Tmax for CO2 desorption is the
lowest for tertiary amines) and the stability of the corresponding carbamate form- Hence, the
lifetime of carbamate species formed on tertiary amine was found significantly shorter,

making them undetected by IR spectroscopy.
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11.5 Conclusion

Cyclic carbonates are an important class of organic compounds. Using CO; as a green
substitute for the industrial utilization of phosgene constitutes a promising way for its
valorization. Utilization of CO, as Cl1 material constitutes a solution to decrease its
concentration in the atmosphere as well as constituting a durable way of synthesizing high-

value organic compounds.

This reaction requires the use of dual catalysts systems, most seen are quaternary
ammonium salt associated with various metallic complexes, in order to obtain milder

experimental reaction conditions.

Among all metallic complexes, Schiff base-type salen or salophen complexes 2N20
associated with n-BusNBr main catalyst are able to efficiently catalyse the cycloaddition
reaction of styrene oxide into cyclic carbonate using CO,. According to recent studies, the
process efficiency (substrate conversion and cyclic carbonate selectivity) is controlled by
several parameters: presence of a nucleophilic source, presence of a H-bond donor group,
strength of the ionic interaction between the onium and halide groups, reaction conditions
such as temperature, CO; pressure, reaction time and molar ratios. It was demonstrated that
in the case of supported catalysts, active groups present at the surface (hydroxy or amine)

could greatly enhance the overall reactivity.

Best catalytic systems generally involved the use of tetrabutylammonium halide n-
BusNX, with preferred halide groups being either bromide or iodine atom. A large variety of
metal organic catalysts were successfully used as Lewis acid co-catalyst such as Salen and
Salophen complexes. This family of complexes actually has the great advantage of being easily
synthesized and functionalized. High vyields of carbonates may thus be obtained in mild
conditions such as room temperature or under 1 bar of CO; pressure, using catalyst with 5%

molar concentration.

Cycloaddition reaction relies on the utilization of homogeneous quaternary onium
salts in solution, which could be improved by grafting them at the surface of silica support.
Dual utilization of supported catalyst and co-catalyst would play an important role in the

upcoming improvement of such catalytic systems. In addition, a crucial point still to be
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considered is to determine the feasibility of such system to effectively reduce CO; emissions:

Why bother utilizing CO, as C1 material if the process itself reject even more CO,? Great

efforts shall be made to obtain a negative carbon balance within the implementation of a

catalytic process, by lowering temperature and pressure conditions as well as the time

reaction.
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ABSTRACT

Cyclic carbonates are key compounds with a large scope of applications. Their one-pot
synthesis from cheap and available alkenes using CO; and oxidants has gained great attention
from an economic perspective. Furthermore, their synthesis under relatively low temperature
and CO; pressure with oxidants such Oz and H;0: could lead to a very sustainable preparation
route. Over the last two decades, some advances have been made in the development of
catalytic systems affording the reaction of CO; with epoxides under mild conditions which is a
prerequisite for the whole process. This review covers the state of art of the one-pot synthesis
of cyclic carbonates from alkenes, CO, and oxidants with a focus on catalysts working under
moderate temperature and low CO; pressure in the presence of green reagents such as O;
and, to a lesser extent, H,0,. Procedures leading to a step economic pathway will be especially
emphasized. Furthermore, the interest and the implementation of the possible catalytic
systems involving the two steps leading to an oxidative carboxylation of alkenes (i.e. auto-
tandem vs. orthogonal catalysis or one-pot catalysis) are key issues that will be addressed in

this review.

Keywords: Carbon dioxide; Alkenes; Dioxygen; Hydrogen peroxide; Cyclic carbonates;

Epoxidation; One-pot reaction
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1.1 Introduction

CO,, which is a very stable molecule (AG™ = -396 kJ/mol)[1] and has long been
considered as a “spent” form of carbon. Nevertheless, CO; is utilised in nature, the most well-
known reaction being photosynthesis, which converts carbon dioxide into carbohydrates and
dioxygen using energy from sunlight and water. Conversions of CO, based on the reduction of
carbon [2][3—8] will not be discussed in this paper. Other reactions where carbon dioxide is
incorporated into target chemicals without any change of its carbon oxidation state are
carboxylation reactions leading to carbamates (RR’NC(O)OR”), ureas ((RNH),CO) and
carbonates ((RO).CO). Important organic carbonates include dimethyl carbonate, diphenyl
carbonate, ethylene carbonate, propylene carbonate as well as poly-carbonates[9,10]-[11].
Cyclic carbonates, targeted by this review, are widely used in the manufacture of industrial
products such as solvents, paint-strippers, lithium batteries, and biodegradable packaging[12—
14]. They also have application in the medicinal chemistry, such as in controlled drug
release[15], surgical implant substances[16], or even as anti-depressant.[17] With the
progresses of an inherently safer green chemistry[18], CO. is a very interesting alternative to
replace phosgene C(O)Cl,, another source of C(IV) which is more reactive but which is a toxic
reagent[19]. Recycling this “waste” carbon into new valuable compounds and thus, offering a
much less environmentally impacting technology than the previous ones is a nice

objective[20].

Cycloaddition of CO; to epoxides to produce cyclic carbonates catalysed by quaternary
ammonium salts is a 100% atom-economical efficient process that has been industrialized for
more than 40 years[21]'[22]. Nowadays, new catalysts have been developed for this reaction
enabling milder conditions that are compatible with the oxidation of alkenes. As the result,
the present review is focused on recent works dealing with the combination of the
epoxidation of alkenes and the further reaction of the oxiranes with CO; in the same pot
(direct synthesis of cyclic carbonates from alkenes)[23—-25]. Thereby, this review is divided into
three main sections. First, the different strategies implemented to carry out the multi-step
reaction to produce five-membered cyclic carbonate from alkenes will be fully developed.

Then, the general process state-of-art involving the use of hydroperoxide as oxidant and
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homogenous ammonium salt catalyst will be presented. Finally, alternative processes using

02 as oxidant and new supported carboxylation catalyst will be detailed in the last part.

1.2 Some guides for the direct synthesis of

cyclic carbonates from alkenes

Coupling of CO; with an epoxide, a chemical reaction known since 1969 when
Inoue et al. combined ZnEt; (catalyst), water, CO, and propylene oxide[26,27], is much more
environment friendly (no waste, no toxicity) than the conversion of the same epoxide into an
intermediate diol that later reacts with phosgene (figure 1)[21]. In both routes, epoxides are
used as starting materials but alkenes can be considered as more interesting due to their
better availability[28] and so, lower price, thus encouraging the development of one-pot

processes for their conversion into cyclic carbonates in the presence of CO; and oxidants.
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Figure 31: Initial multi-step synthesis of cyclocarbonate using phosgene compared to the improved route using
CO; as C1 source

Therefore, the direct synthesis of cyclic carbonates from olefins using CO, and an
oxidant can be considered as a more economic, safe and valuable process due to the lower
price and better availability of alkenes[28]. From the literature, typical one-pot methodologies
may be classified as a two-steps sequential epoxidation of the olefin and cycloaddition of CO3
onto the epoxide formed (figure 2, route 1)[29] or as a simultaneous oxidative and
carboxylative path (figure 2, route 2)[30-32]. In some cases (use of hypohalites as oxidants),
halohydrines are formed instead of epoxides (figure 2, route 3) and transformed into cyclic

carbonates by reaction with CO;[25,33—36]. Nevertheless, due to the stoichiometric

93



production of HX waste (like for phosgenation), the route 3 will not be further considered in

the present review[37].
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Figure 32: Synthetic routes to cyclic carbonates from olefins and CO;

An overview of the different epoxidation processes will be presented in the next part,
followed by the main catalytic systems found in cycloaddition reaction of epoxides.
Emphasizes will be made especially on the systems favouring the use of small green molecules
02 and H;0,. Finally, catalysts allowing a global reaction including both oxidation and

cycloaddition steps will be presented in a third part.

1I.2.1 Different catalysis options for the one-pot synthesis of

carbonates from alkenes

The implementation of both oxidative and carboxylative catalytic steps, required for
the synthesis of cyclic carbonates from alkenes, into an economic one-pot process, without
the need for the isolation of the epoxide intermediate[38] is discussed now. Such a step
economy, as defined by Wender et al.,[39] should lead to a reduction in the amounts of
reagents and solvents, hence, in the waste generated, as well as potentially of the number of

catalysts used in some cases.

The concept of “one-pot catalysed processes” comes into at least three sub-

categories (Figure 4) as described by Fogg et al.[40] At first sight, auto tandem catalysis (Figure
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33.a) where a single catalyst (here, defined as OxCyCat) is involved in mechanistically distinct
reactions (in a single reactor), appears as the most seducing approach. Alternative options are
one-pot reaction and orthogonal catalysis, both involving two catalysts, one for each step
(respectively OxCat and CyCat). In orthogonal catalysis (Figure 33.b), OxCat and CyCat are
introduced together at the beginning of the transformation but they work one after the other
with a unique set of reaction conditions.[40] On the contrary, in the one-pot reaction (Figure
33.c), CyCat is added only once the epoxidation step catalysed by OxCat is complete. As a

consequence, reaction conditions may be different for both catalysts.

0
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Figure 33: “One-pot catalysed processes” for styrene carbonate synthesis from styrene via multiple catalytic transformations

Hence, one-pot catalysis is chosen when the conditions for the optimal performance
of OxCat and CyCat are significantly different. For example, the temperature can be
modulated in order to improve alkene conversion and the carbonate selectivity. Advantages
and disadvantages of the different options are briefly presented in table 1 in the light of
various parameters. Auto-tandem and orthogonal catalysis should be favored as much as
possible for efficiency reasons because they allow working with a single set of conditions for
both parts of the overall transformation, but the conditions chosen correspond to a
compromise when they are very different for each single step, which implies more difficulties

in controlling the cyclocarbonate selectivity.
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Table 11: Relative merits of the different classes of “One-pot catalysed processes”

e Options
Criteria -
One-pot reaction Orthogonal Auto-tandem
Effici i I
|C|enF}/ |n'cata yst Poor Poor High
utilization
Ease of catalyst recovery Poor Poor Good
Interaction between catalysts Possible Possible -
Process efficiency Low High High
C.a'pauty to optimize High Poor Poor
conditions for both catalyses
Capacity to control selectivity High Limited Limited

In general, one-pot reaction allows a stepwise temperature control and the addition
of the cycloaddition catalyst in a timely way, i.e. after an optimum formation of the epoxide.
Future work on orthogonal catalysis should be encouraged because of the simpler devices
required and easier operations.[41] To achieve this, it is necessary to find at once oxidation
and cycloaddition catalysts capable of operating under close operating conditions (especially

for the temperature).

1.3 Main strategies for the synthesis of
cyclic carbonates from alkenes with green

oxidants

Direct synthesis of cyclic carbonates from olefins was first described in
1962.[42]'[43] As one of the most common olefins used in industry, styrene was explored as a
model substrate.[42] In 1987, Aresta et al[44] used rhodium complexes such as [Rh'CIL;] (L2 =
various phosphines or diphosphines) as unique catalysts precursors to accomplish the
transformation of styrene to styrene carbonate. With a substrate-to-metal molar ratio of 100,
the complete conversion of styrene with a carbonate yield of 25% could be achieved under
mild conditions (CO2/02 mix pressure = 0.5 bar each, temperature = 40°C) in tetrahydrofuran.
It is noteworthy that this reaction occurred without the use of a quaternary ammonium salt.
Styrene oxide was nevertheless obtained as well as benzaldehyde probably as the result of
some competitive oxidative cleavage of the styrene double bond. The product distribution

was strongly influenced by the solvent, as well as by the 0,/CO; pressure and reaction
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temperature, with carbonate production better achieved working at low pressure and at
temperature close to 40°C. Interestingly, mechanism studies showed that the in situ isolation
of the styrene oxide intermediate was not necessary for the synthesis of the cyclocarbonate,
due to the ability of the noble metal based-complex to catalyse the overall transformation
(auto-tandem catalysis?). Such example involves what might be an ideal combination of
reagents, i.e. O2 and CO,. However, it has to be admitted that the choice of O; as the oxidant
for the whole oxidative carboxylation process is not the most widespread in the literature.
Indeed, organic hydroperoxides or hydrogen peroxide are generally more often involved
because affording a better control of the selectivity in the epoxide intermediate formation.
Main catalytic systems using either organic hydroperoxides, then hydrogen peroxide will be

reviewed in the following paragraphs (see also Table 2).

11.3.1 Synthesis of styrene carbonate using CO, and organic

hydroperoxides

The use of CO; and organic hydroperoxides as reactants for the direct synthesis of
cyclic carbonates (here, styrene carbonate) from alkenes (here, styrene) is obvious as the
result of the progress made on the design of efficient epoxidation catalysts, the latter being
combined with quaternary ammonium salts and, especially n-BusNBr, themselves associated

with a co-catalyst.

One well-known example described in 2005 deals with the combination of n-
BusNBr/ZnBr; (CyCat) with Au catalyst supported on silica[45] (Table 12, entry 2) or on Fe(OH)3
(OxCat) (Table 12, entry 3) used in the presence of tert-butyl hydroperoxide (TBHP).[45] With
Au/SiO2 and n-BusNBr/ZnBr; at 80°C, the CO; pressure was rather low (10 bar) and the overall
yield of styrene carbonate modest (36%). Besides Au(0), various metal-based (Ti"', Mn"", Mo",
Re', Cr'" or Fe'") homogeneous or heterogeneous epoxidation catalysts (OxCat) also working
with TBHP have been associated to quaternary ammonium salts (see Table 12). Most of them
emphasized excellent styrene conversions but moderate styrene carbonate yields (between
33 and 68%). It is noteworthy that weak yields in styrene carbonate are often related to the
formation of side products such as benzaldehyde, phenyl acetaldehyde and styrene glycol (see

Figure 34). Styrene glycol would be obtained by the reaction of residual water with styrene
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oxide,[46] whereas benzaldehyde would be formed from the oxidative C=C cleavage of

X (i) ©A0+ v

styrene.[47,48]

‘(i)

OH

<8 O
- —_— |

‘ (v)
o (i) Epoxidation
(i) Oxidative cleavage
(iii) Epoxide ring opening with H,O
(iv) Thermal rearrangement reaction due to GC-FID injector
OH (v) Overoxidation product

Figure 34: Main products obtained from styrene epoxidation reaction

Heterogeneous oxidation catalysts bearing Ti-sites on the surface of mesoporous silica
known to be efficient with tert-butyl hydroperoxide have of course been investigated.[47,48]
Using TBHP and CO,, Srivastava, Kholdeeva and Evangelisti[29,49][50] (Table 12, entry 4-6)
obtained styrene carbonate in the presence of a mesoporous titanium-silicate material (Ti-
MCM-41%, Ti-MMM-E*® or Ti,OxMMM-2[50]), and DMAP* or n-BusNBr®®[50] as
cycloaddition catalysts in orthogonal catalysed-processes. The best yield in styrene carbonate
was reached by Evangelisti et al. (67%) at 70°C under 8 bar of CO; but it has to be noted that
the molar ratios of Br : Ti : styrene ratio remain pretty low 1 : 5 : 10, resulting in a poor TONr;

of 1.3.

Metal complexes were also studied as homogeneous epoxidation catalysts in parallel,
most of them being tested in one-pot catalysed processes. The only example of orthogonal
process was described by Ramidi et al.[51] who used a amido-amine manganese (lll)-chloro
4N-complex coupled with n-BusNBr at 100°C under 17 bar of CO; for the direct oxidative
carboxylation of styrene (Table 12, entry 7). Detailed investigations showed that a stable
manganese(V)=0 was formed and capable of transferring an oxygen atom from various
oxidants (such as TBHP or H,0:) onto styrene. TBHP was found to be the most active oxidant
for the production of styrene carbonate with 34% vyield (11% with H,0) for 6h. Before
introducing the catalysts required for the CO2 cycloaddition, Chen[32] (Table 12, entry 8), then
Siewniak[52] (Table 12, entry 9) used [MoO;(acac);] for the epoxidation step with TBHP at
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100°C. Chen utilized n-BusNBr alone for the cycloaddition step leading to a styrene carbonate
yield of 68% with both high temperature and CO; pressure (140°C, Pco2 = 30 bar). Siewniak
used instead an immobilized tributylmethylammonium chloride (TBMAC) with ZnBr; as co-
catalyst and thus obtained a similar styrene carbonate yield (67%) but with milder reaction
conditions (100°C, pco2 =9 bar). The example described by Siewniak!®® is indeed the first report
of a supported ammonium salt, in this case using polystyrene molecular sieve as a polymeric

carrier, for the direct oxidative carboxylation of styrene.

As mentioned earlier, ionic liquids such as N-butyl-N’-methylimidazolium
tetrafluoroborate ([BMIm]Br can be used as both solvents and catalysts to synthesize styrene
carbonate from styrene oxide in the presence of CO,[53]. So, it was not surprising that the
global reaction from styrene to styrene carbonate has also been carried out in the presence
of such compounds. Girard (Table 12, entry 10) and Jasiak et al.(Table 12, entry 11)[54,55]
obtain good yields (60-62%) of styrene carbonate at 120 °C under 6 bar of CO; in [BMIm]Br

Due to the important amount of imidazolium, TOF values were pretty low for these systems.

Chromium terephtalate MIL-101-Cr, which is a metal-organic framework known for its
high CO; adsorption capacity, was tested by Zalomaeva et al. in the presence of n-BusNBr for
the synthesis of cyclic carbonates from epoxides or olefins (Table 12, entry 12).[56] MIL-101-
Cr / n-BuaNBr led to very good yields of styrene carbonate (up to 82-95%) direct-from styrene
oxide under 8 bar of CO2 at 25°C under solvent-free mild conditions after 24h reaction.
However, in the case of the direct oxidative carboxylation of styrene under 8 bar of CO; at
250C using TBHP as the oxidant and TBABr + Cr-MIL-101 as the catalyst, very poor conversion
and yield of 7% (39% conversion) were obtained after 24h reaction. Ambient temperature
conditions are probably too low in order to perform the epoxidation. Moreover, MIL-101-Cr,
in oxidative conditions, seems to promote the formation of side products, mainly
benzaldehyde, and thus reduces the carbonate selectivity. A more recent catalytic system
involving the use of Zr-based MOF-892 developed by Nguyen et al. (Table 12, entry 13) [57]
turned out to be very efficient for the one-pot synthesis of styrene carbonate from styrene
(100 % conversion, overall yield = 80% after 9h) at 80°C and 1 bar of CO, using TBHP as oxidant
and n-BusNBr. The authors demonstrated the active role of Lewis acid sites on Zr units (acting
as co-catalysts for n-BusNBr) combined with the (Brgnsted) carboxylic acid groups integrated

within MOF-892 structure involved in the activation of the epoxide substrate.
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Cumene hydroperoxide (CHP) was also tested as an alternative to TBHP. Indeed, CHP
is a cheap and stable oxidant obtained from cumene in the presence of O, and is widely used
in the industry.[37] Mixtures of CHP in excess of cumene can be utilized both as oxidant and
solvent. Moreover, the reduced form of CHP, i.e. cumyl alcohol, can be easily back converted
to cumene in two steps (dehydration, then hydrogenation).[37] Sun et al[45] (Table 12, entry
14) did replace TBHP (Table 12, entry 2) by CHP in order to obtain styrene carbonate in the
presence of gold nanoparticles supported on SiO; (oxidation catalysts) and of n-BusNBr/ZnBr;
(cycloaddition catalysts) at 80°C with 10 bar of CO;, in solvent-free conditions. Hence, the
authors demonstrated that CHP was able to act as an efficient oxidant for this reaction, leading
to a final styrene carbonate yield of 43%, slightly higher to the 36% yield obtained with TBHP

in the same conditions.

Last but not least, it has to be reminded that n-BusNBr can be used as a unique catalyst
(tandem catalysis) for the synthesis of cyclic carbonates from alkenes in the presence of TBHP
and CO; as shown by Sun et al[58] (Table 12, entry 1). In this case, these authors observed the
in-situ conversion of Br- from n-BusNBr into hypobromite, BrO-, by reaction with TBHP, which
then affords a bromohydrin intermediate by reaction with alkenes. In a second step, a base-
promoted removal of Br~ by intramolecular nucleophilic substitution (after the deprotonation
of the hydroxyl group of the bromohydrin) leads to the epoxide, which is finally converted to
the corresponding cyclic carbonate by reaction with CO,. The styrene carbonate yield reached
33% using 1.5 mol% of n-BusNBr compared to styrene, at a moderate temperature (80°C) and
in solvent-free conditions. However, this reaction requires a very high pressure of CO; (150
bar ) and generates benzaldehyde as a by-product. Using imidazolium type ionic liquids as
solvents, TBHP as oxidant with no added epoxidation and cycloaddition catalysts apparently

gives rise to a similar reaction pathway.

Regarding the use of organic hydroperoxides and CO; as reagents in the one-pot
synthesis of cyclic carbonates from alkenes, the most efficient catalytic systems reported are
not implemented in true tandem conditions (only one catalyst) but are involving a soluble
quaternary ammonium halides for the cycloaddition and Mo", TiV, zrV (d° metals)
homogeneous or heterogeneous entities with a strong Lewis acidity for the activation of
hydroperoxides that are implemented either in orthogonal (case of Ti"V and Zr'"V) or one-pot

(case of Mo"') modes. For conversions closed to 100%, yields of styrene carbonate in the order
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of 62-68% and even 80% were obtained for Ti", Mo"' and Zr'"V (case of a MOF structure).
However, these encouraging results appears in drastic conditions reaction, with temperature
going from 80 to 150°C and CO; pressure from 5 to 30. Co-catalysts were used in small molar
quantity (up to 0.1% and 0.5% for Mo and Mn co-catalysts) as seen in Table 12 entries 7-9.
Efforts must be put to assess a good catalytic activity with low main catalyst TBABr loading
which is used in high concentration of 10% in some examples (see Table 12 entries 5, 6 and
12). Itis noteworthy that none of the reported works involved a true heterogeneous catalytic

system.
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Table 12: Synthesis of cyclic carbonates from olefins and CO; using either organic hydroperoxides or hydrogen peroxide. DBU : 1,8-Diazabicyclo(5.4.0)undec-7-ene, EMO : Methyl oleate oxide,
MO : methyl oleate, PPNCI : Bis(triphenylphosphine)iminium chloride, ScCO; : Supercritical CO,

Epoxidation Cycloaddition SC. Yield Catalytic
Entry Reference Oxidant Reaction conditions
catalyst catalyst system (conv.) % transformation
1 Sun et al.[58] - TBHP n-BusNBr [BuaNBr : styrene, 1: 9 TBHP (1.5 eq.)], 80 °C, 150 bar, 6h 33 (74) Auto-tandem
2 Sun et al.[45] Au/SiO, TBHP n-BugNBr /ZnBr,  [Au:ZnBra: BusNBr:styrene, 1:2:3:69, TBHP (1.5 eq.)], 80 °C, 10 bar, 6h 36 (90) Orthogonal
3 Sun et al.[59] Au/Fe(OH); TBHP n-BusNBr/ZnBr,  [Au:ZnBr2: BusNBr:styrene, 1:2:3:69, TBHP (1.5 eq.)], 80 °C, 40 bar, 4h 43 (91) Orthogonal
4 Srivastava et al.[29] TiIMCM-41 TBHP DMAP [Ti: DMAP : styrene, 1:1:2200, TBHP (1 eq)], 140 °C, 7 bar, >10h 33 (40) Orthogonal
5 Kholdeeva et al.[49] Ti-MMM-E TBHP n-BusNBr [Ti: BusNBr : styrene, 1:5:52, TBHP (1.5 eq.)], 70 °C, 80 bar, 48h 64 (92) Orthogonal
6 Evangelisti et al.[50] TinOx-MMM-2 TBHP n-BusNBr [Ti:Br:styrene, 1:2:25, TBHP (1.5 eq.)], 70°C, 8 bar, 24h 67 (99) Orthogonal
7 Ramidi et al.[51] Mn complex TBHP n-BusNBr [Mn : BusNBr : styrene, 1: 2 : 500, TBHP (1.5 eq)], ACN, 100 °C, 17 bar, 6h 34 (-) Orthogonal
8 Chen et al.[32] MoO,(acac), TBHP n-BusNBr (i) [Mo : styrene, 1 : 1000, TBHP (1.1 eq.)], 100 °C, 1 h (ii) [BusNBr : styrene 1 68 (99) One-pot
:20], 140 °C, 30 bar, 1h
9 Siewniak et al.[52] MoO,(acac), TBHP PS-TBMAC/ZnBr, (i) [Mo : styrene, 1:1000], 100 °C, 1 h (i) [Zn : TBMAC : styrene 1: 4 : 362], 67 (96) One-pot
100 °C, 9 bar, 4h
10 Girard et al.[54] - TBHP [BMIm]Br (a) (i) [Br : styrene 1 : 10, TBHP (1.5 eq)], 100°C, 16h (ii) 150 °C, CO 5 bar, (a) 62 (99) (a) One-pot
6h (b) 36 (90)  (b) Orthogonal

(b) [Br: styrene 1: 10, TBHP (1.5 eq)], 150°C, 5 bar, 6h

11 Jasiak et al.[55] Au/CNT TBHP [BMIm]Br-ZnBr, (i) [Au: styrene, 1:5],80°C, 4 h (i) [ [BMIm]Br : Zn : substrate 22 : 1: 357], 60 (100) One-pot
120 °C, 12 bar, 2h
12 Zaloemaeva et al.[56] Cr-MIL-101 TBHP n-BusNBr [Cr: BusNBr : styrene, 1:2: 20, TBHP (1.5 eq.)] in CH2Clz, 25 °C, 8 bar, Sh 7 (39) Orthogonal
13 Nguyen et al.[50] MOF-89(Zr) TBHP MOF-89(Zr)/ [MOF : styrene : Br: TBHP, 1:17:33:25], 80°C, 1 bar, 9h 80 (100) Orthogonal
BusNBr
14 Sun et al.[45] Au/SiO, CHP n-BugNBr /ZnBr,  [Au:ZnBra: BusNBr:styrene, 1:2:3:69, TBHP (1.5 eq.)], 80 °C, 10 bar, 6h 43 (75) Orthogonal
15 Yokoyama et al.[60] MTO [Re] UHP Zn[EMIm]2Br4 / (i) [Re :styrene, 1: 50, UHP (1.1 eq.)], 2h, 110°C 83 (99) Orthogonal
[BMIm]BF4. (ii) [Zn[EMIm]2Bra], [BMIm]BF4 solvent, 110 °C, 30 bar, 2h
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16

17

18

19

20

Srivastava et al.[29]

Doll et al.[61]

Eghbali et al.[33]

Sathe et al.[62]

Dias et al. [63]

TS-1

MTO [Re]/3-
methyl
pyrazole

6MnNP@SiO,

H,0: (aq.)
H,0:(aq.)
/
HC(O)OOH
H,0: (aq.)

H,0, (aq)

HzOz (aq)

DMAP

n-BusNBr

n-BusNBr /DBU

Al complex

/ BusN |

2CrNP@SiO;

[Ti: DMAP : styrene, 1:1:2200, H.0: (2 eq)], 120 °C, 7 bar, >10h

(i) [MO : formic acid, 1: 3, H,0,(2 eq.)], 25 °C (ii) [BusNBr : EMO
1:20], 100 °C, 103 bar, 15h

[TBABr : Styrene : DBU, 1:10:1.3, H,0, (6 eq.)], 50 °C, 18 bar,
15h

(i) [Re: styrene : 3-MP, 1 : 100 : 24, H,03 (2 eq.)], 40 °C, 30 min (ii)
[Al: styrene : BusNI 1 : 44 : 5], 100 °C, 8 bar, 0.66h

[Mn : styrene : NH4OAc, 1:600 : 387, H,0; (4 eq.)], ACN, 25°C,
0.75h
(i) [Cr : PPNCI : styrene, 1:1400:1400], 80°C, 10 bar, 24h

6(22)

90 (-)

70 (89)

88 (98)

70 (99)

Orthogonal

One-pot

Orthogonal

One-pot

One-pot
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11.3.2 Synthesis of styrene carbonate using CO, and H,0;

Much less contributions dealing with the formation of cyclic carbonates from the
corresponding alkenes using CO; and H,0; as reagents are available in the literature. The first
example of styrene carbonate synthesis from styrene using aqueous H,0; was reported by
Srivastava et al. in 2003. (Table 12, entry 16).[29] In this work, the authors used TS-1
(titanosilicate-1) and DMAP respectively as epoxidation and cycloaddition catalysts. The
implementation of the whole process was performed using an orthogonal catalysis approach.
Very low styrene conversion (22%) and yield of styrene carbonate (6%) were obtained in these
conditions (120°C, 7 bar of CO;). According to the authors, the presence of H,O in the reaction
mixture had a negative impact on the reaction of epoxide with CO; because of the formation
of the undesired diol (styrene glycol) as a by-product. Removal of H,O from the reaction
system by using molecular sieves[37] or for example 2,2-dimethoxy propane[37] acting as a

dehydration reagent could be an option to obtain higher yield of carbonate.

Hydrogen peroxide, when combined with an organic acid (e.g. formic acid), works quite
well to get cyclic carbonates from olefins. Indeed, Doll et al. (Table 12, entry 17)[61] were able
to synthesize carbonated fatty methyl esters using such oxidant in the presence of n-BusNBr
alone in supercritical CO,. The methodology implemented was sequential. First, formic acid
was mixed with methyl oleate and then H,0, was added leading to the RT epoxidation of the
unsaturated fatty methyl ester without the assistance of a catalyst. Afterwards, the epoxide
was separated from the reaction mixture and made react with CO; and n-BusNBr in
supercritical CO2 (100 bar) at 100°C during 20h for the cycloaddition part, affording an
excellent carbonate yield of 90%. A few other processes dealing with cycloaddition[64] only
or the whole transformation from alkenes to cyclic carbonates[63] using environmentally

friendly supercritical CO; were also described in the literature.

Although it has been claimed that the presence of water tends to alter the yield of
cyclic carbonates from their corresponding olefins, some authors showed recently that H,O
could also be beneficial for an enhanced formation of the cyclic carbonate[65]. Indeed,
aqueous hydrogen peroxide is not always leading to deceiving yields of cyclic carbonates as

shown, for example, by Eghbali and Li[33] (Table 12, entry 18) in an orthogonal approach.
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These authors were able to get styrene carbonate with 70% yield at 50°C by the reaction of
styrene with H,0; and CO; in the presence of n-BusNBr and of an organic base, 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU), the latter being used as a “CO; activator” due its ability
to form an adduct with CO,. DBU in association with n-BusNBr worked much better than DMAP
previously used by Srivastava et al. (Table 12, entries 4 and 16) and in milder conditions (50°C
vs. 120 or 140°C). However, a relatively high CO, pressure (18 bar) and long reaction time
(15h) were necessary. Using NBS (N-bromosuccinimide) as cycloaddition catalyst precursor
instead of TBABTr, an even higher yield of styrene carbonate could be reached (89%) at 60°C
under 18 bar of CO; and in a very short period of time (3h).[33] However, hydrobromic acid
was generated during the reaction requiring, in that case, the use of excess amounts of NBS
and DBU in order to deprotonate the weakly acidic alcohol and to neutralize hydrobromic acid
generated during the reaction. Intermediary bromohydrin specie was in-situ formed before

reaction with activated CO..

Two-steps processes can also be implemented using fixed bed flow reactors in series
as shown by Sathe et al[62] (Table 12, entry 19) who worked with the urea-hydrogen peroxide
adduct (UHP) instead of conventional agueous hydrogen peroxide in order to avoid the
introduction of water. In that case, methyl trioxorhenium complex (MTO) was contacted first
with the reaction medium at 40°C to get the epoxide, then BusNI associated with an amino
trisphenolate complexed aluminium[66—68] was involved for the cycloaddition step at 100°C
and 8 bar in a kind of “one-pot catalytic” system. Using a membrane separator between
organic and aqueous phases, a liquid-liquid separation was utilized to isolate incompatible
reagents such as Lewis acid and base, oxidizer, and reductant, with only the initial olefins and
corresponding products remaining. In those conditions, styrene carbonate could be produced
with an overall yield of 88% after ca. one hour (0.5 h for the epoxidation step, and 0.66 h for
the cycloaddition step). Other alkenes with higher molecular weight were also tested with a
good yield in the corresponding carbonates (>80%). According to the authors, this work was
the first to report an overall conversion of alkene into the corresponding cyclocarbonate in
such a small period of time. Rather mild temperature conditions (100°C) were used during the
cycloaddition step, as well as a moderate pressure of CO; (8 bar). However, the homogeneous

rhenium catalyst was not easily separated from the reaction mixture, making straightforward
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recycling difficult suggesting the implementation of such system with heterogenized catalysts

for a better recovery and reuse.[69,70]

Other system involving MTO as oxidant was developed. Yokoyama and co-workers
(Table 12, entry 15)[60] used the urea/hydrogen peroxide adduct (UHP) instead of aqueous
hydrogen peroxide as the oxidant combined with methyltrioxorhenium (MTO, epoxidation
catalyst) in [BMIm]Br Both UHP and MTO are soluble in the ionic liquid,[71] and the authors
claimed that this good solubility is the key-point for the important styrene carbonate global
yield reported (83%). It is noteworthy that this styrene carbonate yield is one of the highest
values reported so far in that review. On the opposite, only traces of carbonates were

obtained using an aqueous solution of TBHP, which is not miscible with [BMIm]BF4[72]

Actually, Dias et al[63]. (Table 12, entry 20) used both Mn(lll) and Cr(lll) porphyrin
complexes either as homogeneous or immobilized catalysts for the sequential epoxidation of
styrene and its derivatives by aqgueous H,O; followed by CO; cycloaddition onto their epoxides
in separately optimized conditions (“one-pot catalysis”). The soluble manganese(lll)-porphyrin
was used for the epoxidation step while soluble bis(triphenylphosphine)iminium chloride
(PPNCI) assisted by the chromium(lll)-porphyrin was added in the second step. In these
conditions, high olefin conversions (93 to 99% depending on the olefin) were achieved, and
fairly good to good carbonate yields generally obtained (in the range 47 to 70 %), under mild
conditions (25°C, 0.75 h then 80°C, 10 bar of CO. pressure for 24h). Alternatively, both
complexes were covalently attached to core-shell silica-coated magnetite nanoparticles. The
thus immobilized metalloporphyrin’s were then combined and evaluated as sequential
heterogeneous bimetallic nano-catalysts for the styrene conversion into styrene carbonate.
Manganese MNP (Magnetic Nanoparticle) was collected at the reactor walls with an external
magnet before the cycloaddition catalysts PPNCl and Cr MNP were added. Furthermore, the
nano catalysts were magnetically separated and successfully reused 3 times, leading however

to a slight loss of selectivity in carbonate.

Regarding the global reaction involving the use of hydrogen peroxide studies are
scarcer than the ones including the use of TBHP as main oxidant. While keeping the green
aspect of the oxidizer, a special effort must be made to promote this kind of system. Even
though, we can clearly see encouraging results regarding the overall yield of styrene carbonate
and the reaction conditions. As such, a yield of styrene carbonate as high as 70% has been
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found in most of the system, with a few able to perform with 88% and higher (see Table 12
entries 17 and 19). Most of the systems described involve mild conditions for the oxidation
step, with room temperature conditions in the systems developed by Doll (Table 12 entries
17) and Dias (Table 12 entries 20). The later developed a fully heterogenized system involving
Mn and Cr silica nanoparticles. Though, improvement can be made to prevent the use of
homogeneous additives NH4OAc and main catalyst PPNCI. Following cycloaddition step leads
then to an increase of the temperature up to 80°C in most system. This binary conditions
system found in one-pot catalytic process allow a better optimisation and an overall
improvement of the styrene carbonate yield. Somehow, system developed by Eghbali stands
out by its relatively mild temperature condition of 50°C found in both steps, still affording an
excellent yield of 70%. Overall improvement of the system includes the use of H.O, lower
molar equivalents (most of them being 2 or higher) and by the development of a fully
heterogenized auto-tandem system able to perform well in both oxidation and cycloaddition

steps.

11.3.3 Scope of the olefins tested with H,0, and organic

hydroperoxides

Styrene is often considered as a reference in catalytic cycloaddition tests and by
extension in the overall transformation of alkenes to cyclic carbonates due to its reasonable
activity and the easy quantification of its products by GC, *H NMR or HPLC with a UV detector.
However, styrene is a particular alkene because of the conjugation of its double bond with the
aromatic ring and styrene carbonate is not necessarily a compound of strategic interest. New
catalytic systems should be evaluated on a wider range of alkenes[63] but such studies are
not systematically undertaken. When the scope of olefins is investigated, authors are working
either with linear (generally inactivated and terminal) alkenes (1-pentene, 1-hexene, 1-
octene), internal[61] or even endocyclic alkenes such as cyclohexene or cyclooctene, the latter
being often used as a reference substrate in studies dealing with the development of catalytic

oxidation systems.

In general, linear terminal alkenes were found to be less reactive than styrene. In their
work with H,0; using an orthogonal approach, Eghbali and Li[33] have compared the

reactivity of styrene, hexene and octene using N-bromosuccinimide (NBS) associated to 1,8-
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diazabicyclo[5.4.0lundecenc-7-ene (DBU). The respective yields of styrene, hexene and
octene carbonates at 50°C under 18 bar of CO; were 70%, 47% and 27% (alkene conversion in
the range 89% to 72%). Such order of reactivity was confirmed by Ramidi et al.[51] who also
used an orthogonal approach (17 bar, 100°C) involving a Mn(lll) complex, n-BusNBr and TBHP.
In that case, the styrene, 1-pentene, 1-hexene and 1-octene cyclic carbonates yields reported

were 43%, 48%, 47% and 31%, respectively.

Similar alkenes, including also cyclooctene and allyl chloride, were studied by Chen et
al. in a one-pot approach using CO; and TBHP with n-BusNBr and [MoO3(acac);] with optimized
sets of conditions for both steps (30 bar for CO3)[32]. Thus, it could be emphasized that
experimental conditions have to be adapted depending on the substrates investigated. For
example, better yield was obtained for cyclohexene was obtained when the cycloaddition
reaction time were set to 6h instead of 1h, leading to an increase from 33 to 84% vyield in the
corresponding carbonate. In the case of the allyl chloride alkene, it was the epoxidation
temperature set at 70°C instead of 100°C that led to an increase of yield from 45 to 80% after
2h reaction. With this approach, excellent overall yields were obtained for 1-octene (83%) and
cyclohexene (84%). In the case of cyclohexene, best yield was obtained 1h epoxidation
followed by 6h cycloaddition (instead of 1h originally) at 140°C at 30 bar CO. Siewniak and
co-workers,[52] (Table 12, entry 9) who also used [MoO2(acac);] but in combination with a
guaternary ammonium salt supported on polystyrene (PS-TBMAC) associated with ZnBr; did
not only test styrene as discussed before (Table 12, entry 9) but also linear Cs and Cg alkenes
and cyclohexene. Yields of cyclic carbonates were in the range of 50% obtained for hexene
carbonate or 67% for styrene carbonate i.e. slightly lower than those obtained by Chen et
al.[48], probably as the result of lower CO, pressure and temperature in the second step (9
bar for Siewniak and co-workers[169], 30 bar for Chen et al.[48]). Very low yield in
cyclohexene carbonate (4%) was obtained despite a cyclohexene conversion of 87%.
According to the authors, it could be due to the formation of polycarbonates (by reaction of
CO, with cyclohexene epoxide) which cannot be detected by conventional gas
chromatography analysis.[73] It is noteworthy that Ramidi et al[51] also reported very low
yields of cyclohexene and cyclooctene carbonates (respectively 11 and 10 %) compared to

those of linear carbonates with similar reaction conditions (yields in the range 31 to 48 %, see
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above). According to the authors, the weak performances of their catalytic system towards

endocyclic strained alkenes could be related to steric factors.

Using a recyclable mesoporous titanium-silicate Ti-MMM-E and n-BusNBr, in an
orthogonal approach, Kholdeeva and co-workers[49] (see Table 12 entry 5) managed to get
styrene carbonate with a yield of 64% under a unified set of conditions. However, using these
optimized conditions (oxidant = TBHP, T = 70°C, Pco2 = 80 bar, 48h), they were not able to
obtain cyclic carbonates from cyclohexene and 1-hexene at all, thus showing the importance
of the activation of the double bond by the aromatic ring in styrene. Main products were
epoxides and other oxidation or bromination by-products. On the other hand, all styrene
derivatives tested were converted to the expected cyclic carbonates with yields in the range
of 27% (for 4-chlorostyrene) to 68% (for 4-methylstyrene). As shown in previous
studies,[32,74] 4-chlorostyrene and, in a lesser extent, 4-methoxystyrene appear thus to be
less prone to oxidative carboxylation. No explanation was given by the authors though. Such
differences between styrene derivatives and linear aliphatic alkenes (here 1-heptene), were
not always observed. Hence, using MTO, BuaNI assisted by a Al complex in a one-pot catalyzed
approach (with optimized conditions for both steps), Sathe et al.[62] reported very good yields
for 1-heptene (90 %), as well as styrene derivatives such as 4-chlorostyrene (90 %), 4-
fluorostyrene (91 %), or 4-tert-butylstyrene (86 %) carbonates in similar reaction conditions
used with styrene (40°C, then 100°C, 8 bar of CO;). Authors also indicated that the one-pot
protocol implemented in this case was optimized for weakly polar olefins with a rather high
molecular weight since their non-miscibility with water allowed an easy separation of H,0; at

the end of the epoxidation step, thus avoiding the oxidation of I" from BusNI in the next step.

1.4  Future directions for the synthesis of

cyclic carbonates from alkenes

It is noteworthy that Mukaiyama-type conditions (under O, using isobutyraldehyde
as a co-reductant) were also tested for the homogeneous oxidation step. Despite a good
conversion of the alkene using this methodology, the authors pointed out that no trace of

carbonates was evidenced in the final mixture.
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11.4.1 Use of molecular oxygen with carbon dioxide

As mentioned before, Aresta and co-workers showed that Rh(l) phosphines-based
complexes are able to facilitate the conversion of styrene into styrene carbonate using O; as
the oxidant in an auto-tandem catalysis process.[75]Styrene carbonate was obtained with a
maximum yield of 25% at 40 °C with a 50/50 1 bar mix of 0,/CO,. However, due to the low
lifetimes of these Rh(l) complexes (< few hours) and their rather low efficiency, metal oxides
such as Ag,0, MgO, Fe;03, MoOs3, Ta;0s, La;0s, etc were also tested as catalysts by the same
authors (Table 13, entry 1).[76] Indeed, such heterogeneous materials have previously shown
interesting performance either for epoxidation (e.g. Ag.O for the aerobic formation of
ethylene epoxide)[77-79] or for CO; cycloaddition (e.g. MgO for the formation of styrene
carbonate from styrene oxide).[80] As indicated in Table 13, the highest styrene carbonate
yield obtained by Aresta and co-workers, using Nb,Os (the best oxide of the series), was only
4% (for 27% conversion) at 120°C at 45 bar of CO; and 5 bar of 02, which is rather low.
Seemingly, due to high temperature conditions, the formation of styrene carbonate was
accompanied by other by-products, such as benzaldehyde and benzoic acid. Later, these
authors used a Nb,0s/NbCls mixture (Table 13, entry 2) leading to some improvement of the
yield of styrene carbonate up to 11% in DMF,[30] thus confirming if necessary the particular
role of halide ions in the CO, cycloaddition.[81] According to the authors, an acid-base
catalysis operates in the synthesis of carbonate generated from in in-situ NbOCls; specie

obtained from moist in the air (see Figure 35).
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Figure 35: Acid-base catalysis in the formation of carbonate

However, in all cases, benzaldehyde was found as the major reaction product. Results
were not much better (26% SC yield at 150°C, 5 bar of O, and 35 bar of CO;) for another
heterogeneous catalyst based on Fe3*-doped polymeric graphitic carbon nitride g-CsNa
nanophases immobilized in the channels of a mesoporous silica SBA-15 developed by Yuan et
al in 2013 (Table 13, entry 3).[82] Both reactions (epoxidation and cycloaddition) seemed to

be promoted by Fe3* and the solvent used (dioxane) may have a role in the epoxidation
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process due to its reactivity with Oz that may be responsible for the in-situ generation of some
hydroperoxides. No halide or ammonium specie were necessary to conduct the cycloaddition
reaction. The authors suggest that CO, was used as a mild oxidant coupled with O». Since CO;
is @ poor electron donor has a more tendency to accept electron than donation. It is then
reduced to CO, oxidizing the target molecule. As seen in other study, in the case of a mix
0,/C0O;,, an oxygen transfer can be seen from the peroxocarbonate metal complex to the
oxophile substrate, leading to an increase in the formation of phenylacetaldehyde and

epoxide (see Figure 36).[83]
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Figure 36: Mechanistic pathways for the formation of metal

Homogeneous catalytic systems using both O, and CO, are not numerous in the
literature. We actually found a paper of Bai et Jing[31] describing the use of the combination
of soluble dioxo(tetraphenylporphyrinato)Ru(VIl) and quaternary ammonium salts for the
direct oxidative carboxylation of various olefins (Table 13, entry 4). Varying the experimental
conditions (nature of the catalyst, its molar equivalent or the time reaction) led to high yields
of styrene carbonates up to 76 after 48h (po2 = 5 bar, pco2 = 11 bar, 30°C in the presence of
BusNI, in ethanol). Interestingly, the authors reached a 100% selectivity of styrene carbonate
at ambient temperature and under relatively low pressures of CO; and dioxygen. As the result
of the absence of benzaldehyde among the products, the authors have proposed a concerted
mechanism in which the epoxide intermediate would remain tied to the Ru centre, during the

attack by CO3, preliminary activated by I (see Figure 37).
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Figure 37: Proposed mechanism for the cycloaddition reaction involving the nucleophilic attack on CO; instead of epoxide

1.4.2 Use of supported halides for the design of fully

heterogeneous catalytic systems

Due to their reasonable catalytic activity and a large range of available compounds,
soluble halide reagents, especially quaternary onium salts have been overwhelmingly utilized
in the synthetic schemes described for the cycloaddition of CO; onto epoxides. However,
these reagents used as homogeneous catalysts, are handicapped by their difficult recovery.
Indeed, some halides maybe lost and contaminate the reaction products. One of the reported
methods to get rid of the n-BusNBr catalyst consists to heat the crude reaction mixture up to
190°C, taking advantage of the Hofmann-type elimination which decomposes the above-cited
TBABr ammonium into volatile products. However, the authors also suggested the loss of
product carbonated oleate due to it decomposition or volatilization at such high
temperature.[61] In order to come up with a more economically viable and more
environmental friendly process, the covalent immobilization of the halide reagent onto a solid

support appears a more elegant option.

Supported quaternary ammonium salts are either commercially available or maybe

synthesized on purpose. Amberlite IRA-400, an anion exchange resin made of polystyrene
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functionalized with —NR3*/Cl, is one example of commercially available material. This was
used by Sun and co-workers[45] to design a catalytic system for the conversion of styrene into
styrene carbonate in the presence of TBHP and CO,. Amberlite IRA-400 allowed the generation
of supported Au® nanoparticles stabilized by the polymeric support that are catalytically active
for the epoxidation step in the presence of TBHP while NR3*/Cl in excess are responsible for
the cycloaddition of CO,. Styrene carbonate was thus obtained at high temperature (150°C)
and CO; pressure (40 bar) at once with a maximum yield of 50 % (Table 13, entry 6). The
reusability of Au/R201 catalyst was examined and the catalyst was readily separated and
reused for a second run without any loss of activity. Interestingly, it has been noted that the
authors showed that a too high CO; pressure has a negative effect on the epoxidation step.
On their side, Liu and co-workers[84] (Table 13, entry 7) have designed a catalytic system
involving a delaminated titanosilicate with an open external surface providing support for the
immobilization of quaternary ammonium salts. Oxidation step was conducted at 40 °C for 1h,
then the temperature was increased to 140°C during 6h for the cycloaddition step under 20
bar of CO,. This bi-functional catalyst was obtained by reaction of the delaminated
titanosilicate (Del-Ti-MWW) with (OEt)sSi(CH2)sNBusBr and its performances were evaluated
in, an orthogonal mode, for the one-pot synthesis of propylene carbonate in the presence of
H20,, giving rise to an overall yield of 48%. According to the authors, the oxidation step was
enhanced by the titanosilicate support bearing quaternary ammonium groups, i.e., the active
sites for the carbonation. A first reuse of the catalyst led to a ca. 50% decrease of activity (yield
= 28%), mainly due to the pore blocking by the heavy by-products formed at high temperature
(140°C). However, thereafter, the catalyst displayed comparable propylene conversions and

propylene carbonates yields for the other catalytic runs.

Among the other supports used, one can mentioned chitosan, a natural polymer that
has found extensive applications as a catalyst support in diverse applications, owing to its low
cost, non-toxicity, and multifunctional properties.[85—89] Jain and co-workers (Table 13, entry
8)[90], hence prepared a dual catalytic system starting from magnetic chitosan (MCS), a
material made of magnetic Fes04 nanoparticles dispersed and stabilized by chitosan.[91] MCS
was subsequently used as a durable and sustainable support for the covalent immobilisation
of the epoxidation ([Co(acac):]) and the cycloaddition catalysts (a quaternary phosphonium

bromide (QPB)) at once. Such bifunctional material was tested in the orthogonal catalyzed
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synthesis of styrene carbonate with a 67% yield (at 95% conversion) from 0,/CO; and styrene,
using acetonitrile as a solvent at 100 °C, and relatively heavy pressure condition (5 bar O, and
30 bar CO3). The aerobic epoxidation of styrene required the use of isobutyraldehyde as a
sacrificial reducing agent (Mukaiyama reaction).[92]. In such oxidation process, peroxide
intermediates derived from the aldehyde are supposedly generated in-situ and are
responsible for the formation of the expected epoxide (styrene oxide) but also of
benzaldehyde that is issued from the undesired C=C oxidative cleavage. In addition, hexene,
cyclohexene and propene carbonates could be prepared with yields of 85%, 78% and 85%,
respectively, using similar experimental conditions. Last but not least, the catalyst was
successfully used several times without observing a significant decrease of the styrene

carbonate yield, showing a rather high stability. No leaching was observed too.

MOFs are solids that present some substantial advantages since, in theory, they have
an easily tuneable composition and can be functionalised with one or multiple active centers
while maintaining their crystallinity and surface area. [206—210] As the result, they have
already been used as catalysts both for the epoxidation of alkenes[98,99] and for the
cycloaddition of CO; onto epoxides[100-103], but not so much for the direct conversion of
styrene into styrene carbonate in the presence of CO,. One interesting example is given by
Han et al.[104] (Table 13, entry 9) who have designed a POMOF including Keggin type
polyoxometalates (POMs) [ZnW12040]® entities, known for their catalytic activity in
epoxidation[105—107] with cationic [Zn2(NH2-Bipy)2(HPY1)2(H20)(CH3CN)]®* units (NH2-Bipy =
NH»-functionalized bipyridine, HPY = pyrrolidine-2-yl-imidazole) whose basic amino bipyridine
ligands are expected to contribute to CO; capture. Such material was used in the presence of
n-BusNBr and TBHP as the oxidant searching for some synergy effects[108—110] induced by
the proximity of the different catalytically active centers. Under mild conditions (50°C and 5
bar of COy), styrene carbonate was synthesized with a 92% yield after a long reaction time of
96h. Furthermore, the catalyst could be reused with moderate loss of activity and selectivity

after 3 runs.
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Table 13: Aerobic and supported reagent synthesis of cyclic carbonate from olefin and CO,

entry Reference Epoxidation Oxidant Cycloaddition Reaction conditions SC.Vield — Catalytic .
catalyst catalyst (conv.) % transformation
1 Aresta et al.[76] Nb,Os 0, - [Nb,Os : styrene, 1:25, DMF (10 mL)], O, 5 bar, 120 °C, CO, 45 bar, 5h 4 (27) Auto-tandem
2 Aresta et al.[30]  Nb,Os/NbCls 0, Nb0s/NbCls Ell\;b;;)rs :121::05 styrene, 2:1:80], DMF (10 mL), O 1 bar, 135°C, €Oz Auto-tandem
3+\g_ . . _di °
3 Yuan et al.[82] (Fe*)g-CsNa/SBA-15 O, (5':;/_\_)1g5 CsNa/ [5Fhe : styrene, 1 :200], 1,4-dioxane (3 mL), O, 5 bar, 150°C, CO; 30 bar, 26 (58) Auto-tandem
. . [Ru : BuyNI : styrene, 1: 2 : 25], in CH,Cl,, O, 5 bar, 30 °C,
4 Bai and Jing.[31] Ru(TPP)(0)2 0, BusNI €O, 11 bar, 48h 76 (76) Orthogonal
(i) [Mn : styrene : IBA : chlorobenzene, 1 : 10 650 : 53 200 : 4 100],
5 D Dias et al. SMnNP@SiO, 0,+IBA  4CrNP@SiO;  CH,Cl; (2 mL), 2h, O, bubbling, 25°C (ii) [Cr : PPNCI : styrene, 1:1400: 52 (100)  One-pot
1 400], 80°C, CO, 10 bar, 24h
6 Sun et al.[111] Au/R201 TBHP Au/R201 %[ga”r:;:yrene’ 1:173 000, TBHP (1.5 eq)}, 80°C, 3 h (i) 150°C, CO2 ¢ ge)  Ayto-tandem
. Del-Ti-MWW- Del-Ti-MWW-  Catalyst : styrene, 1: 4, H,0, (2 eq.), ACN, (i) 40 °C, 1h (ii) 140 °C, CO>
7 Liu et al.[84] NBu3Br H,0, NBU3Br 20 bar, 6h 48(81) Orthogonal
. Co(acac),- Co(acac)s- (i) [Co : styrene : IBA, 1:130:160], ACN (10mL), O, 5 bar, 100 °C, CO,
8 Jain et al.[90] QPB@MCS 0, QPB@MCS 30 bar, 10h 67 (95) Orthogonal
9 Hanetal[104]  POMOF ZnW-PYI TBHP E?IMOF Z0W= 70w : Olefin, 1 : 1000, TBHP (2 eq.)], 50 °C, CO,5 bar, 96h :(z))(ee Auto-tandem
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I1.4.3 Discussion

From all the catalytic systems reviewed here, it seems to us that the most
successful in terms of carbonate formation but also in terms of sustainability are those
gathered in table 4. Our criteria were the yield of styrene carbonate (used as a model
substrate), the reaction time, the temperature, the CO, pressure, the catalyst efficiency as

well as the oxidant used.

Table 14: Best systems reported so far for the direct synthesis of cyclic carbonate from olefins and CO;

Sathe et al. Han et al. Jing et al. Yol::\‘/;ma Jain et al. Siewniak et al. Sun et al.
2017(62) 2015[104] 2010([31] 2007[60] 2015[90] 2017[52] 2009[111]
TBHP/
H.0./ MTO H.0./ MTO 0./ Co- TBHP/
(40°C, 0.5h) TBHP/ O:/RulTPPNO): | 1100¢, 5h) | qpB@MCs | MoOxacack Au/R201
- POMOF BusNI N (100°C, 1h) "
Conditions BusNI / « Al » N R / Zn-ILs (100°C, (80°C, 3h)
. (50°C, 5 (30°C, 5 bar O, N BusMeNCl / )
(100°C, 8 bar, bar, 96 h) 11 bar €O, 40 h) (110°C, 30 10h, 35 «Zn » (100°C, 9 (80-140°C,
0,75 h) ’ i bar, 2h) bar) ’ 40 bar, 7 h)
bar, 4 h)
Green
Oxidant ++ - .
Low CO:
pressure ++ ; . ++ .
Mild Temp. ++ = + =
Short
reaction - +4 + +4 +
time
High yield + + +
Catalyst
. . + ++
efficiently

Among, these studies, three deserve particular consideration. In the first, Sathe
et al[62] used a well-known selective epoxidation catalyst (MTQ),[112,113] H.0;, and the
combination of BusNI with an Al complex known as an efficient catalytic system for CO;
cycloaddition affording a 88% yield of styrene carbonate at 98% conversion. The strengths of
this system operating under one-pot catalysis conditions are the use of gentle reaction
temperatures (40°C, then 100°C), short reaction times (0.5h, then 0.66h) for each step and the
use of H,0,, a rather green oxidant. No benzaldehyde (oxidative cleavage product) was
formed as a by-product. However, it seems that the protocol implemented is limited by the
use of alkenes with heavy molecular weight or low polar substituents, as they are easily
separated using the membrane separator between organic and aqueous phases. Therefore,
the authors concluded their article by suggesting that the design of supported catalysts would

be an improvement for the overall transformation. In the second selected example, Yokoyama
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et al [60] developed a fast (2h, then 2h) one-pot catalytic process involving MTO and
“anhydrous” H.0; (UHP), and a mixture of ionic liquids [BMIm]BFs Zn[EMIm];Brs working at
rather low temperatures, 30°C for the epoxidation and 110°C for the cycloaddition. Urea
hydrogen peroxide was used as the oxidant due to its good solubility in the ionic liquid. Despite
the use of a high CO, pressure (30 bar), this system represents, according to the authors, an
improvement over other existing systems because it leads to a good styrene carbonate yield
(83% in 4h), a better use of the oxidant and because the separation/recycling of the ionic liquid
is easy. The last system with many favourable criteria is the one developed by Siewniak et al.
(one-pot)[52] involving MoO3(acac); and a supported quaternary ammonium coupled with a
Zn(ll) salt. Working with TPHP (the less green oxidant of the O,, H,0, and TBHP series) and
CO,, the authors achieved the oxidative carboxylation of alkenes at 100°C with important
carbonate yields (up to 77%, depending on the substrate, 67% for SC) in 4h, but no reusability

test was performed.

With regard to the possibilities of catalyst recycling, two other works dealing with fully
heterogenized systems can be pointed out. Among them, POMOF developed by Han and co-
workers[104] is a true auto-tandem heterogeneous catalytic system, that fulfils a lot of the
above criteria such as a high yield of styrene carbonate of 92%, the use of mild temperature
(50°C) and CO; pressure (5 bar). The catalysts could be reused at least three times with
moderate loss of activity (from 92 to 88% yield). However, hydroperoxides such as TBHP and
excessive reaction times (in the present case, 96 h) are prohibitive conditions for a large-scale
industrial use. Orthogonal catalytic system designed by Sun and co-workers[111] in which gold
nanoparticles and ammonium in excess co-exist on a single polymer support. In that case, the
reaction times were satisfying (3h) but the process was handicapped by the high temperature
(150°C) and the high CO; pressure (40 bar) required for cycloaddition and, again, the use of an
organic hyperoxide to achieve the formation of styrene carbonate in a reasonable yield 51 %

but with 98% conversion.

Finally, it is tempting to turn to one last criterion, namely the use of the
"greenest" oxidant possible, i.e. Oy, thus avoiding organic hydroperoxides or even H,0; itself
coming from O3 in a non-environment-friendly pathway. In this respect, Jing[31] and Jain[90]
both developed catalytic processes involving O2 as oxidant affording relatively high yields of

styrene carbonate (76% (100% selectivity) and 67%, respectively). The orthogonal process
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based on Ru(TPP)O2 and BusNI introduced by Jing et al.[31], which does not require the
assistance of a sacrificial reducing agent was tested successfully for the synthesis of various
cyclic carbonates in mild conditions (T =30°C, pcoz2 = 11 bar, po2 =5 bar). However, such system
is limited by a long reaction time (48h), the use of dichloromethane as the solvent and the
impossibility of catalysts recovery (homogeneous catalysis). On the other hand, the catalyst
system implemented by Jain and co-workers[90] is fully heterogeneous owing to the use of a
natural polymer doped with magnetite nanoparticles. The latter functionalized by Co(acac);
and a quaternary phosphonium bromide allowed 67% yield of styrene carbonate (95%
conversion) at 100°C and at a relatively high pressure of CO, (35 bar). After the reaction, the
catalyst was recovered by applying an external magnet and reused for several runs without
significant loss in catalytic activity and no leaching was observed during this course. Moreover,
a stoichiometric amount of a sacrificial aldehyde has to be engaged in order to promote the

epoxidation.

This bibliographic review has shown that significant progress in the field of CO;
cycloaddition and epoxidation catalysts has been made over the last two decades, thus
encouraging different teams to study the catalysis of the direct transformation of alkenes into
cyclocarbonates in the presence of CO; and oxidants, especially with green reagents. Through
the given examples, one can note that it is now possible to work with relatively low
temperatures, CO; pressure, and, sometimes, with very short reaction times. However, works
with O;, the greenest oxidant are scarcer but they should be strongly encouraged. Various
strategies for the recycling (in particular by immobilization on support) have been mentioned
and successfully tested, but one can wonder why very efficient soluble catalysts systems were
not tested after deposition onto inorganic or organic supports. Last but not least, no system
described up to now uses a CO; pressure equivalent to that found in the fumes of industrial
effluents that also contain molecular oxygen, thus avoiding the pre-concentration of CO,.
These are the two points on which it is necessary to focus in order to obtain more and more

effective catalyst.
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1.5 Conclusion

For the last two decades, there has been a growing interest for the direct oxidative
carboxylation of olefins to corresponding cyclic carbonates. The current review shows
prominent results for the study of alternative methods involving the use of CO; as raw material
and green oxidants. There is a lot of interest in implementing one-pot reactions instead of
conducting them separately. Indeed, economies and an improvement of environmental
impacts can be expected compared to the two separate reactions through the suppression of
separation protocols between steps. Catalytic systems which allow this transformation at
reaction temperature < 100°C and/or relatively low carbon dioxide pressures were specially
emphasized. The oxycarboxylation reaction of an olefin in the presence of CO, and an oxidant
by a one-pot route (direct synthesis of cyclic carbonate) under single reaction conditions
throughout the process is feasible due to the good compatibility between CO; and oxidants
such as 02, H;0, and organic hydroperoxides. However, the direct synthesis of cyclic
carbonates is not always easy to implement because of the relatively large differences

between the optimal conditions required for each of the reactions considered separately.

This review has allowed to assess the important progress made to approach the
conditions for carrying out epoxidation on the one hand and the cycloaddition of CO; on the
epoxide on the other hand, thus enabling interesting yields of cyclocarbonates from alkenes.
Two strategies can be adopted: either unique reaction conditions are used (a kind of
compromise between the conditions of the separate reactions), or the conditions are modified
during the overall transformation from conditions favorable to epoxidation to conditions more
favorable to cycloaddition. For this purpose, carbon dioxide can be added, and the
temperature conditions hardened as soon as the optimum epoxide yield has been obtained,

allowing the formation of the cyclic carbonate.

This review focused on the handling of the catalyst(s). It can be stated that
organocatalysts, e.g. ammonium and imidazolium salts, are the most used for the
cycloaddition step. Furthermore, the addition of catalytic amount of metal complexes or Lewis
acid metal sites leads generally to a significant higher activity. The overall reaction may indeed
involve a single catalyst, but this simple case is rare (Table 3, entry 6-9). More often, two

catalysts are required, even often three if one considers the co-catalyst for the CO>
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cycloaddition reaction on the intermediate epoxide. Catalysts are most often introduced at
the beginning of the overall reaction. It should be noted that the majority of catalytic systems
designed involve homogeneous or even mixed catalysts, homogeneous for one step and
heterogeneous for the other, with the result that all or part of the catalysts used are lost at
the end of the transformation. The number of completely heterogeneous catalytic systems is
in the minority. We believe that it is at this level that an effort must be made because the
heterogenisation of active phases with complementary activities is also a tool to lead to
interesting synergies in connection with the control of their respective positioning on the
support. Interesting work with MOFs, which are solids with properties that can be very finely
adjusted, since at the molecular scale, has led to catalytic systems that are among the best we

have been able to identify in the review.

Another important issue concerns the choice of the cleanest possible oxidants. TBHP
remains unfortunately the most used one for the epoxidation step, despite the low carbon
efficiency linked to its utilization. Molecular oxygen should be preferred for many reasons.
One of them, is its availability, with CO», in industrial emissions, allowing to imagine later a
direct use of the latter without having to separate CO, from the other gases. In our opinion,
still too little work has been reported for the synthesis of cyclic carbonates from alkenes using
07 and CO; as reagents. It is true that the use of O; is handicapped by its association in most
cases with sacrificial reductants (but not always) which generate waste, but it is perhaps
possible to use certain sacrificial reductants whose oxidation could lead to a co-production of

compounds that can be recovered on the fringes of the formation of cyclic carbonates.

To date, the increase of the number of publications dealing with oxidative
cycloaddition remains relatively modest. This is all the more surprising regarding the quantity
of available alkene substrates and the potential interest of cyclic carbonates at once. The

authors hope that the readers will consider this review as a valuable contribution to this field.
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Advantages of covalent immobilization of metal-Salophen by
amide linkage on amino-functionalized mesoporous silica in
terms of recycling and catalytic activity for the CO;

cycloaddition onto epoxides (publication in progress)
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linkage on amino-functionalized mesoporous silica in terms of recycling and

catalytic activity for the CO, cycloaddition onto epoxides

Matthieu Balas,*® Sébastien Beaudoin,®® Anna Proust,? Franck Launay*®, Richard
Villanneau*?

& Sorbonne Université, CNRS UMR 8232, Institut Parisien de Chimie Moléculaire, IPCM,
Campus Pierre et Marie Curie, 4 Place Jussieu, F-75005 Paris, France.

richard.villanneau@sorbonne-universite.fr

b Sorbonne Université, CNRS UMR 7197, Laboratoire de Réactivité de Surface, LRS, Campus

Pierre et Marie Curie, 4 Place Jussieu, F-75005 Paris, France

Abstract:

Ni" and Mn'" Schiff base complexes (Salophen-tBu-Ni and Salophen-tBu-MnCl)
bearing a pending carboxylic group were prepared and characterized. Both complexes were
grafted onto a mesoporous amino-functionalized SBA-15 silica, by formation of an amide
function between the propylamine groups of the support and the carboxylic acid functions of
the salophen ligand. The co-catalytic behaviour of the free and grafted complexes was then
evaluated in the CO; cycloaddition reaction onto styrene oxide, using tetra-butylammonium
bromide ("BusNBr) as the main catalyst. In homogeneous conditions, the Mn"' Schiff base
complex and the Ni" one, to a lesser extent, behave as efficient co-catalysts for this reaction.
Upon immobilization at the surface of the amino-functionalized SBA-15, we showed that the
co-catalytic activity of the less efficient one, i.e. Ni?* salophen complex, could be enhanced,
hence highlighting a potential synergistic effect between the unused amine functions of the
support and the Ni?* salophen co-catalyst. Both salophen complexes were successfully re-used
in homogeneous conditions or after their immobilization without any appreciable loss of

activity.

Keywords: Salen derivatives; hybrid catalysts; mesoporous materials; CO; valorization;

cyloaddition reaction.
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IV.1.1 Introduction

The large amounts of carbon dioxide released in atmosphere by human
activities significantly contribute to the greenhouse effect. In this context, methods using CO>
as a renewable, abundant Cl-source to produce valuable chemicals are regarded with large
interest and research concerning CO; transformation has led to significant progress [1-10]. In
this context, CO; coupling reactions with epoxides leading to useful cyclic carbonates [8-14]
have attracted particular attention in the community. CO; industrial applications already exist
but need to be much more developed. Valuable products such as carboxylic acids, carbamates
and carbonates can be obtained [15]. In such synthesis, carbon dioxide behaves as a green
reagent as the result of its direct reaction with epoxides avoiding the use of phosgene, an
extremely toxic reagent, and the formation of by-products [16]. Ethylene and propylene
carbonates are already obtained at industrial scale by the reaction of CO, with epoxides in the
presence of organocatalysts such as quaternary ammonium (NRs*, X') or phosphonium (PR4",
X’) salts (mainly halogenated ones). Reaction conditions are however severe with
temperatures and pressures of 120°C and 40 bar, respectively [17]. According to recent
studies, milder conditions can be used when quaternary ammonium salts (QAS) are combined
with co-catalysts [8-14, 18-27], generally hydrogen bond donor compounds [8-10] or metal
complexes [11-14]. The latter provide Lewis acidity and thus, facilitate the nucleophilic attack
of the activated epoxide by counter-anions of QAS. In this regard, transition metal complexes
(especially Schiff bases and porphyrins complexes) are particularly promising [28-29]. Salen-
type compounds have been introduced very early by North [18] and Zhang [19], then
porphyrins by Ema [30] and, more recently, Schiff bases with 4 nitrogen atoms (BS4N) by Christ
and Masdeu-Bulto [28]. Some of the systems involving metal complexes and QAS operate at
room temperature and at atmospheric pressure [31]. In recent years, significant advances
have led to a great reduction of the catalyst loading, particularly of the QAS. In parallel, several
studies on the use of efficient co-catalysts immobilized on supports using a more or less
sophisticated pathway have emerged in the literature [32-39]. In the light of our recent studies
dealing with the immobilization of polyoxometalates on mesoporous supports [40-41], the
present work focuses on the covalent grafting of Ni and Mn metal-salophen complexes
bearing a carboxylic acid group onto propylamine-functionalized mesoporous silica of the SBA-

15 type (Figure 38). In particular, the strategy developed allowed the straightforward
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immobilization of the metal-salophen co-catalysts onto the inorganic support, and, the
comparison of their reactivity for the CO; cycloaddition onto styrene oxide, in homogeneous

and heterogeneous conditions.

COOH

O O OR

—N N— Si CH,Cl,, HOBt, DCC

+
>M< 6h, A
o (0]

Figure 38: Covalent grafting strategy to anchor metal-salophen complexes onto propylamine-functionalized SBA-15 silica.

(e}

IV.1.2 Experimental part

IV.1.2.1 Synthesis and heterogenization of the precursor complexes

Preparation of N,N’-bis(3,5-di-tert-butylsalicylidene)-1-carboxy-3,4-phenylene-
diamine (H2Salophen-tBu). Diaminobenzoic acid (0.973 g, 6.40 mmol) was introduced in a
two-neck round-bottom flask connected to a condenser under argon and dispersed in 20 mL
of freshly distilled tetrahydrofuran (THF). In parallel, a solution of 3,5-di-tertiobutyl-2-hydroxy-
benzaldehyde (3.002 g, 12.80 mmol) in 20 mL of freshly distilled THF was prepared under
argon. This solution was then added dropwise using a syringe to the suspension of
diaminobenzoic acid over a period of 20 min. After the addition was completed, 9.3 mL of a
solution of ZnCl; in THF (0.7 mol'L}, corresponding to 6.41 mmol) was added to the resulting
brown suspension. The mixture was refluxed 45 min during which the suspension turned
progressively to a yellow solid in a brown solution. The yellow solid (compound 1) was then
filtered on glass frit (n°4) then rinsed twice with 20 mL of freshly distilled methanol and dried
at air, yielding 3.543 g (95 %). IR (KBr, cm™): 3425 (w), 2958 (s), 1686 (m), 1615 (s), 1574 (s),
1438 (m), 1361 (m), 1252 (m), 1172 (s), 1132 (w), 1026 (w), 771 (m) cm*. *H NMR ([D6]dmso,
Figure 39, ppm): 6H 13.69 (1H, s, C(2)OH), 13.61 (1H, s, C(2")OH), 9.08 (1H, s, C(7)H=N), 9.02
(1H, s, C(7’)H=N), 8.05 (1H, s, C(12)H), 7.95 (1H, d, 3Jun = 8.0 Hz, C(9)H), 7.61 (1H, d, 3Jun = 8.0
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Hz, C(10)H), 7.59 (1H, s, C(6)H), 7.53 (1H, s, C(6')H), 7.42 (1H, s, C(4)H), 7.41 (1H, s, C(4')H),
1.39 (18H, s, C(3)C(CHs)s + C(3’)C(CHs)3), 1.29 (18H, s, C(5)C(CH3)s + C(5’)C(CH3)3), HRMS [1+H]*

(ESI, Figure 40) : m/z = 585.37.
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Figure 39. 'H NMR spectrum ([D6]dmso) of N,N’-bis(3,5-di-tert-butylsalicylidene)-1-carboxy-3,4-phenylene-

diamine (H2Salophen).
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Preparation of N,N’-bis(3,5-di-tert-butylsalicylidene)-1-carboxy-3,4-phenylene-
diamine-nickel(ll) (Salophen-tBu-Ni). H.Salophen-tBu ligand (1.000 g, 1.70 mmol, was
dissolved in 50 mL of dry methanol under argon in a two-neck round-bottom flask connected
to a condenser. A solution of NiCl,.6H,0 (1.069 g, 4.50 mmol) dissolved in 30 mL of dry
methanol was then added and the mixture was refluxed for one hour under argon. The volume
of the solution was then reduced until 20 mL under vacuum and allowed to stand at room
temperature overnight. The dark red solid (Salophen-tBu-Ni) that appeared during this time
was then filtered at air on a frit glass (n°4) and washed quickly with small portions of methanol,
yielding 0.550 g (51 %). 'H NMR ([Ds]dmso, ppm, Figure 41): 3H 8.98 (1H, s, C(7)H=N), 8.91
(1H, s, C(7)H=N), 8.72 (1H, s, C(12)H), 8.27 (1H, d, 34 = 12.0 Hz, C(9)H), 7.84 (1H, d, 3Jun =
12.0 Hz, C(10)H), 7.63 (1H, d, Y = 3.3 Hz, C(6)H), 7.49 (1H, d, 4JHH = 2.6 Hz, C(6’)H), 7.38 (1H,
d, 4)HH = 3.3 Hz, C(4)H), 7.35 (1H, d, 4JHH = 2.6 Hz, C(4’)H), 1.41 (18H, s, C(3)C(CH3)s +
C(3’)C(CHs)3), 1.30 (18H, s, C(5)C(CHs)3) + C(5’)C(CH3)3); IR (KBr, cm™): 3422 (m), 3054(m), 2959
(s), 1729 (s), 1686 (m), 1619 (s), 1579 (s), 1523 (s), 1458 (m), 1426 (s), 1386 (s), 1359 (s), 1260
(m), 1200 (s), 1180 (s), 1130 (m), 1026 (m), 788 (m), 541 (m). HRMS [2-H]" (ESI): m/z = 639.27
(Figure 42).
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Figure 42. HRMS (ESI) spectrum for Salophen-tBu-Ni calculated for Cs7H4sN2NiO4 (m/z ([M-H]) = 639.27).
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Preparation of N,N’-bis(3,5-di-tert-butylsalicylidene)-1-carboxy-3,4-phenylene-
diamine-chloro-Manganese(lll) (Salophen-tBu-MnCl). H;Salophen-tBu ligand (0.347 g, 0.60
mmol) was dissolved in 20 mL of dry THF under argon in a two-neck round-bottom flask
connected to a condenser. [MnCly(THF).] (0.160 g, 0.60 mmol) was then added to the solution
and the mixture was stirred at room temperature for 1 h, then refluxed for 20 min. After
cooling at room temperature, triethylamine (0,12 g, 1.20 mmol, 0,17 mL) was then added and
the mixture stirred for another 45 min. The volume of the solution was then reduced up to 10
mL under vacuum and allowed to stand at room temperature overnight. After this period, a
white powder (triethylammonium chloride) was filtered and discarded. The brown solution
was evaporated, leading to a brown solid (Salophen-tBu-MnCl) that can be recrystallized in
THF (yield: 0.350 g, 0,50 mmol, 88 %). IR (KBr, cm™): 3416 (m), 2958 (m), 1680 (sh), 1610 (s),
1573 (s), 1466 (s), 1392 (s), 1361 (s), 1325 (s), 1249 (s), 1198 (s), 1178 (s), 1097 (s), 1026 (s),
807 (s), 781 (s), 548 (m). HRMS [3-CI]* (ESI) : m/z = 637.28 (Figure 43).
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Figure 43. HRMS (ESI) spectrum for Salophen-tBu-MnCl calculated for Cs;H4;MnN,04 (m/z ([M-Cl]*) = 637.28.

Covalent grafting of Salophen-tBu-Ni onto {NH;}-SBA-15. {NH,}-SBA-15 (0.30 g, [-
RNH2] = 2.2 mmol g, corresponding to 0.66 mmol of {-RNH,} functions, see synthesis in Sl)
and Salophen-tBu-Ni (0.105 g, 0.16 mmol) were dried under vacuum overnight in two schlenk
tubes. Then, Salophen-tBu-Ni was dissolved in dichloromethane (DCM, 3 mL). In parallel, 1-
hydroxy-1H-benzotriazole (HOBT, 0.007 g, 0.05 mmol) and N,N’-dicyclohexylcarbodiimide
(DCC, 0.05 g, 0.22 mmol) were dissolved in 2 mL of DCM and the resulting solution was added
to the solution of Salophen-tBu-Ni. The mixture was stirred for 40 min at room temperature.
Meanwhile, 10 mL of DCM were added to {NH>}-SBA-15. After 40 min, the previous mixture of
2, HOBT and DCC was transferred to the suspension of {NH,}-SBA-15 and refluxed for 6 h under
N». Then, the solvent was evaporated until dryness and the resulting red powder was washed

successively with refluxing methanol and acetone using a Soxhlet, respectively for 3 days and
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24 h. Salophen-tBu-Ni@{NH,}-SBA-15 (0.32 g) was thus obtained as a dark red purple powder
(Ni %weight = 1.30 % determined by TGA (10.8% mol Ni/mol —NH;) corresponding to a Ni grafting
yield of 52 %).

Covalent grafting of Salophen-tBu-MnCl onto {NH;}-SBA-15. {NH,}-SBA-15 (1.5 g, [-
RNHz] = 2.2 mmol g%, corresponding to 3.45 mmol of {-RNH,} functions) and Salophen-tBu-
MnCl (0.30 g, 0.45 mmol) were dried under vacuum overnight in two schlenk tubes. Then,
Salophen-tBu-MnCl was dissolved in DCM, 6 mL, and 1-hydroxy-1H-benzotriazole (0.021g,
0.138 mmol) and N,N’-dicyclohexylcarbodiimide (DCC, 0.135 g, 0.66 mmol) were added to this
solution. The mixture was stirred for 40 min at room temperature. Meanwhile, 10 mL of DCM
were added to {NH;}-SBA-15. After 40 min, the previous mixture of 3, HOBT and DCC was
transferred to the suspension of {NH;}-SBA-15 and refluxed for 6 h under N». The solvent was
then evaporated until dryness and the resulting brown powder was washed successively with
refluxing methanol and acetone using a Soxhlet, respectively for 3 days and 24 h. Salophen-
tBu-MnCI@{NH;}-SBA-15 (1.44 g) was thus obtained as a dark brown powder (Mn %weight =
1.03 % determined by TGA (8.6 % mol Mn/mol —NH;) corresponding to a Mn grafting yield of
68 %).

IV.1.2.2 Protocols for the catalysis tests

After each catalytic test, the resulting solutions or suspensions were analysed
by gas chromatography (GC, see details in Appendix) after dilution (samples of 25 uL diluted
in 10 mL of CH,Cl,).

Experiments in homogeneous conditions (including stability test). In a 50 mL Teflon
container, 0.7 mL of styrene oxide (5.6 mmol) and 0.031 g (0.100 mmol) of "BusNBr were
dissolved in 13.3 mL of benzonitrile. Except for the tests performed in the absence of co-
catalysts, 0.031 g of Salophen-tBu-Ni (or 0.033 g Salophen-tBu-MnCl) (0.05 mmol)) was added
and the resulting mixture was stirred for 5 min at room temperature. Then, the autoclave was
pressurized at 11 bar of CO; (corresponding to 41 mmol). The temperature was then increased
up to 120°C in 40 min, leading to a CO3 pressure of 15 bar. Heating was then prolonged for 3,

7 or 23 h and the reaction was quenched by cooling the autoclave into a water-ice mixture.
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For the stability test, the reaction was carried out for 3 h, then quenched as described
above. After analysis by GC, a new batch of styrene oxide (0.7 mL, 6.1 mmol) was introduced
in the recovered Teflon container and the reaction mixture was stirred for 5 min at room
temperature. Then, the autoclave was pressurized as described before. This procedure was

repeated 3 times.

Experiments with the supported complexes (including recyclability test). The
protocols were identical with the exception of the mass of co-catalysts added. 0.218 g of
Salophen-tBu-Ni@{NH;}-SBA-15 (or 0.259 g Salophen-tBu-MnCI@{NH;}-SBA-15),
corresponding to 0.05 mmol of immobilized metal Salophen-tBu complexes, was suspended
in the benzonitrile solution. Then, the autoclave was pressurized as described before. After 3,
7 or 23 h, the reaction was quenched by cooling the autoclave into a water-ice mixture, and
the reaction mixture was filtered on a blichner funnel, in order to separate the supported

catalyst.

For the recyclability test, the reaction was carried out for 23 h and the solid recovered
after each attempt was carefully washed by acetone, dried in an oven at 50°C for 12 h and

weighted to check the mass after each run. This procedure was repeated three times.

IV.1.3 Results and Discussion

Here, in continuity with our previous work [40-41] on metal complexes
immobilization, the strategy used consisted in the coupling of complementary functions, one
(amino group) at the oxide support (amino group) and the second at the termination of the
organic Salophen ligand. To do so, two different metal complexes (with either Ni" or {Mn'""-
CI}¥**) were prepared with a Salophen ligand bearing a remote carboxylic acid function.
Comparison of the co-catalytic reactivity of the two complexes in solution and after their
immobilization was performed for the cycloaddition of CO; onto styrene oxide in the presence

of "BuaNBr for the preparation of styrene carbonate.
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IV.1.3.1 Synthesis and characterization of the ligand H,Salophen-tBu

and of its Ni(ll) and Mn(lll) complexes.

A convenient Salophen-tBu ligand that meets all the criteria is N,N’-bis(3,5-di-
tert-butylsalicylidene)-1-carboxy-3,4-phenylene-diamine, denoted H;Salophen-tBu (Figure
44) whose synthesis, in the present study, was adapted from the literature.[42] Hence, the
Schiff-base ligand was synthesized with 95% yield using a classical condensation reaction of
1,2-diamino-4-carboxybenzene with 2 equivalents of 3,5-di-tert-butyl-2-
hydroxybenzaldehyde (3,5-di-tert-butylsalicylaldehyde). It has to be noted that this reaction
required the presence of Zn?* that played the dual role of a templating agent and a Lewis acid
that was not recovered in the final product. The ligand was characterized in mass
spectrometry (HRMS) by a molecular peak at m/z ([M+H]*) = 585.37 (Figure 40). The 'H NMR
spectrum (Figure 39) was consistent with the literature [42-43] showing several characteristic
peaks, among which two groups of singlets were attributed respectively to the imine functions

(-HC=N- at 9.08 and 9.02 ppm) and the phenol groups (13.69 and 13.61 ppm).

2 COOH
OH THF, ZnCl,
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2 equ. 1 equ.

H,Salophen-tBu ligand
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MeOH, NiCl,.6H,0
1h, A

o [T
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OH HO COOH
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Figure 44: Routes synthesis of N,N’-bis(3,5-di-tert-butylsalicylidene)-1-carboxy-3,4-phenylene-diamine (H,Salophen-tBu,

top) and its complexation leading to Salophen-tBu-Ni and Salophen-tBu -MnCl.
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The formation of the imine functions was also attested in IR spectroscopy by the
absence of the vnr2) bands of the initial 1,2-diamino-4-carboxybenzene at 3400 and 3487 cm’

1 and by the occurrence of the v(.+c=n-) band at 1686 cm™.

Many transition metal complexes with Schiff-Base ligands were used in the
literature for the CO; cycloaddition onto epoxides. In the present work, we focused our
attention on Ni?* and Mn3* complexes. While many examples of co-catalysts based on Mn3*
salen/Salophen/porphyrin complexes have been reported [44-47], those based on Ni%* are
scarce [48]. Furthermore, the Salophen-tBu-Ni complex obtained by reaction of ligand with
NiCl2.6H,0 displays a square planar geometry [42] in which the Ni?* ion was found
diamagnetic. It was thus possible to characterize the complex, in contrast to the Mn one, by
'H NMR spectroscopy in solution, but also by 3C CP-MAS NMR spectroscopy in view of its

subsequent immobilization.

In the case of the Salophen-tBu-Ni complex synthesis, the procedure described
in the literature had to be modified . Indeed, the synthesis reported by Hey-Hawkins and co-
workers was a one-pot reaction from the starting reagents (1,2-diamino-4-carboxybenzene
and 3,5-di-tert-butylsalicylaldehyde) in the presence of a Ni?* source replacing the templating
Zn?* ion [42]. However, we found that his procedure led to low yields and to mixtures of
different reaction products. We thus turned to the direct complexation of Ni?* ions by the non-
metallated ligand in dry methanol. This procedure, which was also used for the complexation
of Mn3, finally led to 51 and 88% vyield of Salophen-tBu-Ni and Salophen-tBu-MnCl,
respectively with high purity, as attested by HRMS (Figure 42 and Figure 43) and 'H NMR (for
the salophen-tBu-Ni, Figure 41). In the Salophen-tBu-MnCl complex, the Mn3* displays a
square pyramid five-coordination, the coordination sphere being completed with a chloride
anion. Both complexes were characterized in mass spectrometry (HRMS) by a molecular peak
respectively at m/z ([M-H]") = 639.27 for the Salophen-tBu-Ni (Figure 42) and at m/z ([M-CI]*)
=637.28 for the Salophen-tBu-MnCl (Figure 43), in accordance with the literature [42].

The 'H NMR spectrum of Salophen-tBu-Ni (Figure 41) confirmed its
diamagnetism. We did not observe any broadening of the peaks, as expected in the case of a
paramagnetic system. It is noteworthy that the two singlets assigned to the -OH groups of
Salophen ligand were not found in the spectrum of Ni complex, thus confirming the
complexation of Ni?* by the oxygen of the two phenol groups. Furthermore, the Ni
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complexation was emphasized by the shift of all the peaks of the salophen ligand in

comparison with those of the free ligand.

IV.1.3.2 Synthesis and characterization of {NH,}-SBA-15 and of the

covalently immobilized Ni?* and Mn3* catalysts.

The amino-functionalized SBA-15 (for short {NH,}-SBA-15) was obtained by the
functionalization of a pre-formed SBA-15 silica (see Figure 45) [49] with 3-
aminopropyltriethoxysilane, as described previously, targeting 4 mmol g [50-51]. The
thermogravimetric curve of {NH,}-SBA-15 (Figure 46) obtained under air from room
temperature up to 700°C shows two weight losses. The first one (ca. 3%), under 100°C (not
shown here), can be attributed to the loss of water molecules weakly adsorbed on the silica
surface whereas the second one (13%, 100-600°C) was assigned to the loss of aminopropyl
functions. This analysis demonstrated that {NH,}-SBA-15 is functionalized with 2.3 mmol of
{NH} g? (c.a. 55 % incorporation vyield). The general formula of {NH,}-SBA-15 is then
H,N(CH,)Si/5.8Si0..

' ZZ—o
7—on H,CH,CO o

s o "mw
Z—OH -+ HJCHch;Si/\/\NHz > é_O/SB:A NH 2
%//’. oH H,CH,CO Toluéne, A, 20h 7 o
SBA-15 APTES

Figure 45: Synthetic procedure for the preparation of {NH}-SBA-15.

The covalent immobilization of Mn3* Salen complexes onto an organically modified
silica surface was previously described in the literature [42-47, 52]. However, the grafting
procedures in all these examples generally required a multistep functionalization of the hybrid
support and/or of the salen ligands, which does not meet the criteria for the development of
sustainable catalytic processes. The grafting procedure of the two complexes in the present
study was inspired by the work of Luts and Papp [43] and by our previous studies on the
heterogenization of hybrid derivatives of polyoxometalates onto {NH.}-SBA-15 [41]. In these
two examples, the strategy of linkage was built on the functionalization of both the catalyst

and the mesoporous silica support by complementary organic functions leading to the
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formation of robust and non-hydrolyzable amide groups. This choice is justified both by the
efficiency and convenience of grafting aminopropyl synthons onto the SiO; support and by the
one-step preparation of the Salophen ligand from commercial reagents. In the present work,
the formation of an amide function by reaction between the carboxylic acid of the Salophen-
tBu ligand in both complexes and the aminopropy! functions of the {NH2}-SBA-15 support was
realized using N,N’-dicyclohexylcarbodiimide (DCC) and 1-hydroxy-1H-benzotriazole (HOBT),
in dichloromethane under refluxing conditions (-CO2H : 1, HOBT : 0.3, DCC : 1.4 and -NH; 4.3
for Salophen-tBu-Ni@{NH,}-SBA-15 or 7.7 for Salophen-tBu-MnCI@{NH,}-SBA-15). After each
synthesis, the two materials thus obtained (Salophen-tBu-Ni@{NH,}-SBA-15 and Salophen-
tBu-MnCI@{NH;}-SBA-15) were then extracted in a soxhlet and washed for 3 days successively
with methanol and acetone to remove all the physisorbed complexes. It is noteworthy that
these grafting and washing protocols were optimized in our previous work with
polyoxometalates [41]. Indeed, our past studies showed that these steps are crucial to obtain
materials in which the active phases are effectively covalently grafted in order to avoid later
any leaching/lixiviation phenomenon. Finally, it should be noted that, after the soxhlet
treatment, the color of the samples remained dark (dark brown with Mn and red/purple for

Ni).

The weight percentages of Ni and Mn in Salophen-tBu-Ni@{NH;}-SBA-15 and
Salophen-tBu-MnCI@{NH,}-SBA-15, respectively were determined by Atomic Absorption
measurements (see details in Sl). These amounts are important and comparable in both
materials, 1.30 wt.% of Ni in Salophen-tBu-Ni@{NH;}-SBA-15 and 1.06 wt.% of Mn in
Salophen-tBu-MnCI@{NH;}-SBA-15, corresponding to grafting yields respectively equal to 52
% (Ni) and 68 % (Mn) regarding the initial Ni or Mn loadings. Such values were confirmed
indirectly by thermogravimetric analyses (TGA, Figure 46). Indeed, it was possible to get a
reasonable estimation of the effective amount of Salophen-tBu-Ni/Mn in the final materials
by subtracting the loss weight of the propylamine functions present in the starting {NH3}-SBA-
15 (see details in Sl). The wt.% of Ni or Mn in the materials was estimated to 1.30 and 1.03%
respectively, in good accordance with the results of the atomic absorption measurements.
This corresponds to 0.22 mmol of Ni?* per gram of Salophen-tBu-Ni@{NH,}-SBA-15 and 0.19
mmol of {MnCl}** per gram of Salophen-tBu-MnCI@{NH,}-SBA-15. It is noteworthy that the

initial Ni2*/{-NH.} functions and {MnCI}?*/{-NH2} functions ratios described in the experimental

144



part correspond to optimized conditions for both systems. In other words, an increase or a
decrease of these ratios did not allow an increase of Ni?* or {MnCl}** loadings in the final

materials.
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Figure 46: Weight loss % (thermogravimetric analysis, TGA) for {NH,}-SBA-15 (blue), Salophen-tBu-Ni/{NH,}-SBA-
15 (sample without coupling agent) (black), Salophen-tBu-Ni@{NH}-SBA-15 (green), Salophen-tBu-MnCl@{NH,}-SBA-15
(red). All the curves were normalized at 100°C.

In order to evaluate the efficiency of the covalent grafting of the complexes
onto the surface, a blank test was done in which the deposition of the Salophen-tBu-Ni was
carried out in the absence of a coupling agent (DCC and HOBT). This test was performed with
experimental conditions (concentrations, temperature, duration of the experiment and work
up) similar to those used in the presence of the coupling agent. After the washing step (4 days
using a soxhlet in methanol and acetone), this control sample was visually different as the
resulting solid had a light red color. TGA analyses, displayed on Figure 46, were also performed
on this sample for sake of comparison. As expected, the amount of Salophen-tBu-Ni was found
significantly lower in the absence of the coupling agents (Ni %weight = 0.40 %). When DCC and
HOBT are used, all these data led us to envisage a strong linkage of the Salophen-tBu-Ni/MnCl
complexes with silica in Salophen-tBu-Ni@{NH;}-SBA-15 and Salophen-tBu-MnCI@{NH,}-SBA-
15 that differs clearly from a simple physical adsorption. This also shows that this protocol is
relevant as regards the immobilization of this type of co-catalyst. Therefore, it validates in a

more general way our covalent grafting strategy on mesoporous support 1) to limit the
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lixiviation phenomena during subsequent catalytic tests and 2) to increase the loading rate of

the metal-Salophen complexes in the catalytic materials.

The 3C CP-MAS NMR spectrum of Ni complex in its solid state showed a large
number of peaks (Figure 47) due to its low symmetry and the absence of free rotation of the
methyl groups of the “butyl functions (up to 37 non-equivalent carbon atoms). Despite a lower
resolution of the spectrum of Salophen-tBu-Ni@{NH;}-SBA-15 compared to the spectrum of
Ni complex, similar patterns were observed for both samples (Figure 47). In particular, the
most intense peak at 31.2 ppm (assigned to some methyl of the “butyl groups of the salophen)
was clearly observed in both samples. In addition, it is noteworthy that the spectrum of
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Figure 47: 13C CP-MAS NMR spectra of Salophen-tBu-Ni (in red) and Salophen-tBu-Ni@{NH2}-SBA-15 (in blue). The 3
peaks with the asterisk correspond to the {CH,} of the propylamine groups of {NH}-SBA-15.

Salophen-tBu-Ni@{NH:}-SBA-15 was dominated by the three peaks (topped with an asterisk)

attributed to the carbon atoms of the propylamine functions of the support.

The Raman spectra of the Salophen-tBu-Ni and Salophen-tBu-MnCl complexes
in solid state were also compared to those of Salophen-tBu-Ni@{NH;}-SBA-15 and Salophen-
tBu-MnCI@{NH,}-SBA-15, respectively (Figure 48). In both cases, the two datasets clearly
indicated that the spectroscopic footprints of the supported complexes are identical to those

of the pure complexes in the solid state. This confirmed that the integrity of both complexes
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was maintained after surface grafting, even though the spectrum of Salophen-tBu-
MnCI@{NH,}-SBA-15 was less well defined, probably due to fluorescence phenomena under
Raman beam. It is noteworthy that Raman spectra of Base-Schiff compounds are complex,
displaying many bands and consequently are difficult to index in details. However, by
comparison with the data obtained on the parent complex without “Butyl and carboxylic
groups (i.e. N,N’-bis(salicylaldehyde)-1,2-phenylenediamine-nickel(ll)) [53-54], it was possible
to identify and assign the most intense bands at 1412 (3uc=n) and 1573 cm™ (vc=c aromatic) on

the spectra of both the Salophen-tBu-Ni and the Salophen-tBu-MnCl complexes.
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Figure 48: Raman spectra (left) of Salophen-tBu-Ni (in brown) and Salophen-tBu-Ni@{NH,}-SBA-15 (in green) and (right)
Salophen-MnCl (in purple) and Salophen-tBu-MnCl@{NH,}-SBA-15 (in red).

The Salophen-tBu-Ni@{NH,}-SBA-15 and Salophen-tBu-MnCI@{NH,}-SBA-15

materials were also characterized by High-Resolution Transmission Electronic Microscopy (HR-

TEM), after microtome cutting (Figure 49). For both samples, the micrographs showed that

the grafting of the Salophen-tBu complexes did not alter the porosity of the support.

The N adsorption-desorption isotherms of the SBA-15-based materials (Figure
50) exhibited characteristic type IV patterns with Hy hysteresis confirming that all materials

were constituted of mesoporous channels of relatively uniform diameter.
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Figure 49: HR-TEM micrograph of Salophen-tBu-Ni@{NH,}-SBA-15 (left) and Salophen-tBu-MnCI@{NH,}-SBA-15
after microtome cutting.

The pore properties of the materials at the different stages of their preparation
were determined from their nitrogen adsorption-desorption isotherms using the Brunauer-

Emmet-Teller (BET) and the Barret-Joyner-Halenda (BJH) models (Table 15).
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Figure 50: Nitrogen adsorption-desorption isotherms (77K) of SBA-15 (black), {NH}-SBA-15 (blue), and Salophen-
tBu-Ni@{NH,}-SBA-15 before (dark green) and after 4 catalytic cycles (light green) with pores size distribution curves (inset).

As expected, the textural parameters of the mesoporous materials significantly

decreased after each functionalization step: the final BET specific surface areas were
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respectively 350 m2.g* for Salophen-tBu-Ni@{NH,}-SBA-15 and 300 m?.g™! for Salophen-tBu-
MnCI@{NH,}-SBA-15 (Figure 51). However, this remains compatible with their utilization in

anchored homogeneous catalysis.
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Figure 51: Nitrogen adsorption-desorption isotherm of Salophen-tBu-MnCl@{NH,}-SBA-15

Table 15: Evolution of the textural properties of the materials upon their functionalization

sample SBETE_' Pore V(_)I.b Average Pore diameter®
(m”g™) (cm®g™) (nm)
SBA-15 900 1.12 6.2
{NH2}-SBA-15 530 0.63 5.7
Salophen-tBu-MnCl @{NH2}-SBA-15 300 0.45 54
Salophen-tBu-Ni@{NHz}-SBA-15 350 0.48 5.1
Salophen-tBu-Ni@{NH2}-SBA-15 580 0.38 50

(after 4 catalytic cycles)
a Use of the BET model for P/P? < 0.25; ® Use of the BJH model for the treatment of the desorption branch with
2 < porerange <26 nm.

IV.1.3.3 Comparison of the co-catalytic activity of the Salophen-type
complexes in the styrene oxide conversion into styrene carbonate in

homogeneous and heterogeneous conditions

Homogeneous conditions. The formation of styrene carbonate from styrene epoxide
and CO; (Scheme 1) was firstly studied in homogeneous conditions. We thus used for this ™
BusNBr and the Ni/Mn-Cl Salophen complexes respectively as the catalyst and co-catalysts in
benzonitrile. The reaction was performed in an autoclave under 15 bar of CO; at 120°C and

monitored by Gas-Chromatography and *H NMR spectroscopy after 3 h, 7 h and 23 h.
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Scheme 1: CO; cycloaddition onto styrene oxide.

As already reported [55], a fairly good conversion of styrene oxide was
observed with "BusNBr alone (no metal co-catalysts) after 7 h (81%, see entry 1 Table 16)
using a styrene oxide: "BusNBr molar ratio of 60. However, the reaction slowed considerably
afterwards (84% after 23 h). Typical experiments were performed with a total volume of liquid
phase equal to 14 mL (13.3 mL of benzonitrile and 0.7 mL of styrene oxide) in the 100 mL
vessel. It is noteworthy that this corresponds to the optimized reaction conditions, since the
yield in styrene carbonate was shown to be significantly dependent on the CO; pressure but
also on the number of moles of CO; available in the vessel. Thus, using the same styrene oxide
concentration (0.44 mol.L'Y) and the same styrene oxide: "BusNBr (60:1) molar ratio, but
tripling the volume of the solution in the closed vessel, led to a significant decrease in styrene
oxide conversion from 81% to 40% after 7 h due to the reduction of the molar excess of CO;

from 7 to 1.5.

In all experiments, the possible presence of polycarbonates (potentially obtained by
co-polymerization of styrene oxide with styrene carbonate) was checked by H and *3C NMR
spectroscopy. In any cases, no trace of polymers was detected. This was confirmed by the
mass balance determination by GC using mesitylene as an internal standard. Thereafter,
considering a selectivity of 100%, the total yield in styrene carbonate was assimilated to the

conversion of styrene oxide.

Keeping similar reaction conditions (15 bar of CO; at 120°C and CO3: epoxide =
7: 1) and using metal Salophen-tBu complexes Ni or Mn as co-catalysts with a co-catalyst:
catalyst ratio of 1:2 (Table 16, entries 2 and 3), a complete conversion of styrene oxide could
be reached. We have checked that both complexes were not able to catalyse alone the CO;
cycloaddition onto styrene oxide (Table 2, entries 4 and 5). The rate increase in the presence
of Salophen-tBu complexes was found to be strongly metal dependent. While the gain in the

styrene oxide conversion was relatively modest with the Salophen-tBu-Ni (conversion of 65
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and 85 % after respectively 3 and 7 h), it was significant after 3 h (100 % conversion) in the
case of the Mn'" derivative. The styrene carbonate yield obtained with the latter was found to
be identical to that obtained with the commercial Mn Jacobsen catalyst (Table 16, entry 6)
under the same conditions, which means that the diamine used in the synthesis of the
Salophen-tBu was less critical than the metal. An additional test performed with 3 and ™
BusNBr showed actually that, after one hour at 120°C, the styrene oxide conversion was 96%.
Even if the catalytic activity of the n-BusNBr / Salophen-tBu-Ni system in homogeneous
conditions is slightly lower than that obtained with n-BusNBr / Salophen-tBu-MnCl, it is
noteworthy that this result deserved special emphasis since examples of Ni co-catalysts for

the CO; cycloaddition are scarce.

Table 16: Conversion of styrene oxide into styrene carbonate with homogeneous and supported catalysts.

% styrene conv.

Entry Catalyst Co-catalyst 3h 7h 23h
1 "BuaNBr - 62 81 84
2 "BuaNBr Salophen-tBu-Ni 65 85 100
3 "BuaNBr Salophen-tBu-MnCl 100 100 100
4 - Salophen-tBu-Ni / / 0
5 - Salophen-tBu-MnCl / / 2
6 "BuaNBr Jacobsen catalyst (commercial) 100 100 100
7 "BusNBr Salophen-tBu-Ni@{NHz}-SBA-15 80 98 100
8 "BusNBr Salophen-tBu-MnCI@{NHz}-SBA-15 80 100 100
9 "BuaNBr {NH2}-SBA-15* 81 86 98

Conditions: Styrene oxide (6.1 mmol), ""BusNBr (0.1 mmol), homogeneous or supported Salophen-tBu-M (0.05 mmol of metal)
in 13.3 mL of benzonitrile at 120°C under 15 bar of CO,.

Heterogeneous conditions. The activity of the two anchored co-catalysts (Salophen-
tBu-Ni@{NH,}-SBA-15 or Salophen-tBu-MnCI@{NH,}-SBA-15) was studied in the same
reaction conditions (Table 16, entries 7 and 8) with 0.44 M styrene oxide keeping "BusNBr as
a homogeneous catalyst with a styrene oxide: "BusNBr molar ratio of 60 and using amounts
of supported Salophen-tBu-Ni or Salophen-tBu-MnCl rigorously analogous to those employed
in Table 2 (entries 2 and 3) for soluble Salophen-tBu-Ni and Salophen-tBu-MnCl, respectively.
With Salophen-tBu-Ni@{NH;}-SBA-15 and Salophen-tBu-MnCI@{NH;}-SBA-15, the results
obtained were comparable, allowing near complete conversion of styrene oxide after 7 h. As
early as 3 h of reaction, supported Salophen-tBu-Ni showed much better performance than
its homogeneous counterpart. With both supported complexes, the conversion was 80% after
3 h. Such conversion value for Salophen-tBu-MnCI@{NH,}-SBA-15 corresponds to a slight
decrease compared to what was observed for Salophen-tBu-MnCl tested in homogeneous

conditions (80% conversion after 3 h instead of 100%). Indeed, heterogenized co-catalysts are
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often less active at early stage than their homogeneous counterparts due to diffusion
limitations. However, it is somewhat surprising to observe a significant increase in co-catalytic

activity after supporting the nickel complex (80% conversion after 3 h instead of 65%).

In order to better understand those differences between the Ni homogeneous
and supported co-catalysts, we also investigated the potential co-catalytic activity of the
support itself, {NH2}-SBA-15 keeping "BusNBr as the main catalyst (Table 16, entry 9). It is
indeed necessary to have in mind that Salophen-tBu-Ni@{NH:}-SBA-15 and Salophen-tBu-
MnClI@{NH,}-SBA-15 materials contain c.a. 0.2 mmol g of salophen complex but also c.a. 2.0
mmol g of free aminopropyl groups. Working with {NH2}-SBA-15 (instead of Salophen-tBu-
Ni@{NH;}-SBA-15 or Salophen-tBu-MnClI@{NH;}-SBA-15) and "BusNBr alone, all other
reaction parameters being unchanged (especially the amount of amino groups), also led to a
nearly complete conversion after 24 h. In the details, the effect of the presence of the metal
complexes in Salophen-tBu-Ni@{NH,}-SBA-15 and Salophen-tBu-MnCI@{NH,}-SBA-15 was
significantly observed after the first 3 h, since a complete conversion was obtained after 7 h
of reaction with these last two co-catalysts. As a comparison, in their absence, the conversion
was equal to 86 % (Table 16, entry 9). Such blank test emphasized the non-innocent character
of those grafted amino groups in Salophen-tBu-Ni@{NH;}-SBA-15 and Salophen-tBu-
MnCI@{NH,}-SBA-15 materials since the results with ""BusNBr /{NH,}-SBA-15 (Table 16, entry
8) turned out to be systematically better than those obtained with "BusNBr alone (Table 16,
entry 1). Such positive influence was more easily observed when using Salophen-tBu-Ni due
to its lower intrinsic efficiency shown in homogeneous conditions (Table 2, Table 16).
Improvement of the catalytic activity of silica-supported compared to soluble phosphonium
halides in CO; cycloaddition was already observed [56]. The proposed mechanism invoked in
that case a possible activation of the epoxide by hydrogen bonding with the surface silanol
groups of the support thus playing the role of electrophilic sites. At first glance, one
explanation in our case would be that similar activation of the epoxide could also occur
through hydrogen bonding between the free aminopropyl groups of the support and styrene
oxide. However, the N-H bond in -(CH2)3-NH: is less polar than the O-H bond in =Si-OH. As a
matter of fact, the N-H---Oepoxide hydrogen bond with the epoxide should be weaker than the
aforementioned O-H---Oepoxide hydrogen bond. So, a more plausible explanation would be that

CO; itself is activated by the primary amine of the free aminopropyl groups of {NH2}-SBA-15,
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Salophen-tBu-Ni@{NH:}-SBA-15 or Salophen-tBu-MnCI@{NH;}-SBA-15 even if the resulting
carbamate is not the most prompt to transfer CO; to the anionic intermediate obtained from
the attack of styrene oxide by bromide [57]. Usually activated carbamates issued from tertiary
amines are preferred as exemplified in the work of J. Gao et al [58] who reported a significant
cyclocarbonate yield increase upon the addition of triethylamine. Nevertheless, some groups
have reported the beneficial impact of primary amine auxiliaries in the design of
homogeneous [59] or even heterogeneous catalysts ([57, 60]) for the CO, addition onto

epoxides.

Stability of the catalysts. Finally, the stability of the co-catalysts was investigated in
homogeneous conditions with Salophen-tBu-MnCl (4 runs of 3 h with styrene oxide and CO»
replenishment without any work-up) and in heterogeneous conditions with Salophen-tBu-
Ni@{NH2}-SBA-15 (4 runs of 23 h separated by filtration and drying steps). The detailed
operating protocols for both experiments were based on the optimized experimental
conditions described in the experimental part and in Table 16, and the results are displayed

in Figure 52.

100 - Homogeneous conditions Heterogeneous conditions

80

60
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Styrene carbonate yield (%)
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Figure 52: Styrene carbonate yield (%) for Salophen-tBu-MnCl (homogeneous conditions, in light red) after 1 to 4 runs of 3 h
and for Salophen-tBu-Ni@{NH,}-SBA-15 (heterogeneous conditions, in light green) after 1 to 4 runs of 23 h. Conditions: Styrene
oxide (6.1 mmol), "BusNBr (0.1 mmol), homogeneous or supported Salophen-tBu-M (0,05 mmol) in 13.3 mL of benzonitrile at
120°C under 15 bar of CO;.
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In these experiments, both co-catalysts were successfully re-used without any
appreciable loss of performance after respectively four cycles, leading to a nearly complete
styrene conversion (from 94 to 99%) in all cases, thus indicating an excellent stability in

homogeneous and heterogeneous conditions.

Furthermore, the supported catalyst Salophen-tBu-Ni@{NH;}-SBA-15 could be
characterized after the catalytic process in order to verify that the integrity of the metal
complexe is maintained. For sake of illustration, the Raman spectra of Salophen-tBu-
Ni@{NH;}-SBA-15 were compared before and after 4 catalytic cycles (Figure 53), showing the
same patterns in both cases. In addition, the comparison of the textural parameters of
Salophen-tBu-Ni@{NH,}-SBA-15 before and after 4 catalytic cycles (Figure 52 and Table 16)
also demonstrated that the catalytic materials were also not altered at the microscale level.
Indeed, mean pore diameter values before and after catalysis were shown to be almost

unchanged while the BET surface areas and pore volumes turned out to be equivalent.
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Figure 53: Raman spectra of Salophen-tBu-Ni@{NH,}-SBA-15 before (in dark green) and after 4 catalytic cycles (light green).
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IV.1.4 Conclusion

In this study, nickel(Il) and manganese (lll) complexes with the N,N’-bis(3,5-di-
tert-butylsalicylidene)-1-carboxy-3,4-phenylene-diamine (Salophen-tBu-MnCl and Salophen-
tBu-Ni), bearing carboxylic acid groups on their ligands, were synthesized and fully
characterized. Both were shown to work as n-BusNBr co-catalyst for the cycloaddition of CO;
onto styrene oxide, thus affording a real added value in terms of epoxide conversion (100%
after 3 h of reaction at 120°C under 15 bar of CO; with Salophen-tBu-MnCl instead of 62%
without). In addition, the soluble Salophen-tBu-MnCl/ n-BusNBr system proved to be stable

after 3 successive replenishments of the consumed styrene oxide.

Using DCC as a convenient and efficient coupling agent, Salophen-tBu-MnCl and
Salophen-tBu-Ni were easily heterogenized, with up to 1 wt.% of metal at once, by amide
linkage onto a SBA-15 silica bearing propylamine groups, thus affording recoverable co-
catalysts. Immobilization of the less active complex in solution, Salophen-tBu-Ni, even resulted
in an enhanced co-catalytic activity (100% conversion of styrene oxide after 7 h instead of 85%
in solution). This particular result paves thus the way to the utilization of (rarely used in the
literature) Ni?* catalysts for the CO; cycloaddition onto epoxides. Furthermore, the
heterogenized form of Salophen-tBu-Ni was successfully re-used without any appreciable loss
of activity over 4 runs. In addition, the preservation of the integrity of this co-catalyst, after
the catalytic process, was demonstrated by Raman spectroscopy as well as by the

measurement of the N, desorption/absorption isotherms.

More important, this study also showed that propylamine functions at the
surface of the {NH:}-SBA-15 support alone play also a co-catalytic role for the CO;
cycloaddition reaction in the presence of "Bu4Br and give rise to some synergy when using
covalently grafted Salophen-tBu-Ni and "BusBr. In both cases, the origin of this effect would
be due to the activation of the epoxide and/or of CO,. Further work is in progress in order to

get both the catalyst and the co-catalyst grafted on the silica support.
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CHAPTERIV.2:

Use of soluble or supported Chromium-salophen co-

catalysts for the reaction of CO, with styrene oxide

(Work carried out in collaboration with Ludivine K/Bidi (M2))
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IV.2.1 Introduction

To our knowledge, the formation of cyclic carbonates assisted by chromium salophen
complexes was first described by Paddock and Nguyen in 2001.[1] Then, the combination of
Chromium-Salophens with different Lewis bases (DMAP[2], TBABr[3] or ionic liquids [4], etc)
has allowed the conversion of CO, under increasingly mild conditions. Recently, North and co-
workers [5] described a very efficient catalytic system based on BusNBr and Salophen-Cr
allowing a 93% yield of styrene carbonate at room temperature and 1 bar CO; pressure after
24 h but it seems that these authors did not work on the implementation of a supported
version of the Salophen-tBu-Cr (see Figure 54). These results are very interesting to us, since,
in the context of our project to convert alkenes to cyclic carbonates in the presence of CO;
and a green oxidant, it is of particular importance to ensure that the cycloaddition reaction

can be carried out under mild conditions.

—N_. _N=
r
/ AN\ O
tBu O BroO tBu
0 (0]
tBu tBU  (2.5%) 0]
»
BuyNBr (2.5%), r.t., 1 bar, 24h 93%

Figure 54: Catalytic system developed by North and co-workers in the cycloaddition of styrene oxide with CO;

Lots of examples of Salophen complexes heterogenization have been extensively
described with various kinds of supports among which zeolites or mesoporous silicas.[6,7]
Here, following our previous work on Mn or Ni Salophen-tBu (see Chapter IV.1), we propose
to investigate the use of amide bonding to get Salophen-tBu-Cr co-catalysts with good

efficiency for the cycloaddition of CO; onto styrene oxide under mild condition.

Same Salophen-tBu used for the anchoring of Mn and Ni complexes seen in Chapter IV.1 will
be synthesized first, then Chromium centre will be added in the coordination sphere. The
following part will focus first on the co-catalytic activity in solution of Salophen-tBu-Cr, a
complexe that is easy to prepare, then the performances of the latter will be compared to its

grafted version.
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IV.2.2 Experimental part

Only the working protocols of the syntheses that are specific to this part are described
here (for the others, the reader will be referred to the corresponding parts). The same will apply
to the characterisation techniques (N sorption, XRD, TGA, (see Appendix)) in order to avoid

repetition.

IV.2.2.1 Synthesis and heterogenization of the precursor complexe

Preparation of N,N’-bis(3,5-di-tert-butylsalicylidene)-1-carboxy-3,4-phenylene-
diamine-ChromiumcCl (lll) (Salophen-tBu-CrCl). H;Salophen-tBu ligand (0.450 g, 1 eq, 0.67
mmol) whose synthesis and physico-chemical properties (XRD, TGA and N3 physisorption) are
described in Chapter IV.1 was dissolved in 25 mL of dry THF under argon in a two-neck round-
bottom flask connected to a condenser. Then, a solution of [CrCl3(THF)s] (0.157 g, 1 eq, 0.68
mmol) in 25 mL of dry THF under argon was added dropwise and the resulting mixture was
heated, stirred under reflux for 15 min. After cooling at room temperature, the solvent was
evaporated under vacuum leading to a dark red solid (Salophen-tBu-CrCl) (yield: 0.420 g, 94%).
MS (ESI): 652.296 (Figure 55)

Figure 55: HRMS spectrum of Salophen-tBu-Cr complex

Preparation of Salophen-tBu-Cr@{NHz}-SBA-15. {NH,}-SBA-15 (0.30 g, [-RNH;] =
mmol g%, corresponding to 0.66 mmol of {-RNH>} functions, see synthesis in Chapter IV.1) and
Salophen-tBu-Cr (0.105 g, 0.16 mmol) were dried under vacuum overnight in two Schlenk
tubes. Then, Salophen-tBu-Cr was dissolved in dichloromethane (DCM, 3 mL). In parallel, a 2
mL solution of 1-hydroxy-1H-benzotriazole (HOBT, 0.007 g, 0.05 mmol) and N,N’-
dicyclohexylcarbodiimide (DCC, 0.05 g, 0.34 mmol) in DCM was prepared and added to
Salophen-tBu-Cr in DCM. The resulting mixture was stirred for 40 min at room temperature.
Meanwhile, 10 mL of DCM were added to {NH;}-SBA-15. After 40 min, the mixture of 2, HOBT
and DCC was transferred to the suspension of {NH;}-SBA-15 and refluxed for 6 h under N,.
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Then, the solvent was evaporated until dryness and the resulting red powder was washed
successively with refluxing methanol and acetone using a Soxhlet, respectively for 3 days and
24 h. Salophen-tBu-Cr@{NH;}-SBA-15 (0.32 g) was thus obtained as a dark red purple powder
(Cr %weight = 0.8 % determined indirectly by TGA (6.7% mol Cr/mol -NH;) corresponding to a
Cr grafting yield of 29.5%).

IV.2.2.2 Procedures for the catalysis tests and the reaction

monitoring

See details for the experimental procedure used for the addition of CO, onto styrene
oxide in Chapter IV.1. Here, the effect of multiple reaction parameters such has time (1 to 23
h), solvent (benzonitrile and acetonitrile) and temperature (50, 60 and 80°C) has been

investigated. Tetra butyl ammonium bromide was still used as homogeneous catalyst.

IV.2.3 Results and discussion

N,N’-bis(3,5-di-tert-butylsalicylidene)-1-carboxy-3,4-phenylene-diamine-Chromium Cl
(1) or Salophen-tBu-Cr was easily prepared from the salophen ligand with a 94% yield (Figure

56.i).

o O.__OH

OH
(I) é\,\,/ dry THF, [CrCLy(THF);], A, 15min = ,<N 3
N~Cr__
N HO =~ ] \CI O
OH o
(1eq)
Cr-Salophen, DCC, HOBt
O\ DCM., A, 6h 0\
(i) O8I ™" NH, O-5i™""NH
RO RO o CIJ
ZNF
’

N
i\ ©
o Cl

Figure 56: Synthesis of Salophen-tBu-CrCl from ligand 1 (i) and its covalent anchoring onto SBA-15 silica bearing aminopropy! groups (ii)
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Then Salophen-tBu-Cr was grafted onto {NH2}-SBA-15 (2.2 mmol.g* -NH;) using the
same strategy used for covalent grafting of Salophen-tBu-Mn and Ni seen in Chapter IV.1,
which is based on the formation of strong amide bonds by the reaction of the -NH; groups of
the support with the -COOH substituents of the Salophen-tBu (Figure 56.ii). N,N’-
dicyclohexylcarbodiimide (DCC) and 1-hydroxy-1H-benzotriazole (HOBT) were used as
coupling agents in dichloromethane under refluxing conditions affording Salophen-tBu-Cr
@{NH3}-SBA-15. The material obtained was then characterized by XRD, TGA and BET
physisorption (Figure 57). According to the comparison of the TGA profiles of {NH,}-SBA-15
and Salophen-tBu-Cr @{NH;}-SBA-15, the Cr loading could be estimated to 0.8 wt.%.
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Figure 57: (top left) Weight loss % (thermogravimetric analysis, TGA) for {NH2}-SBA-15 (blue) and Salophen-tBu-Cr@{NH,}-SBA-
15 (purple). All curves were normalized at 100°C. (top right) X-ray Diffraction patterns of SBA-15 (black), {NH,}-SBA-15 (blue), and
Salophen-tBu-Cr@{NH,}-SBA-15 (purple). (bottom) Nitrogen adsorption-desorption isotherms (77K) of SBA-15 (black), {NH,}-SBA-15
(blue), and Salophen-tBu-Cr@{NH,}-SBA-15 (purple) with pore size distribution curves (inset)
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Overall, a decrease of the specific surface area was observed after grafting (see Table
17) (900 m?.g* to 530 then 310 m2.g* in the case of grafted Salophen-tBu-Cr), but also of the
volume (1.12 cm3.g* to 0.69 {NH2} and 0.44 cm3.g* {Salophen-tBu-Cr}-SBA-15) and of the pore
diameter (6.2 nm to 5.7 nm for {NH,}-SBA-15 and 5.2 for {Salophen-tBu-Cr}-SBA-15). These
data are compatible with those observed in the case of Manganese (300 m2.g'and 5.4 nm
diameter) and Nickel complexes (350 m?.gtand 5.1 nm diameter) grafted on silica SBA-15.
(100), (110) and (200) reticular planes were still present, characteristic of SBA-15 (see Figure
57). The grafting of the organic molecules onto the SBA-15 silica does not or only slightly alter

the support.

Table 17: Sorption values for functionalized silica support

S Pore
BZET . Vol. Average Pore diameter
Sample (m%g 3
1 (cm3.g (nm)
) 1
)
SBA-15 900 1.12 6.2
{NH2}-SBA-15 530 0.69 5.7
{Salophen-tBu-Cr}-SBA-15 310 0.44 5.2

Salophen-tBu-Cr@{NH,}-SBA-15 was prepared in a way similar to Salophen-tBu-
Mn@{NH;}-SBA-15 and Salophen-tBu-Ni@{NH}-SBA-15 described in the previous chapter.
Chromium metal concentration estimated from thermogravimetric analysis and comparable
result of metal loading (0.80%) was obtained compared to Manganese (1.03%) or Nickel

(1.30%) corresponding to grafting yield of 41%.

Used alone at 80°C at a molar ration of 0.9%, without adding BusNBr, we have checked
that Salophen-tBu-Cr did not catalyse the CO: cycloaddition onto styrene oxide (Table 18,
entry 1). As shown earlier in similar conditions, BusNBr alone led to 12% yield of styrene
carbonate in 3 h, 20% in 7 h and 99% in 23 h (Table 18, entry 2), but adding Salophen-tBu-Cr,
as a co-catalyst, led to 75% yield within 3 h with 100% selectivity (Table 18, entry 3). Whatever
the working temperature considered, Salophen-tBu-Cr strongly enhanced the conversion of
styrene oxide, with an increase of styrene carbonate from 12 to 99% at 80°C, from 2 to 96%

at 60°C and from 0 to 69% at 50°C (Table 18, entries 2/3, 4/5 and 6/7).
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Working at 60°C with both Salophen-tBu-Cr, and n-BusNBr led also to the almost
consumption of styrene oxide within 23h (Table 18, entry 5, 96% yield). The results obtained
at 50°C were less acceptable since the styrene carbonate yield was only 69% after 23h in this

case (Table 18, entry 7).

o]

0 Bu,NBr, Cr-salophen (co-cat) 0/{0
PhCN, A, h, 11 bar CO,

Y

Table 18 Yield (%) of styrene carbonate obtained with Cr- (or Mn or Ni)salophen co-catalyst as well as Salophen-
tBu-Cr@{NH.}-SBA-15

Entry Co-cat (Lewis acid) cat. (Lewis base) T(°C) 3h 7h 23h
1 Salophen-tBu-Cr - 80 0
2 - BusNBr 80 12 20 99
3 Salophen-tBu-Cr BuaNBr 80 75 92 99
4 - BuasNBr 60 2 5 24
5 Salophen-tBu-Cr BuaNBr 60 26 47 96
6 - BusNBr 50 0 2 11
7 Salophen-tBu-Cr BuaNBr 50 12 29 69
8 Salophen-tBu-Cr@SBA BusNBr 80 58 77 99
9 Salophen-tBu-Cr@SBA BusNBr 60 10 32 79
10 Salophen-tBu-Cr@SBA BusNBr 50 5 13 47

116 Salophen-tBu-Cr BusNBr 80 - 91 -

12 (@ Salophen-tBu-Cr@SBA BusNBr 80 - 78 -
13 Salophen-tBu-Mn BusNBr 80 - 48 -
14 Salophen-tBu-Ni BusNBr 80 - 26 -

Conditions: Styrene oxide (5.6 mmol), n-BusNBr (0.1 mmol), soluble and supported Salophen-tBu-Cr (0.05 mmol) in
13.3 mL of benzonitrile under 11 bar of CO,. (a) reaction conducted | acetonitrile

Chromium(lll) is clearly a better metal centre compared to Manganese(lll) and
Nickel(ll). Indeed a significant increase of reactivity was observed in the presence of Salophen-
tBu-Cr compared to Salophen-tBu-Mn (see Table 18, entry 13) and Salophen-tBu-Ni (see Table
18, entry 14) with yields of styrene carbonate of 48% for Mn, 26% for Ni and 91% for Cr.

Then, the activity of the anchored co-catalyst (Salophen-tBu-Cr@{NH;}-SBA-15) was
also investigated at 50, 60 and 80°C keeping other parameters constant, especially the
substrate/catalyst/co-catalyst molar ratios and working with n-BusNBr as a homogeneous
catalyst. At first sight, it is noteworthy that better results were obtained with the soluble form
of Salophen-tBu-Cr, and this independently of the temperature or reaction time (see Table 18,
entries 8-10 vs. entries 3, 5 and 7). Heterogeneous results are available for reactions
conducted for 3h, 7h and 23h (Table 18, entries 8 - 10). For a 7 h reaction time, an average
loss of 15% of styrene carbonate yield could be estimated between homogeneous and

heterogeneous conditions. In fact, in only one case, 23 h at 80°C, a complete transformation
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of styrene oxide into styrene carbonate could be observed in heterogeneous conditions.
Reactions were also conducted in acetonitrile, which is the most used solvent in epoxidation
reaction (see Chapter I). It could be shown that, after 7h at 80°C, the yields of styrene oxide
in acetonitrile were not significantly different from those obtained in benzonitrile (c.a. 92% in
homogeneous vs. 78% in heterogeneous conditions). Similar yields of styrene carbonate were
obtained at 80°C, meaning that the solvent does not impact the catalytic reactivity (see Table

18 entries 11-12).

Even though the loss of reactivity in the heterogeneous co-catalyst system, praised
should be addressed with a significant improvement of the overall reaction with a complete
conversion of styrene oxide at 80°C obtained after 23h reaction. In general, the relatively small
decrease in reactivity observed in heterogeneous systems is largely offset by the advantages
obtained, such as the recyclability of the catalyst compared to the homogeneous system. This
difference in reactivity between homogeneous and heterogeneous systems is not found in the
case of the Mn and Ni supported catalysts seen in Chapter IV.1. On the contrary, reactions
conducted at 120°C in the presence of supported catalysts showed better results compared
to those obtained in a homogeneous system. In our case, it is possible that the lower reaction
temperature of 80°C does not allow the amine functions to interact as efficiently with CO». To
confirm this hypothesis, it would be interesting to conduct cycloaddition reactions in the

presence of Salophen-tBu-Mn or Ni supported on silica at temperatures of 80°C.
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Figure 58: Comparison of the styrene carbonate yields obtained in homogeneous and heterogeneous condition Conditions:
Styrene oxide (5.6 mmol), n-BusNBr (0.1 mmol), soluble and supported Salophen-tBu-Cr (0.05 mmol) in 13.3 mL of benzonitrile
under 11 bar of CO,, 7h 80°C
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The preservation of the Cr activity has also been investigated by repeating catalysis
tests in homogeneous or heterogeneous conditions. Using procedures similar to those
detailed in Chapter V.1, 4 runs were conducted at 80°C for 7h reactions using either Salophen-
tBu-Cr (see Table 18, entry 3) or Salophen-tBu-Cr@{NH,}-SBA-15 (see Table 18, entry 8).
Yields of styrene carbonate in the corresponding tests are presented in Figure 59 showing that
runs in homogeneous conditions were characterized by very little loss of activity (from 92% to
90% in the fourth run). The decrease of the performances of Salophen-tBu-Cr@{NH,}-SBA-15
seems to be more pronounced. Indeed, a progressive loss was observed after each run, with
a 77% yield of styrene carbonate in the first run and 69% yield obtained in the fourth run. This
difference can be explained in part by the recurrent loss of 5 wt.% of the supported co-catalyst

during the work-up procedure leading to its recovery.
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Figure 59: Yields of styrene carbonate obtained after four runs in the presence of Salophen-tBu-Cr or Salophen-tBu-Cr@{NH,}-
SBA-15. Conditions: Styrene oxide (5.6 mmol), n-BusNBr (0.1 mmol), soluble and supported Salophen-tBu-Cr (0.05 mmol) in
13.3 mL of benzonitrile under 11 bar of CO, 7h 80°C

IV.2.4 Conclusion

The synthesis of N,N’-bis(3,5-di-tert-butylsalicylidene)-1-carboxy-3,4-phenylene-
diamine-ChromiumcCl (lll) (Salophen-tBu-Cr), its grafting through an amide linkage onto SBA-
15 silica and its co-catalytic activity in the cycloaddition of CO, onto styrene oxide have been
investigated. The chromium(lll) salophen complex was obtained with a 94% complexation
yield and grafted onto SBA-15 bearing aminopropyl groups with a c.a. 40% vyield affording a

material with a Cr loading of 0.80 wt.%. The co-catalytic activity of Salophen-tBu-Cr was then
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studied at several temperatures as low as 50°C in the presence of n-BusNBr, with reaction

times from 3 to 23h and tested in benzonitrile and acetonitrile. Remarkable yields of styrene

carbonate were obtained with a complete conversion of styrene oxide after 7h at 80°C or 23h

at 60°C but the yields were significantly lower with the heterogenized form. Nevertheless,

improvement of the reactivity of homogeneous Cr was observed in comparison with Mn and

Ni-Salophen-tBu (see Chapter IV.1), with high yields of styrene carbonate obtained at

relatively mild temperature of 80 to 50°C. After grafting at the surface of silica SBA-15 using

amide covalent bond, a drop of an average 15% of carbonate yield was observed compared

to the homogeneous results.
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CHAPTER IV.3

Impact of the nature of the ligand on the activity of
Manganese and Chromium salophen 2N20 co-catalysts in

CO; cycloaddition onto styrene oxide
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IV.3.1 Introduction

Due to the easy synthesis of the N,0; ligands and the wide range of possibilities to
adjust their properties, Schiff base metal complexes have found a wide diversity of
applications as catalysts or co-catalysts for oxidation, ring opening reactions and CO;
cycloaddition onto epoxides. [1,2] In the latter case, Salen complexes of Mn'", Cr'", Ni", Al",
Co", zn", Sn" and Ru" have been tested.[2—7] Whatever the applications targeted, general
strategies to tune the properties of such complexes are based on the introduction of
substituents on the aromatic rings. Hence, bulky groups turned out to be useful to control the
approach of substrates while groups with pronounced electron-withdrawing/donating
properties have proved to be helpful to adjust the Lewis acidity of the metal centre. The later
strategy is worth to try when Schiff base metal complexes are used as co-catalysts in the
formation of cyclic carbonate that is expected to be favoured in the presence of strong Lewis
acids.[8] The choice of Schiff bases substituents can also be determining to decipher on the

covalent anchoring strategy of the resulting complexes onto supports.

At first sight, most of the catalytic systems using Salen complexes for CO; cycloaddition
onto epoxides reported in the literature are based on ligands harbouring 1 or 2 bulky groups
at the 3,5 positions on their aromatic cycles directly involved in the metal coordination.
However, some studies focused also on the use of electron donating amino groups -R;N (Table
19). The very first investigation of salen complexes bearing -Et;N groups as co-catalyst for
cycloaddition with CO, was described by Ulusoy and co-workers [9]. Cycloaddition was
conducted with different epoxides (see Table 19 entry 1) in the presence of DMAP (main
catalyst) and a salophen-Et;N-Pd" complex (co-catalyst). A molar ratio of 1 co-cat : 2 DMAP
was used and the experiment was conducted at 100°C during 2h under 20 bar of CO,. Other
substituents were also investigated, including tert-butyl groups in 3,5 positions on the

aromatic rings and the nature of the chain A was varied too.
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Table 19: State of the art regarding the use of salen complexes bearing -Et:N groups in the cycloaddition of CO> onto
epoxides. PrClOx: Chloro-propyl oxide, StyOx: Styrene oxide

Entry R; R2 ChainA M Substrate (01(-:) (:‘) (bZr) Catalyst Y(I;I;j TOF
1[9] H EtoN  -CHCH,. Pd PrClOx 100 2 20 DMAP 96 48
2 [10] H EtoN  -CHCH,. Cu StyOx 100 2 10 DMAP 65 650
2’[10] H H -CHCH2- Cu StyOx 100 2 10 DMAP 72 720
3[11] H EtoN Phenyl Fe StyOx 130 6 6 n- 68 289
BusNBr
4[12] H Et2N  Phenyl Cr StyOx 25 24 1 n- 86 4
BusNBr
5[13] H EtoN  -CH.CH,.  Co StyOx 80 6 10 TBB-bpy 96 80
61141 H EuN O o syox 120 15 10 m 97 6565
complex BusNBr

In a second study, Ulusoy investigated the use of Zn" and Cu" salen complexes
supported on {NH;}-SBA-15 silica using amide covalent bond.[10] Experiments were
conducted with styrene oxide, at 100°C during 2h under 10 bar of CO;. In these conditions,
relatively high yields of styrene carbonate were obtained using 0.1% of co-cat and 0.6% of
DMAP (Table 19, entry 2). Interestingly, catalytic activity was investigated in the case of Salen
bearing -EtoN or -tBu groups and a comparison of the impact of a particular group was studied.
According to the authors, the yields of styrene carbonate were a little bit lower for the salen
bearing -Et;N groups in comparison with -tBu groups. They concluded that the decrease of

reactivity is attributed to both steric effect and electron donor capability.

More recently, Abu-Surrah and co-workers [11] were also able to obtain a relatively
good yield of 68% of styrene carbonate using an Fe'' salophen-Et;N and n-BusNBr (Table 19,
entry 3). Both components were introduced at molar concentrations as low as 0.04%-
However, reaction conditions, especially the temperature (6 bar of CO2, 6 h, 130°C) were
rather drastic. It can be noted that, in this work, the highest yields of styrene carbonate when
-EtoN was used instead of -H or -Cl substituent in the same position but nothing was no

information was given about the use of -tBu groups.
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North and co-workers have been involved for a while in the search of catalysts for the
synthesis of cyclocarbonates using CO,.[15,16] Very recently, this team reported high yields
of styrene carbonate in very mild conditions (1 bar of CO2, 24 h, r.t.) using a Chromium(lll)
salophen-Et;N complex and n-BusNBr (Table 19, entry 4).[12] Both components of the
catalytic system were used with a molar ratio of 1% each, leading to a very low TOF of 6 h!
compared to previous works (86% yield of styrene carbonate after 24h). Nevertheless, such
results deserve the attention of the reader because, like for very few other teams, the authors

used ambient temperature and 1 bar of CO,.

As stated above, the performance of the catalytic system is influenced by the nature
of the substituents on the co-catalyst. In some cases, the authors used also the reactivity of
tertiary amino functions with C-X electrophilic groups to incorporate quaternary ammonium
functions in close proximity to the metal centre (both catalytic and co-catalytic functions in
the same molecule) or even to perform at the same time the heterogenization of those
complexes onto supports bearing haloalkyl linkers.[17] Hence, Leng and co-workers managed
to bind, for example, a Co salen-Et:N complex (Table 19, entry 5) on microspheres of an ionic
polymer bearing -CH;-Br groups.[13] Doing so, the quaternary ammonium salt is both useful
as an anchoring covalent bond and as an active phase for the cycloaddition of CO,. Styrene
carbonate could be prepared in 96% yield within 6h at 80°C under 10 bar of CO, with a molar
ratio of cat : co-catalyst = 2 : 1). More importantly, the whole catalytic system could be
recovered by filtration and reused for a total of 5 runs without any significant loss of
conversion or selectivity. ICP-AES analysis confirmed the constant concentration of Co metal

in the solid after five runs.

Very recently, Pan and co-workers investigated the Lewis acidity of heterogeneous
organic clusters containing lanthanide metal centres (Table 19, entry 6).[14] Among them, the
samarium metal complex was the best one with TOF values up to 6600 h for the conversion
of styrene oxide into styrene carbonate. The reaction was carried out under 10 bar of CO; at
120°C during 1.5h with a 0.01% co-cat and 0.75% n-BusNBr, affording a 97% yield of styrene
carbonate. The recovered catalyst was tested in 3 other runs with significant loss of conversion
from 100 to 80%. According to the authors, this could be explained by the deactivation of the

catalyst.
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To our knowledge, there is no work describing the synthesis or use of metal complexes
bearing the -Me;N substituent. As seen in Chapter I, In the case of a cycloaddition reaction
involving the use of amine catalysts, it was seen that better results were obtained as the
basicity increased. Me;N groups having a Lewis basicity greater than Et;N, the development
of their synthesis is therefore a strategy of choice for the cycloaddition reaction. In the light
of the past bibliography review, the present work will focus on the optimization of the
synthesis of salophen ligands bearing either -EtoN or -MezN groups. Their catalytic activity will
then be compared with previous detailed catalysts Salophen-tBu-MCl. As stated in previous
studies, it is to be believed that the presence of these group could greatly enhance the
catalytic activity in comparison with -tBu groups. Synthesis and characterization of these
complexes will be further developed as well as their catalytic activity will be investigated in

homogeneous conditions.

10 ::i
9 N 3
N N

TN Ho N ! HO™ 7 N

1 1
. ),OH 1 /J s OH ‘

. 5 a

5 3 5 O 3

4 4

N

" | N |
W 1"

o 0, %@m Soe, Yooy

Cé’ @ éo e L

N

M2 3 i .

Figure 60: Organic ligand and complexes investigated in this chapter

IV.3.2 Experimental part

Only the working protocols of the syntheses that are specific to this part are described

here (for the others, the reader will be referred to the corresponding parts).
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IV.3.2.1 Catalysts synthesis and characterization

* Salophen-Et;N series

Preparation of N,N’-bis(4-diethylaminosalicylidene)-1,2-phenylenediamine
(Salophen-Et:N ligand, 1). 1,2-phenylenediamine (0.540 g, 5 mmol) was introduced in a two-
neck round-bottom flask connected to a condenser under argon and dissolved in 50 mL of
pure ethanol (EtOH). In parallel, a solution of 4-(diethylamino)salicylaldehyde (1.93 g, 10
mmol) in the same solvent (50 mL) was prepared under argon. This solution was then added
dropwise using a syringe to the suspension of 1,2-phenylenediamine over a period of 20 min.
After the addition was completed, the mixture was stirred at room temperature for 72h. The
yellow solid formed (compound 1) was then recovered by filtration on a glass frit (n°4), rinsed
twice with 20 mL of pure ethanol and 30 mL of petroleum ether and dried in vacuum, yielding
0.825 g (36 % yield). IR (KBr, cm1): 3425 (w), 2958 (s), 1686 (m), 1615 (s), 1574 (s), 1438 (m),
1361 (m), 1252 (m), 1172 (s), 1132 (w), 1026 (w), 771 (m) cm™. *H NMR ([D6]dmso, Figure 61,
ppm): 8H 11.64 (2H, s, C(2)OH), 9.51 (2H, s, C(7)H=N), 7.30 (2H, s, C(10)H), 7.28 (2H, s, C(9)H),
7.27 (2H, s, C(6)H), 6.28 (2H, dd, C(5)H), 6.10 (2H, d, C(3)H), 3.44 (8H, m, C(11)(CH2), 1.23 (12H,
t, C(12)C(CHs)z,
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Figure 61: 1H NMR spectrum of Salophen-Et,N
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One-pot preparation of N,N’-bis(4-diethylaminosalicylidene)-1,2-phenylene-
diaminechloro-Manganese(lll) (Salophen-Et:N-MnCl, 2). 1,2-phenylenediamine (0.065 g,
0.60 mmol) was introduced in a two-neck round-bottom flask connected to a condenser under
argon and dissolved in 10 mL of dry THF. In parallel, a solution of 4-
(diethylamino)salicylaldehyde (0.232 g, 1.2 mmol) in the same solvent (10 mL) was prepared
under argon and later added drip by drip to the previous solution. [MnCl,(THF);] (0.160 g, 0.60
mmol) was then added to the mixture and the resulting medium was stirred at room
temperature for 1 h, then refluxed for 20 min. After cooling at room temperature,
triethylamine (0,12 g, 1.20 mmol, 0,17 mL) was added and the mixture stirred for another 45
min. The volume of the solution was then reduced up to 10 mL under vacuum and the reaction
mixture allowed to stand at room temperature overnight. After this period, a white powder
(triethylammonium chloride) was recovered by filtration and discarded. The brown solution
was submitted to evaporation, leading to a brown solid (Salophen-Et;N-MnCl (2)) that was
recrystallized in toluene (yield: 0.312 g, 0,57 mmol, 95 %). IR (KBr, cm™): 3416 (m), 2958 (m),
1680 (s), 1610 (s),1573 (s), 1466 (s), 1392 (s), 1361 (s), 1325 (s), 1249 (s), 1198 (s), 1178 (s),
1097 (s), 1026(s), 807 (s), 781 (s), 548 (m). HRMS [2-CI]+ (ESI) : m/z =511.19 (Figure 62).
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Figure 62: HR-MS spectrum of Salophen-Et,N-Mn

Preparation of N,N’-bis(4-dimethylaminosalicylidene)-1,2-phenylene-diaminechloro
-Chromium (Ill) (Salophen-Et:N-CrCl, 3). Salophen-Et;N (0.300 g, 1 eq, 0.65 mmol) was
dissolved in 25 mL of dry THF under argon in a two-neck round-bottom flask connected to a
condenser. Then, a solution of [CrCl3(THF)3] (0.150 g, 1 eq, 0.65 mmol) in 25 mL of dry THF was
added dropwise under argon and the resulting mixture was then stirred under reflux for 15

min. After cooling at room temperature, the solution was evaporated under vacuum leading
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to a dark red solid (Salophen-Et2N-CrCl) (yield: 0.330 g, 94%). HRMS [3-Cl]+ (ESI) : m/z = 508.19

(Figure 63).
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Figure 63: HR-MS spectrum of Salophen-Et,N-C/

* Salophen-Me:N series
Preparation of 4-(dimethylamino)-2-hydroxy-benzaldehyde.[18]

OH POCI; DMF

0°C 10 min, r.t. 30 min, 80°C 12h

H,0, Na,CO,

PN
8

7 mL of phosphorus oxychloride (POCI3) (75 mmol) was added dropwise to the solution
of 3-(dimethylamino)phenol (5.00 g, 36.5 mmol) in 15 mL dry DMF at 0°C over 10 min, then
the reaction mixture was stirred for 30 min at room temperature, followed for 12h at 80°C.
After cooling to room temperature, 80 mL of distilled water was added and the resulting
mixture was then poured into crushed ice and neutralized with 60 mL of a saturated aqueous
solution of Na,COs. The solid (4.1 g ) was recovered by filtration, washed with water and dried
in @ vacuum oven at 25 °C for 4 h. Yield: 66%, m.p. 79-80 °C (lit. 80.5-81 °C).[19] Later, 4-
(dimethylamino)-2-hydroxy-benzaldehyde was used without further purification. *H NMR
(500 MHz, CDCls, Figure 64, 6 =11.57 (1H, s, C(2)HO), 9.50 (1H, s, C(7)H, 7.28 (1H, d, C(6)H)
6.27 (1H, dd, C(5)H), 6.06 (1H, d, C(3)H), 3.05 (6H, s, C(8)C(CH3z)2)
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Preparation of N,N’-bis(4-dimethylaminosalicylidene)-1,2-phenylenediamine
(Salophen- MexN ligand 4). 1,2-phenylenediamine (0.540 g, 5 mmol) was introduced in a two-
neck round-bottom flask connected to a condenser under argon and dissolved in 50 mL of
pure ethanol (EtOH). In parallel, a solution of 4-(dimethylamino)salicylaldehyde (1.65 g, 10
mmol) in the same solvent (50 mL) was prepared under argon. This solution was then added
dropwise using a syringe to the solution of 1,2-phenylenediamine over a period of 20 min.
After the addition was completed, the mixture was stirred at room temperature for 72h. The
yellow solid formed (compound 4) was recovered by filtration on a glass frit (n°4), rinsed twice
with 20 mL of pure ethanol and 30 mL of petroleum ether and dried in vacuum, yielding 1.130
g (56 %). IR (KBr, cm™): 3425 (w), 2958 (s), 1686 (m), 1615 (s), 1574 (s), 1438 (m), 1361 (m),
1252 (m), 1172 (s), 1132 (w), 1026 (w), 771 (m) cm™. *H NMR ([D6]dmso, Figure 65, ppm): 8H
13.50 (2H, s, C(2)OH), 8.65 (2H, s, C(7)H=N), 7.35 (2H, s, C(10)H), 7.33 (2H, s, C(9)H), 7.26 (2H,
s, C(6)H), 6.35 (2H, dd, C(5)H), 6.09 (2H, d, C(3)H), 3.00 (12H, t, C(12)C(CHs)s,
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Figure 65: 1H NMR spectrum of Salophen-Me;N

One-pot preparation of N,N’-bis(4-dimethylaminosalicylidene)-1,2-phenylene-
diaminechloro-Manganese(lll) (Salophen-Me;N-MnCl, 5). 1,2-phenylenediamine (0.065 g,
0.60 mmol) was introduced in a two-neck round-bottom flask connected to a condenser under
argon and dispersed in 10 mL of dry tetrahydrofuran (THF). In parallel, a solution of 4-
(diethylamino)salicylaldehyde (0.232 g, 1.2 mmol) in the same solvent (10 mL) was prepared
under argon and later added drip by drip to the previous solution. [MnCl>(THF);] (0.160 g, 0.60
mmol) was then added to the mixture and the resulting medium was stirred at room
temperature for 1 h, then refluxed for 20 min. After cooling at room temperature,
triethylamine (0,12 g, 1.20 mmol, 0,17 mL) was then added and the mixture stirred for another
45 min. The volume of the solution was then reduced up to 10 mL under vacuum and the
reaction mixture allowed to stand at room temperature overnight. After this period, a white
powder (triethylammonium chloride) was filtered and discarded. The solution was
evaporated, leading to a brown solid (Salophen-Me;N-MnCI (5)) that was recrystallized in
toluene (yield: 0.279 g, 0,57 mmol, 95 %). IR (KBr, cm™): 3416 (m), 2958 (m), 1680 (s), 1610
(s),1573 (s), 1466 (s), 1392 (s), 1361 (s), 1325 (s), 1249 (s), 1198 (s), 1178 (s), 1097 (s), 1026(s),
807 (s), 781 (s), 548 (m). HRMS [5-Cl]+ (ESI) : m/z = 455.13 (Figure 66)
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Figure 66: HR-MS spectrum of Salophen-Me;N-Mn
Preparation of N,N’-bis(4-dimethylaminosalicylidene)-1,2-phenylene-diaminechloro
-Chromium (lll) (Salophen-MezN-CrCl, 6). Salophen-Me;N ligand (0.300 g, 1 eq, 0.75 mmol)
was dissolved in 25 mL of dry THF under argon in a two-neck round-bottom flask connected
to a condenser, then a solution of [CrCl3(THF)s] (0.173 g, 1 eq, 0.65 mmol) in 25 mL of dry THF
was added under argon dropwise and the resulting mixture was stirred under reflux for 15
min. After cooling at room temperature, the solvent was evaporated under vacuum leading
to adark red solid (Salophen-Me,N-CrCl) (yield: 0.343 g, 94%). MS (ESI): 452.13(Erreur ! Source

du renvoi introuvable.)

4521272

288.2897

S

Figure 67: HR-MS spectra of Salophen-Me,N-Cr

IV.3.2.2 Catalysts synthesis and characterization

Styrene oxide (StOx, 0.66 mL, 5.6 mmol), catalyst (BusNBr, 31.1 mg, 96.2 umol), co-
catalyst (Salophen-R-M, 48.3 umol), GC internal standard (p-xylene, 1 mL, 8.0 mmol) and
benzonitrile (20 mL) were mixed into a Teflon bucket contained in a stainless-steel autoclave
equipped with a magnetic stirrer and an electric heater. The autoclave was then purged with
CO,, the system was pressurized with 11 bar of CO; and heated at the desired temperature.
The reaction mixture was stirred for several hours (see Table 20). After each catalytic test,
the resulting solutions or suspensions were analysed by gas chromatography GC after dilution

(samples of 25 pL diluted in 10 mL of CH,Cly).
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In all experiments, the possible presence of polycarbonates was checked by 'H and 3C NMR
spectroscopy. In any cases, no trace of polymers was detected. This was confirmed by the
mass balance determination by GC using p-xylene as an internal standard. Thereafter, styrene

oxide conversion values will be considered to be equal to styrene carbonate yield values.

IV.3.3 Results and discussion

IV.3.3.1 Synthesis and characterization of the Salophen-Et;N and -
Me:N ligands and of the corresponding Mn(lll) and Cr(lll)

complexes

Salophen-Et;N was synthesized according to the protocol developed by Abu-Surrah et
al.[11] This yellow solid was obtained after a single step condensation reaction in a green
solvent (ethanol). After 72h reaction at room temperature (Figure 68), a yield of 36% was
obtained. The structure of the ligand was confirmed by 'H NMR, IR and HRMS analysis. As
observed in previous Chapter IV.1 (synthesis of Salophen-tBu), the use of ZnCl; as templating
agent in order to enhance the yield of the ligand was not successful, as zinc remained
coordinated (formation of Salophen-Et2N-Zn complex with 86% yield). Such behaviour could
be explained by the weaker steric effect of Et;N in position 4 compared to the two -tBu
substituents in 3 and 5 positions. Here, it looks like -Et;N groups were not bulky enough
compared to -tBu substituents to prevent the zinc from staying inside the coordination sphere.
The chromium complex (Salophen-Et;N-CrCl) was then obtained in THF with a 94% vield using
CrCl3 as metal precursor and Salophen-Et;N. Salophen-Et,N-CrCl was confirmed by IR and
HRMS (see Figure 63). Salophen-Et;N-MnCl could be prepared in 95% yield by a one-pot
synthesis starting from the ligand precursors, i.e. the diamine and the two aldehydes in the
presence of the manganese source. To our knowledge, no one-pot synthesis of Salophen-Mn
complex has yet been described before. Metal complex was characterized with IR spectra and
HRMS analysis demonstrating high purity product (see Figure 62). A one-pot synthesis of the
Chromium complex was also investigated, with CrCls playing the role of templating agent.

Unfortunately, no defined product was detected by HRMS analysis.
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Figure 68 : Synthesis routes of Salophen-R;N and -tBu metal complexes

To our knowledge, the synthesis of Salophen-Me;N has not been reported yet in the
literature although the protocol is very similar to the one implemented for Salophen-Et;N.
Commercially available but expensive, 4-(dimethylamino)-2-hydroxy-benzaldehyde was
prepared in our hands before according to the protocol of Awwadi et al.[20] Then, Salophen-
Me:zN was obtained with a higher yield compared to its Et;N form (56% instead of 36), after
72h reaction at room temperature. Later, the Chromium and Manganese complexes were
prepared following exactly the protocols used for the Salophen-Et,N-M analogues. Regarding
Manganese(lll), a successful one-step procedure could also be used leading to a 98% vyield of
Salophen-Me;N-Mn complex while for chromium(lll), a classical complexation starting from a
pre-formed ligand was necessary. Both Salophen-Me;N-Mn and Cr were obtained in high

yields of 95%.
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IV.3.3.2 Comparison of the co-catalytic activity of the Salophen-type
complexes in the styrene oxide conversion into styrene carbonate in

homogeneous and heterogeneous conditions

The catalytic activities of both Et;N-Cr and Me;N-Cr complexes were investigated in
homogeneous conditions. n-BusNBr was utilized as the main catalyst and the reaction
conducted under 11 bar of CO, (measured at r.t.) at 80, 60 and 50°C during between 1h to
23h. These new results will allow a comparison between the 3 different Salophen Chromium

co-catalysts: -tBu, -Et;N and Me;N.

Results show that, at 80 or 60°C, a complete conversion of styrene oxide was achieved

for most of the co-catalysts after 23h (see Table 20, entries 4-9).

Table 20: Yields of styrene carbonate with soluble Salophen-chromium co-catalysts

Temperature styrene carbonate yield (%)
Entry Co-catalyst °C) 1h 3h 7h 23h
1 Salophen-Me2N-Cr 50 20 55 75 99
2 Salophen-Et2N-Cr 50 8 21 40 89
3 Salophen-tBu-Cr 50 5 15 29 67
4 Salophen-Me:zN-Cr 60 31 87 99 99
5 Salophen-Et2N-Cr 60 16 42 79 99
6 Salophen-tBu-Cr 60 12 26 47 96
7 Salophen-MeaN-Cr 80 99 99 99 99
8 Salophen-Et2N-Cr 80 78 99 99 99
9 Salophen-tBu-Cr 80 41 75 92 99

Conditions: Styrene oxide (5.6 mmol), n-BusNBr (0.1 mmol), Salophen-Cr(lll) (0.05 mmol) in 13.3 mL of benzonitrile
under 11 bar of CO,.

Regarding the conversion of styrene oxide at 50 and 60°C, Cr Salophens bearing amino
groups clearly stood out compared to Salophen-tBu-Cr (Table 20, entries 1-3 and 4-6). The
lower the temperature, the greater the difference could be evidenced between tBu and the
amino groups. Hence, the conversion was almost complete at 50°C in the case of Salophen-
Et:N and -Me;N while -tBu led to 67% conversion after 23h at 50°C (Table 20, entry 1-3). In
some case, the difference of co-catalytic activity is thus a factor 2 between Salophen-tBu and
-Et2N, and another factor 2 between Salophen-Et;N and -Me;N (Table 20, entry 1-3). Of the
three Cr co-catalysts tested, Salophen-Me;N-Cr was the only one that allowed a 99%
conversion of styrene oxide within 7h at 60°C (Table 20, entry 4). Additional tests performed
with 1h showed that a complete conversion could be obtained in the case of Salophen-Me;N-

Cr at 80°C.
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The co-catalytic activity of n-BusNBr itself was also investigated in order to better
emphasize the influence of the co-catalysts. A series of 3h reactions were conducted at 50,
60, 80, and 120°C in the presence or absence of the co-catalyst. As seen in Table 21, n-BusNBr
alone is able to catalyse the cycloaddition process without any co-catalyst with 80% yield of
styrene carbonate at 3 h, but only at 120°C (Table 21, entry 5). Hence, lower reaction
temperatures are better to estimate the influence of the co-catalyst. Some catalytic activity
can be evidenced with n-BusNBr alone at 80°C, with 12% vyield of styrene carbonate after 3h
(Table 21, entry 5). This number goes up to 75% with the addition of Salophen-tBu-Cr (Table
21, entry 3) and almost 100% vyield is reached for Salophen-Cr(lll) bearing tertiary amino
groups (Table 21, entries 1 and 2). In comparison, Salophen-Me;N were able to achieve 99%
yield of styrene carbonate at 80°C but failed to obtained good results at lower temperatures
60°C and 50°C (see Table 21, entry 4). At 60 and 50 °C, n-BusNBr is not active enough and co-

catalysts are more than ever needed to perform the cycloaddition reaction.

Table 21: Influence of the co-catalyst contribution to the styrene carbonate yields obtained after 3h reaction at
different temperatures

Styrene carbonate yield (%)

Ent Catal Co-
™ t e catal sto > 6 8 12
y v 0°C 0°C 0°C 0°C
1 n-Bu4Br Salophen 5 8 9 99
-Me2N-Cr 5 7 9
n-Bu4Br Salophen 2 4 9
2 -EtaN-Cr 1 2 9 9
n-BuaBr Salophen 1 2 7
3 -tBu-Cr 5 6 5 9
n-BuaBr Salophen 2 9
4 -Me2N-Mn 4 9 =
5 n-BuaBr ) 0 ) , 1 80

Conditions: Styrene oxide (5.6 mmol), n-Bus;NBr (0.1 mmol), soluble Salophen-M (0.05 mmol) in 13.3 mL of benzonitrile
under 11 bar of CO; 3h

All these results were plotted in Figure 69 in order to better emphasize the difference
of co-catalytic activity of the three Salophen-Cr(lll) complexes resulting from the switch of the
organic substituent localised on the aromatic cycle, either -tBu, -Et2N, -Me2N and also to point

out the requirement of co-catalysts to get acceptable results within 3 h at 80°C (see
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Figure 69: Comparative results obtained with different Salophen-R-Cr after 3h cycloaddition at 80°C

Salophen-Me;N-Mn was logically tested to be compared to Salophen-Me;N-Cr showing
definitively the superiority of Cr(lll) over Mn(lll). Even though a total conversion was asserted
at 80°C after 3h reaction, almost no styrene carbonate was noticed at 50 and 60°C (Table 21,
entry 4). This comforted us in the choice of Chromium as a preferable metal centre for the

cycloaddition reaction of styrene oxide.

Our results lead to the following ranking of desirable substituent inside the structure
of Salophen ligand: -Me:N in position 4 > -Et;N in position 4 > -tBu in positions 3,5. Different
explanations can be proposed for this variation of reactivity. Previous DFT studies suggested
that the co-catalyst environment plays an important role in its ability to offer an optimal space
in which the reaction can take place, specifically steric factors.[21] In the present case, tertiary
amine groups could potentially offer less steric hindrance compared to -tBu groups, thus

affording better interactions of CO; with the epoxide.

Another explanation is related to the chemical reactivity of -Me;N and -Et;N groups.
Both can react with CO; in the presence of water, affording hydrogen carbonate species. A
positive influence of the reaction of water with amines was described by Gao and co-workers
who obtained better yields of epichlorohydrin carbonate in the presence of water (from 50%
without water to 70% with an optimum water concentration of 0.4 mol% based on the
epoxide).[22] According to the authors, further addition of water led to a significant decrease
of the yield of carbonate, below 50% at 1 mol% of water. As represented in Figure 70, the
tertiary amine added as a co-catalyst in the work of Gao and co-workers would react with CO;

and H20 leading to the corresponding ammonium hydrogen carbonate. Trace of carbonate
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anion form could be characterized by infra-red spectrum, with a characteristic pic appearing
at 835 cm™. The later would then react with the intermediate opened form of the epoxide,
leading to the cyclic carbonate and the release of a water molecule. So, water does not to be

introduced in stoichiometric amounts.

In our case, we have estimated that, in this absence of any drying treatments of
benzonitrile and of CO; gas, a small molar fraction of water is present in the autoclave (c.a. 1
H,0 : 6 Salophen-M) which is much lower than the optimal concentration emphasized by Gao

and co-workers in their paper.

Figure 70: Proposed n-BusNBr /tertiary amine catalysis mechanism for the
cycloaddition of CO; onto styrene oxide.

In order to investigate the in-situ formation of the bicarbonate form in our work, we
thought that IR monitoring of the reaction medium under CO; pressure could be adapted.[22]
However, the expected amount of HCO3™ (1/6™ of the co-catalyst) was too small to get a
sensitive measurement. This is the reason why; it was decided with Dr T. Tassaing (from ISM
in Bordeaux) to look at the direct interaction of CO; with KBr pellets of the co-catalyst in the
presence of water. Such analyses were performed on Salophen-tBu-Cr and Salophen-Me;N-
Cr samples under 40 bar of CO; at temperatures of 40, 80 and 100 °C. The spectra (see
Appendix) were acquired in the 400 - 4000 cm™ spectral region. However, only the 700 - 1700
cm™? range, which includes characteristic vibrational modes of the anion at 835 (carbonate

anion form), 1300 (carbonate anion form) and 1650 cm™ (amide form) will be presented in
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Figure 71. The amide band of 1650 cm™ could be seen at 1615 cm™ and the expected band of
1300 cm™ was not visible. A signal at 835 cm™ was also observed but the later could not be
directly linked to the presence of hydrogen carbonate form since it was also present on its
corresponding blank spectrum. The temperature did not seem to play an important role since
no significative differences could be observed by comparing the spectra performed at 40, 80
and 100 °C. Blank spectra were recorded before the measurement in the presence of CO..
Again, no significative difference which could confirm the presence of the anion or the
alteration of the structure of the Salophen catalyst could be emphasized. If present, IR is not

sensitive enough to establish the in-situ formed formation of hydrogen carbonate.
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Figure 71: IR spectra of two Salophen-Cr(lll) complexes recorded in the presence of 40 bar of CO2 in a range of
temperature of 40, 80 and 100°C. Blank of each compounds are also present (orange for Me2N complex and blue for tBu
complex.
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IV.3.4 Conclusion

In this work, chromium(lll) and manganese(lll) Salophen complexes bearing tertiary
dimethyl or diethyl amino groups in position 4 were successfully synthesized. These
compounds were then tested as homogeneous co-catalysts for the cycloaddition of CO, on
styrene epoxide under 11 bar of CO,. Excellent yields of styrene carbonate were obtained after
23 h reaction at 60°C using Salophen-Et:N-Cr and, even at 50°C, using Salophen-Me,N-Cr.
From the comparison of these results to those obtained with Salophen-tBu-Cr, a more classical
Salophen ligand bearing -tBu substituents in 3,5 positions, it comes that the presence of
tertiary amine groups on the aromatic cycles of Salophen clearly enhances the co-catalytic
activity of the corresponding Cr(lll) complexes. Best results were obtained by the association
of n-BusNBr with Salophen-Me;N-Cr(lll). The origin of this effect could be due to the reaction
of the tertiary amino groups with residual water, leading to the in-situ formation of hydrogen
carbonate species, even though such hypothesis could not be confirmed by IR spectra

measurements.
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CHAPTER YV

CUSTOM SYNTHESIS OF QUATERNARY AMMONIUM SALTS
GRAFTED ON SILICA AND THEIR ECO-FRIENDLY
CYCLOADDITION REACTION

(Work carried out in collaboration with Julie KONG (M2), Ludivine K/BIDI (M2) and Miguel ALONSO DE
LA PENA (PhD student IRCELYON))
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V.1 Introduction

Quaternary ammonium salts (QAS) are very often used as catalysts for the CO;
cycloaddition onto epoxides to get cyclic carbonates. Most of the research conducted in this
domain deal with the search of co-catalysts or the improvement of the nucleophilicity of their
counter anion but such investigations are undertaken with soluble QAS. In the present part,
we have focused our attention on supported QAS. Such approach would allow a better
recovery at the end of the reaction avoiding the loss of these compounds during the work-up
procedure as well as the contamination of the products. Commercially available anionic
polymeric resins bearing quaternary ammoniums salts can be used but, like most of the
polymers, they suffer from low textural parameters and their sensitivity to organic solvents
(shrinkage or swelling effects). That is the reason why, functional materials based on inorganic
supports, like mesoporous silica were rather investigated in our work. As usual, organic
functions can be introduced either in the synthesis gel (“co-condensation pathway”) of the
silica support or using a post-synthesis strategy (“post-synthesis pathway”). Materials
prepared following the co-condensation pathway are characterized by higher loadings but
usually suffer from low textural parameters and elimination of the structure directing agent
in these cases is difficult since calcination is no longer possible.[1,2]. On the other hand, the
materials obtained using a post-synthesis pathway are characterized by better textural and
structural properties when homogeneous distributions of the organic functions are reached
with optimized experimental protocols affording a good diffusion of the reactants [1]. In all
cases, quaternary ammonium salts bearing trialkoxysilane groups are necessary, but the scope
of commercially available molecules is limited. Conventional synthesis modes used in organic
chemistry to get QAS are based on the reaction of halogenoalkyl derivatives with tertiary
amines. In the present context focusing on the grafted strategy, such syntheses can be
performed either before grafting the above-mentioned molecules (ex-situ grafting strategy
[3-6]) or by the reaction of an anchored group, i.e. amino-alkyl or halogeno-alkyl derivative
with an alkylhalide or a tertiary amine (in-situ grafting strategy [7—9]). Such synthesis methods
have already been described in the literature, whether with silica or other types of supports,
but few of the materials hence obtained have been applied for CO; cycloaddition catalysis on

epoxides.[9-11] A good overview of recent literature on the subject is given in Table 22.
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Table 22: Most recent supported QAS catalytic systems used in the cycloaddition of CO; on epoxides.

Entry Reagent Support Concentration
1 -NR3 (R = Me, Et, Bu) Carbon nanotubes 1 mmol.g?
2 BuBr Silica {NH}-Si0,-OH 0.96mmol.g?

Imidazole immobilized on
3 BuBr 1.5 mmol.g*
{Cl}-MCM-41
Fluorochem LC301 silica
. . 0.43to01.21
4 BnCl bearing alkyl groups with 1
i mmol.g’
terminal Et2N groups
Alkyl halide BuX (X =1, ]
Porous polymer bearing N- 0.84t01.02
5 Br, Cl); RBr (R = Et, Hex, o
vinylimidazole groups mmol.g?!
Oct)
6 Quaternarized CPTMS Silica SiO2 4.4-4.7 mmol.g?
7 Quaternarized CPTMS Silica SiO2 1.2-1.3 mmol.g*
8 BuMesNCl Fes04@SiO- 1.5 mmol.g*
9 PEI SiO2 0.48%
acryloxyethyl-
10 trimethylammonium SiO2 0.235

chloride

APTES: (3-Aminopropyl)trimethoxysilane, cP: co-condensation polymerization; PEI: polyethylenimine; Bn : Benzyl
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Lots of selected examples (Table 22, entries 2-5, 9) are dealing with the in-situ grafting
strategy which corresponds to nucleophilic substitution reactions between anchored amines
with alkyl halides (Table 22, entries 2, 4-5) or anchored alkyl halides with amines (Table 22,
entry 3). Other examples report polycondensation of materials with quaternary ammonium
functions (Table 22, entries 6-8, 10). Only one example deals with the ex-situ grafting strategy
(ex-situ strategy, see Table 22 entry 1). Generally, the concentration of grafted QAS tends to
1.0 mmol.g. The nature of supported QAS varies as a huge diversity can be obtained, either
by changing the alkyl chain length (Et, Bu, Hex or Oct) or the nature of the counter anion
(usually halides, i.e. I, Br, Cl). Chloride and bromide are among the most representative

examples.

In the scope of the cycloaddition reaction, as already seen in Chapter I, better catalytic
properties are obtained with the use of bromides and QAS with a longer chain length such as
butyl. Moreover, supported ammonium bromides have been little studied in the literature
compared to other halogen such as chloride. Even better catalytic properties have been
emphasized by some authors, including our group,[2] for soluble QAS bearing at least one
hydroxyalkyl substituent which is able to interact through hydrogen bonding with the oxygen
atom of the oxirane. Such observation led us, in a work conducted by C. Rocha, to synthesize
supported -MeEtOH)N*CIl- onto SBA-15 silica using an in-situ grafting strategy based on the
nucleophilic substitution of Cl of anchored chloropropyl groups by dimethylethanolamine
(DMEA). Such material, despite a non-optimized synthesis and the use of Cl" instead of Br,
showed an interesting catalytic activity in the cycloaddition of CO; onto styrene oxide, with a

yield of 73% of styrene carbonate after 23h at 120°C.

The aim of this chapter is the synthesis and characterization of QAS@SBA-15 materials
showing good catalytic performances in the absence of co-catalyst. Our work will focus on the
development of home-made QAS bearing either alkyl or hydroxyethyl substituents. As
previously shown in our group, the later will be introduced onto pre-formed SBA-15 by using
a grafting approach where i) either an organosilane bearing a halogen substituent will be
grafted onto SBA-15 before the quaternization reaction (“in-situ approach”), ii) or an
organosilane bearing a QAS (Si-QAS) will be synthesized before being grafting (“ex-situ

approach”). Best QAS@SBA-15 materials will be tested in the CO; cycloaddition onto styrene
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oxide in the absence of co-catalyst in order to evaluate the catalysts only and define the

requirements for the co-catalysts if necessary.

In this part, QAS@SBA-15, will be prepared by the reaction of tertiary amines with
chloropropyl or bromopropyl groups. Here, only QAS with bromide or chloride counter-ions
will be synthesized despite the good reactivity of soluble QAS involving iodide as a counter-
ion for CO; cycloaddition. Indeed, in the context of the whole study where CO; cycloaddition
will be combined with an epoxidation step performed in the presence of hydrogen peroxide
or dioxygen, iodide ions may be oxidized to iodine and may no longer be available for the

oxirane nucleophilic attack.

V.2 Optimization of grafting protocols

Variations in reaction conditions were examined in detail for the grafting of 3-
chloropropyl trimethoxysilane (CPTMS). Optimal anchoring conditions will be investigated and
then be applied for the different halogenated organosilanes (in-situ route) or organosilanes
bearing quaternary ammonium groups (ex-situ route). CPTMS has been selected over other

alkyl halides due to its great accessibility.

V.2.1A detailed study with 3-chloropropyltrimethoxysilane
(CPTMS)

The experimental procedure described in the insert below was used. Optimization
parameters were the volume of toluene (X, 5.5 to 25 mL.g?), the amount of CPTMS (Y, 2 or 4

mmol.g!) and the heating time under reflux (1 to 72 h).

OH OH OH 120°C; t g
+ N dry toluene R
(MeO);Si X

|
O O OR

N

SBA-15 X =Br, Cl
N
{X}-SBA-15 with X = Br, Cl

Figure 72: Reaction scheme for the grafting of linkers or of organosilanes bearing QAS groups
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Weight Loss (%)

Functionalization of SBA-15 by CPTMS: SBA-15 was vacuum dried at 120°C for 3 h in a two-necked vessel connected to
a condenser. After cooling at room temperature and under Nz atmosphere, a volume of X mL of anhydrous toluene was
added per gram of solid. Then, the suspension was immerged in an ultrasonic bath for 15 min. Under stirring, Y mmol of
CPTMS was added dropwise per gram of SBA-15. The resulting suspension was stirred at room temperature for 2 h and
heated at reflux for Z h. The white solid was recovered by filtration using a frit (porosity 4), washed with acetone and
CHCl, using a Soxhlet in order to get rid of physisorbed molecules. Finally, the solid was dried overnight at 50°C and

vacuum-dried for a few hours.

All the resulting {CI}-SBA-15 materials were characterized by TGA in order to estimate

the content of chloropropyl groups anchored onto SBA-15 (Figure 73).

100

100

98
98 -

§ 96
96 - 0 i
2 a]
-
94 - E 92
= 1
L
024 2 o
88 ]
90
T N T T T T T N T T T T 1 86 T T T T T T T T v I ' I N 1
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature in °C Temperature in °C

Figure 73: TGA of {CI}-SBA-15 materials obtained with different toluene volumes (left) or heating times (right). All the curves
were normalized at 100% for 100°C.

Regarding the variation of the solvent volume using a nominal CPTMS loading of 4
mmol.g! and a heating time of 24 h (Figure 73, left), it can be stated that 25 mL g was
detrimental to the final uptake of chloropropyl groups (only 0.82 mmol.g?, Table 23, entry 1).
The maximum experimental loading (1.08 mmol.g!) was reached with 12.5 mL of toluene .g™*
(Table 23, entry 2). Thus, it seemed to us that, the increase of the concentration of CPTMS in
toluene promotes its grafting onto SBA-15. However, below 12 mL.g%, the grafting rate did

not vary very much with an average experimental concentration of 0.9-1 mmol.g* (Table 23,

entries 3 and 4).
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Table 23 Impact of different parameters on the final loading of chloropropyl on the silica support

. B Dry toluene volume . [-PrCl]
Entry CPTMS quantity (mmol.g?) (mLg?) Time (h) (mmol.g?)
1 4 25 24 0.82
2 4 12.5 24 1.08
3 4 10 24 0.95
4 4 5.5 24 0.96
5 4 12 1 0.23
6 4 12 15 0.77
7 4 12 48 0.90
8 4 12 72 1.31
9 2 12 24 1.13

The grafting efficiency of CPTMS was then studied as a function of the reflux heating
time keeping the toluene volume at 12 mL.g! and the organosilane nominal amount at 4
mmol.gt. As the reaction time increased, the concentration of chloropropyl functions
increased from 0.23 mmol.g™* for 1 h to 1.31 mmol.g™* for 72 h. However, beyond 24 h, the
experimental loading of organic functions varied only slightly, from 1.08 mmol.g* to 1.31
mmol.g™! for 3 days of reaction (Table 23, entries 2 and 8). In the end, the same reaction was
carried out reducing the nominal amount of CPTMS (from 4 to 2 mmol.g!) keeping the volume
of toluene at 12 mL.g* and the heating time at 24 h (Table 23, entry 9). In this later case, the
experimental loading of chloropropyl groups was not significantly different from the value
obtained starting from 4 mmol.g™1. So, it was possible to decrease the amount of CPTMS added

without risking a decrease of the organosilane concentration on the support.

Thereafter, the grafting procedure of trialcoxy silanes on SBA-15 will be as follows:

Functionalization of SBA-15 by organosilanes: SBA-15 was vacuum dried at 120°C for 3 h in a two-necked vessel
connected to a condenser. After cooling at room temperature and under N; atmosphere, a volume of 10 mL of anhydrous
toluene was added per gram of solid. Then, the suspension was immerged in an ultrasonic bath for 15 min. Under stirring,
2 mmol of organosilane was added dropwise per gram of SBA-15. The resulting suspension was stirred at room
temperature for 2 h and heated at reflux for 24 h. The white solid was recovered by filtration using a frit (porosity 4),
washed with acetone and CH,Cl, using a Soxhlet in order to get rid of physisorbed molecules. Finally, the solid was dried

overnight at 50°C and vacuum-dried for a few hours.

TGA alone does not allow to characterize the nature of the covalent bonding between
silica and CPTMS. Further analysis, using 2°Si NMR CP MAS, was needed. Results obtained for

the material prepared according to the conditions of Table 23, entry 9 are reported in Figure
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74, emphasizing T* signals (1 bond between the linker and SBA-15) at -48 ppm and T signals
(2 bonds between the linker and SBA-15) at -58 ppm. Such data are in good accordance with

the literature.[22]

To T1 T2

%NMW OR' (l)R"

T ! T T -53 to -49 ppm -58 ppm
-55 -60

-45 -50

Figure 74: 2°Si NMR CP MAS spectrum of {Cl}-SBA-15 with reference values

V.2.2Case of {Br}-SBA-15 — comparisons with {CI}-SBA-15 and
{NH,}-SBA-15

{Br}-SBA-15 that will be used in the up-coming part for in-situ grafting of tertiary
amines was synthesized from SBA-15 and BPTMS (bromopropyltrimethoxysilane) following
the optimal procedure described before and characterized by TGA, XRD and N3 sorption
analyses. The results are displayed (in brown) in Figure 75 as well as those for {CI}-SBA-15
(green, see description before). In comparison, previously described {NH;}-SBA-15 see in
Chapter IV.1, that were prepared from APTES, was also displayed in the same figure.
Bromopropyl loading in {Br}-SBA-15 evaluated by TGA was estimated to 1.29 mmol.g* which
is in a range order similar to the loading of chloropropyl groups in {CI}-SBA-15, but quite lower
than 2.2 mmol.g! of aminopropyl groups in {NH2}-SBA-15. One possible explanation to the
difference of molar concentration would be the nature of alkoxy group present in the
precursor structure. In this matter, trimethoxy silane groups were used in the case of {Br} and
{ClI} functionalized silica, while triethoxy group was found in the case of {NH,} function. Further

studies should be investigated to validate or not this hypothesis.
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Table 24: Physicochemical properties of parent SBA-15 and of its corresponding grafted forms

Samole Seer Pore Vol. Average Pore diameter Organic function loading
P (m2.g?) (cm3.gY) (nm) (mmol.g?)
SBA-15 900 1.12 6.2 -
{CI}-SBA-15 640 0.91 6.2 1.13
{Br}-SBA-15 570 0.74 5.9 1.29
{NH3}-SBA-15 530 0.69 5.7 2.2
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Figure 75: (top left) TGA (All curves were normalized at 100°C) - (top right) X-ray Diffraction with SBA-15 reference (black) -
(bottom) Nitrogen adsorption-desorption isotherms (77K) of {NH,}-SBA-15 (blue), {CI}-SBA-15 (green) and {Br}-SBA-15 (brown)
with pore size distribution curves (inset)

As shown by XRD, the SBA-15 silica support does not seem to be altered whatever the

organosilane used. The signals related to the (100), (110) and (200) reticular planes

characteristic of SBA-15 are still present in all the synthesized materials (Figure 75). In parallel,

a decrease of all the textural parameters (specific surface area, pore volume and average pore

diameter) was also observed in the resulting hybrid materials (see Table 24). These results are

compatible with a homogeneous grafting of the bromopropyl and chloropropyl groups in the

different pores of the SBA- 15 silica.
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V.3 In-situ approach for the synthesis of
supported QAS

Bromine being a better leaving group than chlorine in SN2 reactions, the in-situ
synthesis of supported QAS was performed starting from {Br}-SBA-15 instead of {CI}-SBA-15.
Hence, {Br}-SBA-15 was reacted with 2 amine equivalents in acetonitrile (see experimental
procedure in the insert below) to form supported QAS, as shown in Figure 76. The amines
used were N,N,N triethylamine, N,N-dimethyl(2-hydroxyethyl)amine, N,N-di(2-hydroxyethyl)-
N-methylamine and N,N,N-tri(2-hydroxyethyl)amine.

o ':I‘l R
Br Br Ni 2
R, ® R
|
N
R7”™ R,
Si > Si
RN - RN
O/O OR reflux; 24h 0O O OR
dry MeCN
N N
SBA-Br Ri23= Et

Ry, = Me, Ry = EtOH
Ry, = EtOH, Ry = Me
Ry,3 = EtOH

Figure 76: In-situ synthesis of grafted ammonium salts

Preparation of {QAS}-SBA-15 (in-situ mode): {Br}-SBA-15 was first dried under vacuum at 80°C for 3 h. After cooling
down to room temperature, anhydrous acetonitrile (20 mL per gram of {Br}-SBA-15) was added under N, atmosphere.
The resulting mixture was immerged in an ultrasonic bath for 15 min, then 2 amine equivalents per bromine atoms were
added under magnetic stirring. The suspension was refluxed at 90°C for 24 h. The white solid obtained was recovered by
filtration on a frit (porosity 4), washed with acetone, then CH;Cl; using a Soxhlet. {QAS}-SBA-15 was then dried at 50°C

overnight and dried under vacuum for a few hours.

Thermogravimetric as well as Nitrogen adsorption-desorption analyses were
conducted on the resulting materials (Figure 77, left), showing that no significant increase of
mass loss was observed for materials {EtsN*Br}-SBA-15, {(EtOH)MeN*Br}-SBA-15 and
{(EtOH)sN*Br}-SBA-15 compared to the starting material {Br}-SBA-15. Thus, it can be
concluded that the expected reaction did not occur efficiently with N,N,N triethylamine
(predicted pKa = 10.62), N,N-di(2-hydroxyethyl)-N-methylamine (predicted pKa = 14.41) and
N,N,N-tri(2-hydroxyethyl)amine (predicted pKa = 14.17) since it should have led to increasing

amounts of organic loadings.
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Table 25: Physicochemical properties of the materials recovered from the in-situ approach

SgeT Pore Vol. Ave.rage Pore Organic function loading
Compound 2 1 3 1 diameter 1
(m%.g1) (cm3.g?) (mmol.g™)
(nm)
{Br}-SBA-15 570 0.74 5.9 1.29
{EtsN*Br'}-SBA-15 510 0.74 6.0 trace of QAS
{(EtOH)2MeN*Br}-SBA-15 434 0.73 6.2 trace of QAS
405 0.59 5.8 trace of QAS
{Me:(EtOH)N*Br}-SBA-15 290 0.49 5.9 0.50
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Figure 77: (left) TGA (All curves were normalized at 100°C) - (right) Nitrogen adsorption-desorption isotherms (77K) with pore size
distribution curves (inset) for {Br}-SBA-15 (brown) and the materials ({QAS}SBA-15) recovered after its reaction with tertiary amine

TGA interpretations for {EtsN*Br}-SBA-15 and {(EtOH),MeN*Br}-SBA-15 are further
validated by the N, adsorption-desorption data (Figure 77 (right)). In both cases, the decrease
of the specific surface area and of the pore volumes was not of significant importance in the
resulting material in comparison with the starting solid, {Br}-SBA-15 (Table 25). Only, a slight
decrease of the pore volume (0.59 cm3.gtinstead of 0.74-73 cm3.g™) could be noticed in the
case of {(EtOH)sN*Br}-SBA-15 but, globally, the pore size distributions of materials were

unchanged.

On the other hand, {(EtOH)Me;N*Br}-SBA-15 obtained from the reaction of N-(2-
hydroxyethyl)-N,N-dimethylamine (predicted pKa = 14.88) with {Br}-SBA-15 presents
significantly different TGA and N sorption data (Figure 77). TGA of {Me2(EtOH)N*Br}-SBA-15
showed an increase in mass loss of 4.5 % compared to {Br}-SBA-15 allowing the estimation of

the tertiary amine uptake to approximately 0.50 mmol.gl. However, TGA analyses alone
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cannot confirm the efficiency of the expected nucleophilic substitution reaction. Indeed, it has
been shown in the work of C. Rocha Carvalho [1] that tertiary amines can also interact with
surface silanols through hydrogen bonds or even neutralize silanol groups through an acid-

base reaction (see Figure 78).

As a first conclusion, it seems that in-situ synthesis of quaternary ammonium salts by
the reaction of tertiary amines with bromopropyl substituted SBA-15, through a nucleophilic

attack pathway, is not efficient. The superior reactivity of Me2(EtOH)N compared to those of

R% A R% A
/N\R3 \\N\Rs
H
3 id- or :
o 6 oy (acid-base) oo oy (H-bond)
N\ N\

Figure 78: Secondary reactions of tertiary amines with silanol groups of SBA-15
(EtOH)2MeN, Et3sN and (EtOH)sN cannot be explained by a favourable pKa value, but more
probably by the lesser steric bulkiness of this amine. However, it cannot be totally excluded
that the affinity of the amine with silica prevents a 100% nucleophilic substitution yield. As
the result, an ex-situ synthesis of organosilanes bearing similar quaternary ammonium salts

was also investigated and will be presented in the following part.

V.4 Ex-situ approach for the synthesis of
supported QAS

V.4.1Synthesis and characterization of organosilanes bearing

guaternary ammonium salts (Si-QAS)

The synthesis of eight potentially interesting silylated quaternary ammonium was
carried out using 1 equivalent of BPTMS or CPTMS and 1 equivalent of tertiary amine (Figure
79). Among the three solvents tested (MeCN, toluene, THF, Table 6) in reflux conditions,
MeCN, dry MeCN (see experimental conditions in the inset below) led to the best results for

compounds of entries 1-4.
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Si-QAS synthesis procedure: In a Pyrex tube, under N2 atmosphere, containing 1 mL of anhydrous acetonitrile,
4 mmol of halogenosilane were added. Then, 4 mmol of amine were introduced dropwise under magnetic
stirring. The reaction mixture, once the tube has been sealed, was stirred under reflux (82 °C) during 17 h, then

the yellow solution was analysed by 'H NMR.

R,
' o
N X
Ry” Rg
(MeO)3S|/\/\X > ./\/\®/R1
T (°C); time (h) (MeO);Si T\R
dry solvent Rs 2

X = Br, Cl
& X = Br, Ry , = Me, R, = Et

X=Br,R;,=Et,R;=Me
X=Br,R;,3=Et
X=Br,Ry,3=Pr

X=Br, R, , = Me, Ry = EtOH
X=Br, Ry, = EtOH, R; = Me
X=Br, Ry, 3 =EtOH
X=Cl,R;,3=Et

Figure 79: Ex-situ synthesis of organosilanes bearing quaternary ammonium salts

Table 26: Experimental parameters and results of ex-situ quaternarisation of tertiary amines with silylated organo silane

Entry Silane Amine Halide Drysolvent Time(h) T(°C) NMR yield (%)
1 2 Me2EtN Br MeCN 17 Reflux 98
2 2 MeEt2N Br MeCN 17 Reflux 95
3 2 EtsN Br MeCN 17 Reflux 92
4 2 PrsN Br MeCN 17 Reflux 42
5 2 (Me)2(EtOH) N Br MeCN 17 Reflux trace
6 2 (EtOH)2MeN Br MeCN 17 Reflux trace
7 2 (EtOH)sN Br MeCN 17 Reflux trace
8 3 EtsN cl THF 24 Reflux 0
9 3 EtsN cl MeCN 24 Reflux 0
10 3 EtsN cl Toluene 64 Reflux 0
11 3 EtsN cl - 16 Reflux 0
12 3 +0.024 eq Nal EtsN cl MeCN 24 Reflux 19

{Me2EtN*Br} (entry 1), {Et.MeN*Br’} (entry 2) and {EtsN*Br} (entry 3) were obtained
with almost complete yields of 98, 95 and 92% (on *H NMR basis) within 17 h (Table 26). In
this matter, better results were obtained in this order: MeEtN > Et,MeN > EtsN. At first sight,
it must be concluded that the less bulky the amine, the better the quaternization is. Indeed,
compound 13 derived from Pr3N (Table 26, entry 4) was obtained in a rather low yield (42%).
Separation operations between non-reacted amine, the halogenosilane and the expected
product are delicate if not complicated, and such mixture was not be used for further grafting

on silica.
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The tests carried out for the synthesis of Si-QAS bearing hydroxyethyl group(s) (Table
26, entries 5-7) were not conclusive. Indeed, a white solid that was insoluble in water, DMSO,
ethanol and acetone was observed at the end of the reaction. This suggests that the solid is
inorganic and, probably, the result of the undesired reaction between the hydroxyl groups of

the amines and the methoxy groups of the halogenosilanes (see Figure 80).

R (0]
1\N/\/ \Si/\/\x

7\ (condensation reaction)
Rs MeO OMe

Figure 80: Secondary reaction of amines bearing hydroxyethyl groups with the halogenosilane

These results also highlight the fact that the in-situ grafting based on the reaction
between anchored bromopropyl groups and amines bearing hydroxyethyl substituents tested
before had no chance to be conclusive. As the result, we suggest that the increase in mass loss
obtained for {Me,(EtOH)N*Br}-SBA-15 compared to {Br}-SBA-15 (Figure 77, left) could be due

to the above-mentioned secondary condensation reaction.

The reactivity of NEt; towards the chloropropyl group in CPTMS was also checked. As
shown in (Table 26 entries 8-12), CPTMS was not reactive enough to afford a good yield of the
corresponding quaternary ammonium salt, even when varying the solvent and the reaction
temperature. As bromine is a better leaving group than chlorine, a yield of 92% was achieved
in the case of entry 3. In order to improve the yield a test was performed in the presence of

Nal added in catalytic amount (1% mol.), leading to a 19% yield (Table 26, entry 12).

To conclude, three organosilanes bearing quaternary ammonium salts with ethyl
and/or methyl substituents and bromide counter-anion (10, 11 and 12) could be prepared in
high yield (more than 92%) avoiding difficult separation procedures before use. Details on
their grafting on SBA-15 and characterization of the obtained materials are described in the

next section.

V.4.1.1 Grafting of Si-QASs and characterization of the resulting materials

Silylated quaternary ammonium salts seen in section 4.1 were grafted on silica SBA-
15, targeting QAS@SBA-15 materials (see Figure 81) following the optimal experimental
procedure established in section 4 (see details in the inset below).
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Figure 81: Grafting of Si-QAS onto SBA-15 silica

Grafting of Si-QAS onto SBA-15: SBA-15 was vacuum dried at 120°C for 3 h using a two-necked vessel connected to a
condenser. After cooling to room temperature and under N, atmosphere, 10 mL of anhydrous toluene were added per
gram of SBA-15. The resulting suspension was immerged in an ultrasonic bath for 15 min. Then, under stirring, 2 mmol
of QAS (per gram of SBA-15) were added dropwise. The suspension was stirred at room temperature for 2 h and then,
heated at reflux for 24 h. The white solid was recovered by filtration (frit with porosity 4), washed with acetone and

CHCl, using a Soxhlet. The obtained material was dried overnight at 50°C and vacuum dried for a few hours.

TGA analyses (Figure 82, left) of the three materials synthesized following the ex-situ
approach proved that the grafting was successful (see maximum loss rate at c.a. 243°C). The
Si-QAS content of {Me,EtN*Br}-SBA-15 and {Et;MeN*Br}-SBA-15 materials could be estimated
to 1 mmol.g* for 2 mmol.glexpected, corresponding to a grafting yield of 50% (Table 7).
{EtsN*Br}-SBA-15 was obtained with 1.13 mmol.g™* of functions for 2 mmol.g* (grafting yield
of 57%, Table 7). It is noteworthy that additional X-ray fluorescence (XRF) measurements
performed at IRCELYON gave similar results (see Appendix) regarding the bromide weight

concentration (Table 27).

Table 27: Physico-chemical properties of the functionalized materials and of the SBA-15 reference

Average Pore Organic function loading vield
diameter Molar conc. %Br %Br (%)
(nm) (mmol.g?) (TGA) (XRF)

Sget Pore Vol.

Sample (m%g?) (ecmi.g?)

SBA-15 900 1.12 6.2 -
433 0.56 53 1.26 10.1 9.8 50
{Et2MeN*Br’}-SBA-15 320 0.50 5.6 1.17 9.4 9.7 49
{EtsN*Br’}-SBA-15 415 0.54 5.3 1.22 9.7 6.8 57
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Figure 82: (top left) TGA (All curves were normalized at 100°C) - (top right) Low-angle XRD patterns of {Me2EtN+Br-}-
SBA-15 (light blue), {Et2MeN+Br-}-SBA-15 (blue) and {Et3N+Br-}-SBA-15 (dark blue)

Grafting of the Si-QASs onto SBA-15 did not affect the hexagonal pore structure of the
support as indicated by the presence of the XRD peaks corresponding to the (100), (110) and
(200) reticular planes characteristic of SBA-15 (see Figure 82 (right)). An overall decrease of
the specific surface area was observed, from 900 m2.g* to 415 m?.g* (Table 7), as well as for
the pore volume (from 1.12 cm3.g* to 0.54 cm3.g?) and the average pore diameter (from 6.2
nm to 5.3 nm) in the case of {EtsN*Br}-SBA-15. The same tendency was observed for the other
materials, which is compatible with the incorporation of the silylated ammonium groups in

the different pores of the SBA- 15 support.

X-ray photoelectron spectroscopy (XPS) analysis was also conducted on the three

QAS@SBA-15 materials.
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No matter the QAS@SBA-15 considered, the bromine XPS signal (Figure 83, top) could
be deconvoluted in the Br 3ds/, (69.2 eV) and Br 3ds;, (68.1 eV) components ascribed to Br.
[23] In the case of nitrogen, the main peak observed at 400.8 eV (N 1s) was that expected for
a quaternary ammonium, but a much smaller one, at 398.0 eV, was also visible, meaning the
presence of 2 types of nitrogen. Given that Si-QAS samples prepared were not purified before
the grafting step, the additional N peak in the three XPS spectra was attributed to the presence

of non-reacted tertiary amine. Logically, the XPS molar ratios between ammonium and

bromide
{Me,EtN*Br}-SBA-15 {Et;MeN*Br}-SBA-15 {EtsN*Br}-SBA-15
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Figure 83: XPS analysis of bromine and nitrogen elements of the three QAS@SBA-15 materials. (Calibration was made from C1s C-C peak at 284.8
eV)

V.4.1.2 Partial conclusions about the synthesis of QAs@SBA-15

Grafting experimental procedures of halogenopropyl groups or “ex-situ” prepared Si-
QAS on SBA-15 were optimized with the highly available chloropropyltrimethoxysilane
(CPTMS). A longer reaction time allowed to slightly improve the quantity of CPTMS grafted.
Nevertheless, beyond a certain heating time, the gain of CPTMS anchored compared to the
reaction time was no longer advantageous. Therefore, the reaction time was limited to 24 h

for all other attempts. In these conditions, the maximum amount of chloropropyl groups that
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could be grafted was around 1 mmol.g™* while that of bromopropyl groups from BPTMS
(bromopropyltrimethoxysilane) was slightly higher (1.3 mmol.g!) under the same conditions
including two successive washings with a soxhlet. CP MAS 2°Si NMR confirmed the covalent
attachment of the organic molecules on SBA-15 and, although those analyses were not
performed systematically in this study, it can be assumed, that it was the same for the other
materials prepared here. XRD analyses and N2 physisorption measurements on SBA-15 grafted
with chloropropyl groups showed that there is no degradation of the silica support but, in our
opinion, the reduction of the specific surface area, of the average pore diameter and of the
pore volume is a good indicator showing that the grafting took place homogeneously within

the pores.

The attempt to anchor amines with ethyl or hydroxyethyl substituents by the in-situ
ammonium approach did not work well with {Br}-SBA-15. Among the amines tested, only the
less bulky one, i.e. (Me)2(EtOH)N, turned out to be attached with 0.5 mmol.g* but, due to the
possibilities of undesired side reactions, it could not be established that all the amine

molecules were linked as expected in that case.

In the ex-situ approach, the quaternization worked well with bromotrimethoxysilane
and tertiary amines with substituents like methyl or ethyl groups. Hence, a yield of 92% was
obtained with trimethylamine instead of traces for the in-situ approach. Silylated quaternary
ammonium salts were then grafted with a 50% yield onto SBA-15. In these cases, TGA analysis
helped to establish a maximum loading of 1 mmol.g™? of quaternary ammonium salts for
substituents like Me;Et, Et,Me and Ets. Moreover, XPS analyses showed that 100% of bromine
atoms in QAS@SBA-15 were present in the Br form. In the case of nitrogen peaks, the
presence of non-quaternized RsN molecules was emphasized, thus confirming the incomplete

guaternization of the precursors.

Amines bearing hydroxyalkyl substituents could not be quaternized following both
approaches as the result of their bulkiness but also because these groups seemed to be
incompatible with the methoxy groups of the halogenosilanes. To avoid side reactions,
hydroxyl groups should be protected before, but this strategy further introduces additional
steps. Last but not least, grafted chloropropyl groups (in-situ approach) or CPTMS (ex-situ

approach) have to be abandoned as the result of the too low leaving group ability of Cl vs. Br.
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V.4.2 Catalytic Tests

The catalytic activity of {Me;EtN*Br'}-SBA-15, {MeEt,N*Br}-SBA-15 and {EtsN*Br}-SBA-
15 was then investigated in the cycloaddition of CO; onto styrene oxide in the absence of co-
catalyst and compared with that of soluble BusN*Br and also that of {BusN*Br’}-SBA-15
prepared by our colleagues at IRCELYON from the corresponding commercially available Si-
QAS. The cycloaddition of CO2 was carried out under 11 bar with temperatures from 80 to

120°C at reaction times of 3 h and 23 h following the procedure described below.

Cycloaddition of CO, on styrene oxide: Styrene oxide (0.665 mL, 5.6 mmol), 20 mL of benzonitrile, {QAS}-SBA-15 (0.4
mmol) and 8.0 mmol of p-xylene (1 mL) used as internal standard were introduced in a Teflon vessel. The resulting
suspension was stirred for 5 min at room temperature and then pressurized in a stainless-steel autoclave at 11 bar of CO,.
The mixture was then heated to 80 or 120°C for 3 to 23 h with a temperature increase of 2.5 °C/min. The autoclave was

then cooled down at room temperature using ice and water and its content analysed by GC-FID (see results in table .

As already mentioned in this work, silica SBA-15 alone did not show any catalytic
activity (Table 28 entry 1).

Table 28: Yields of styrene carbonate in the CO; cycloaddition onto styrene oxide in the presence of QAS@SBA-15

| Entry cat T (°C) 3h 23h
1 SBA-15 120 - 0
2 { MesN*CI'}-SBA-15 120 8 40
3 {MeEtN*Br}-SBA-15 120 63 99
4 {MeEtN*Br}-SBA-15 80 16 62
5 {MeEt,N*Br}-SBA-15 120 75 99
6 {MeEt,N*Br}-SBA-15 80 21 89
7 {EtsN*Br}-SBA-15 120 87 98
8 {EtsN*Br}-SBA-15 80 24 76
9 {BusN*Br}-SBA-15 120 97 99
10 {BusN*Br}-SBA-15 80 31 87
11 BusN*Br 120 62 84
12 BusN*Br 80 12 49

All the QAS@SBA-15 materials (bearing bromide counter-ions) afforded the complete
conversion of styrene oxide into styrene carbonate within 23 h at 120°C (Table 28, entries 3,
5, 7 and 9). Such improvement of the catalytic activity is primarily related to the switch of CI-
to Br. The formation of loose anion/cation pairs, as the result of the increase of the
lipophilicity of the nitrogen substituents, may also be invoked when comparing the results

obtained with {Me2EtN*Br}-SBA-15, {MeEt:N*Br}-SBA-15, {EtsN*Br}-SBA-15 and {BusN*Br}-
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SBA-15. Indeed, the longer the alkyl chain, the better the yield of styrene carbonate (see the
results at 120°C, 3 h with Br’): BusN > EtsN > Et.Me > Me;Et. As such, styrene oxide conversion
remained as high as 63% for {Me,EtN*Br}-SBA-15 at 120°C after 3h (Table 28, entry 3), 75%
for {MeEt,N*Br’}-SBA-15 (Table 28, entry 5), 87% for {EtsN*Br}-SBA-15 (Table 28, entry 7) and
even 97% for {BusN*Br}-SBA-15 (Table 28, entry 9). However, none of those catalysts allowed
the completion of the reaction at 80°C with yields < 31 % within 3 h or < 89% within 23 h (Table
28, entries 4, 6, 8 and 10).

From the comparison of the catalytic performances of {BusN*Br}-SBA-15 and BusN*Br
at 80°C (3 h or 23 h), it can be noted that grafting quaternary ammonium salts does not only
lead to a greater recovery of the QAS but also to the improvement of its activity. With
{BusN*Br}-SBA-15 (Table 8, entry 10), we thus got styrene carbonate in 87% yield after 23h
reaction at 80°C while TBABr alone only afforded 49% yield (Table 8, entry 11). However, silica
itself showed no activity at all even at 120°C (Table 8, entry 1). Once again in this manuscript,
these results clearly emphasize the benefits of silica in terms reactivity of the resulting
heterogeneous catalysts. As explained previously in Chapter Il, hydroxyl groups would play a
major role in styrene carbonate formation. They would apparently interact with oxiranes via

hydrogen bonding and thus activate them towards the nucleophilic attack of Br-.

V.5 Conclusion

In this chapter, we have investigated two grafting strategies for the incorporation of
QAS onto SBA-15 silica. Preliminary work on commercially available organosilanes showed
that c.a. 1 mmol.g? of SBA-15 seems to be a threshold for the organotrimethoxysilanes
(CPTMS and BPTMS) while 2 mmol.g™* could be reached with APTES, probably as the result of
differences of reaction rates of silanols with trimethoxysilanes vs. triethoxysilanes. Optimized
synthesis conditions for the grafting of CPTMS were adapted to BPTMS and the resulting
material was tested as precursor for the in-situ grafting of QAS through the reaction of
bromopropyl groups with four different tertiary amines (EtsN, (EtOH)2MeN, (EtOH)sN and
Me(EtOH)N). However, only, the less bulky one (Mez(EtOH)N) was grafted but only at 0.5
mmol.g! in these conditions. We showed thereafter in ex-situ attempts to synthesize Si-QAS

that the reaction of bromopropyl groups is already unfavourable with tertiary amines bearing
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ethyl substituents instead of methyl ones and that hydroxyethyl substituents are responsible
for secondary reactions. In the present work, best yields of Si-QAS were obtained for Me;EtN,
MeEt:N and EtsN. Grafting of the resulting Si-QAS with trimethoxysilane functions in the

conditions optimized for CPTMS allowed us to reach 1 mmol of QAS .g* of silica support.

Then, the catalytic activity of the QAS@SBA-15 issued from the ex-situ approach has
been investigated emphasizing greater results for the cycloaddition of CO; onto styrene oxide
compared to soluble TBABr. Undoubtedly, QAS grafting on inert SBA-15 leads to significant
improvements of their catalytic activity. However, in the context, of the present work dealing
with the implementation of a catalytic system allowing the direct conversion of styrene into
styrene carbonate in the presence of CO; and a green oxidant under mild conditions, it is clear,
from the present study, that co-catalysts will be needed. Unfortunately, QAS@SBA-15 bearing
longer alkyl chains or hydroxyethyl substituents could not be produced in this work. Indeed,
the best material, {BusN*Br'}-SBA-15, had to be synthesized starting from its expensive
commercially available Si-QAS precursor. Further progresses are definitely needed to obtain

better catalysts.
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CHAPTER VI

EPOXIDATION OF STYRENE AND ITS DERIVATIVES USING
O, OR H>0;

(Work carried out in collaboration with Asma MAYOUFI (ATER), Ludivine K/BIDI (M2)
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VI.1 Introduction

As previously described, the purpose of this thesis is to develop a catalytic system able
to perform both a green epoxidation step and the cycloaddition reaction using CO;. More
precisely, the goal is to combine oxidation and cycloaddition steps that are independently
efficient and make them work together in similar conditions (solvent, time, temperature, and
pressure). Prior results described in the experimental chapter dealing with cycloaddition
(Chapter Il) report good conversion of styrene oxide into styrene carbonate with
temperatures as high as 80°C after 3to 23h, depending on the catalyst used. It was even stated
that the combination of n-BusNBr and Salophen-Me;N-Cr was the best catalytic system,
affording complete conversion with temperature of 50°C after 23h reaction. It is now
envisaged to look at the feasibility, in our hands, of the epoxidation of styrene using O or
H,0, with conditions (benzonitrile, 80°C, 3 to 23h and 11 bar of CO,) compatible with those of

most of our tests on CO; cycloaddition.

In the case of O (first part of this chapter), commercially available ((S,S)-(+)-N,N’-
bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanedialinomanganese (lll) chloride), also noted
Mn(salen)Cl or Jacobsen catalyst, was chosen as a reference catalyst. Indeed, preliminary work
on the epoxidation of styrene by O using such catalyst was done previously in our group by
C. Rocha [1] but here, we want to investigate in more details the impact of the catalyst, the
solvent, the reductant quantity and the oxidant delivery mode targeting the parameters
allowing an optimum conversion and selectivity towards the desired epoxide. Then, other
Salen type catalysts, synthesized in Chapter IV.2 and IV.3 will be tested such as Salophen-tBu-
Cr, -Et2N-Cr and -MezN-Cr.

In the case of H,0; (second part of this chapter), R. Villanneau and F. Launay already
have a good experience in the epoxidation of cycloalkenes catalyzed by soluble or supported
polyoxometalates, but what about styrene? A polyoxometalate catalyst such as
(n-BusN)3NaH[As""Ws033{P(0)(CH>CH, COzH)},], also named TBAsNaH-(POM-CO,H), has been
efficiently used in the epoxidation reaction of cyclohexene and cyclooctene in the presence of
a stoichiometric amount of aqueous (30 wt.%) H,0..[2] A 89 % yield of cyclooctene oxide was
reached after 6h in acetonitrile at 20°C, with a cyclooctene/catalyst molar ratio of 250.

Supported catalyst was also obtained with an amide covalent grafting at the surface of silica
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support. Reasonable 50% vyield of cyclooctene oxide was obtained after 24h reaction at
50°C.[3] The aim of this second study is to adapt the reaction conditions to styrene, as well as

a or B methyl-styrene.

With styrene as a substrate, the problem is that the epoxidation reaction is coupled
with side reactions, including the oxidative cleavage of the C=C bond, which results in the
formation of benzaldehyde (Figure 1). Our aim is to investigate how it is possible to maximize
the formation of epoxide at the expense of benzaldehyde, while maintaining a high conversion

to styrene.

‘(i)
OH
(o]
O O O
OH i (iv) ©

\ )
o (i) Epoxidation
(i) Oxidative cleavage
(iii) Epoxide ring opening with H,O
(iv) Thermal rearrangement reaction due to GC-FID injector
OH (v) Overoxidation product

Figure 84: Main epoxidation product and by-products obtained from styrene

Other by-products may also appear such as styrene glycol and phenylacetaldehyde
that are related to the hydrolysis or of the thermal degradation (GC analysis) of styrene oxide.
Over-oxidation products are also possible as well as coupling products between the expected
epoxide with the acid issued from the oxidation of the sacrificial reductant in the Mukaiyama

route.

VI.2 Aerobic epoxidation

Cat, styrene, IBA 1:120: 250

©/\ solvent, O, bubbling 16 mL/min ©/A
/ \
/ \ 4@: ‘ But

O

o Jacobsen catalyst

Figure 85: Mukaiyama reaction experiment conditions and commercial Jacobsen catalyst
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Earlier C. Rocha showed in her thesis [1], that working, with Mn(salen)Cl, styrene and
isobutyraldehyde with the following molar ratios 1 : 120 : 300 at a temperature of 80°C and
an oxygen flow of 16 mL/min (Figure 85) afforded a good compromise between styrene
conversion and styrene oxide yield. Under these conditions, the maximum selectivity in
styrene oxide was about 55 % which is far from being sufficient for an overall process targeting
the transformation of styrene into styrene carbonate. However, from our literature survey, it
is noteworthy that some authors have reported in the literature styrene oxide yields up to
100% using the Mukaiyama approach for aerobic epoxidation, thus encouraging us to
investigate a little bit more this system, looking for example at the influence of the catalyst

and of the temperature. The typical procedure is as follows:

Experimental conditions: Styrene (St, 1 mL, 8.7 mmol), catalyst (Mn(salen)Cl, 46 mg, 72.4 umol), isobutyraldehyde (IBA,
2 mL, 22 mmol), the GC internal standard (p-xylene, 1 mL, 8 mmol) and benzonitrile (solvent, 20 mL) were mixed in a
round-bottom flask connected to a condenser at room temperature. Then, the mixture was heated at 80°C before
introducing 16 mL/min of dioxygen through the solution. The reaction medium was stirred for 3h and the O, flow kept

constant at all times of the experiment.

VI.2.1 Impact of the catalyst and of the temperature

In order to elucidate the role of manganese and of the temperature in this reaction, a
series of six experiments were carried out at 80, 60 and 50°C in the presence or in the absence

of the catalyst, keeping all the other parameters constant.

At 80°C without any catalyst, surprisingly, the conversion of styrene was 84% and the
yield of styrene oxide 65%. Benzaldehyde (15%) and styrene glycol (2%) were also found and
the carbon balance was almost 100%. When Mn(salen)Cl was introduced, up to 99% of styrene
was converted (Figure 86_CAT_80°C) but without affecting significantly the yields of styrene
oxide and benzaldehyde compared to the blank test (Figure 3_NO_CAT_80°C). Only the yields

of styrene glycol and other by-products increased to 10%.

The same pattern repeats itself for the experiments done at 60°C (Figure
86_NO_CAT_60°C and Figure 86_CAT_60°C). Again, styrene oxide and benzaldehyde were
formed in the absence of Mn(salen)Cl and their yields were not improved after its addition.
Only the overall styrene conversion increased in the presence of the catalyst leading to more

styrene glycol and other by-products.
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A significant influence of Mn(salen)Cl on the yield of styrene oxide (and of
benzaldehyde) was observed only at 50°C. Without Mn(salen)Cl, the overall conversion of
styrene was as low as 56% with a styrene oxide yield of 20% (Figure 86_NO_CAT_50°C) with
a 20% loss of carbon balance. However, it is noteworthy that the introduction of Mn(salen)Cl

at 50°C Figure 86_CAT_50°C) afforded results very similar to those obtained at 60 and 80°.

100%

10 6
e S

80%

60%

40%

19
L

20%

0%
no cat cat no cat cat no cat cat
80°C 80°C 60°C 60°C 50°C 50°C

B StyOx MBenz M Glycol ® Other

Figure 86: Influence of the catalyst and of the temperature on the products yields and distribution obtained in the
aerobic epoxidation of styrene. (Cat : styrene : IBA 1 : 120 : 300, O, bubbling 16 mL/min, 0.435M of styrene in
PhCN, 3h)

Such results mean that Mn(salen)Cl will be of greater help when considering the whole
conversion of styrene into styrene carbonate at 50°C. Otherwise (60 or 80°C), it is possible
that the “apparently” constant yield of epoxide and the increase of styrene glycol with the
catalyst at a given temperature would be the consequence of a facilitated ring opening of the
epoxide as the result of the Lewis acidity of Mn(salen)Cl.[4] We hope that such side-reaction
involving water affording styrene glycol could be reduced in the presence of n-BusNBr and CO;
present in the whole transformation. Epoxidation tests described thereafter will be performed

at 80°C since reasonably fast CO; cycloaddition reactions onto styrene oxide occurred at this

temperature in the previous chapter.

VI.2.2 Impact of the solvent

In the very early work of Mukaiyama and co-workers, aerobic epoxidations were
carried out in halogenated solvents. Later, acetonitrile was introduced due to its greener
properties and its well-known resistance to oxidants. Unexpected above-mentioned results
obtained in the absence of catalyst led us to question the role of benzonitrile itself. As a matter
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of fact, a series of tests including Mn(salen)Cl was carried out here between 50 and 80°C with
acetonitrile (ACN) and 1,2-dichloroethane (DCE) at 80°C in order to be compared with others

carried out in the temperature range of 40-80°C(Figure 87). All experiments were performed

during 3h.
100%
23 23 12
80% 2
60% . .
40%
20%
0%
PhCN PhCN PhCN PhCN ACN ACN ACN dry ACN DCE
80°C 60°C 50°C 40°C 80°C 60°C 50°C 80°C 80°C
HStyOx MBenz M Glycol Other M Benzaldehyde M Acetonitrile

Figure 87: Influence of the solvent and of the temperature on the products yields and distribution obtained in the aerobic
epoxidation of styrene. (Cat : styrene : IBA 1:120 : 300, O, bubbling 16 mL/min, 0.435M of styrene in PhCN, 3h)

Within the first series of tests performed using benzonitrile between 40 to 80°C (Figure
87_PhCN experiments), the maximum yield of styrene oxide was obtained at 80°C with 68%
of selectivity while the lowest one was reached at 40°C (58% of selectivity). Benzaldehyde
arising from the oxidative cleavage of the carbon-carbon double bond was favoured at lower
temperature while higher temperatures led to the apparent conversion of benzaldehyde and

styrene oxide into unknown compounds.

In the case of ACN, the distribution of the products was significantly different from that
obtained with benzonitrile. A greater proportion of benzaldehyde (multiplied by c.a. 1.5 in
ACN), styrene glycol (multiplied by c.a. 1.2 at 50°C to 1.8 at 80°C) and important amounts of
other compounds (multiplied by c.a. 4.5 at 50°C to 2.3 at 80°C) could be emphasized (Figure
87_ACN vs. Figure 87_PhCN) while the styrene oxide yield was divided by c.a. 2.2-2.3
whatever the temperature considered. The higher hydrophilicity of ACN compared to
benzonitrile led us to suspect that the higher yields of glycol obtained in acetonitrile would be

related to the higher water content of this solvent. An experiment was thus conducted using
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freshly distilled instead of non-treated ACN (Figure 87_dryACN_80°C). Indeed, as expected,
the yield of styrene glycol could be divided by 2 but, more spectacularly the yield of styrene
oxide was multiplied by 1.8 (from 27% with non-treated ACN (Figure 87_ACN_80°C) to 50%
with dry CAN at 80°C (Figure 87_dryACN_80°C)). Excepted for styrene oxide and
benzaldehyde, the yields of other products were very similar in benzonitrile and in dry
acetonitrile at 80°C. Significant increase of the benzaldehyde yield in acetonitrile was
confirmed (almost the same with non-treated and dry ACN), thus emphasizing the more
important role of the nitrile itself (than water) in the selectivity of the aerobic oxidation
reaction. The higher yield of styrene oxide in benzonitrile (62%) compared to dry acetonitrile
(50%) at 80°C could be also another indication of the intrinsic role of the nitrile in the oxidation

process.

A last test performed in the presence of non-distilled DCE (dichloroethane) at 80°C
(Figure 87_DCE_80°C) led to a product distribution very similar to that obtained with non-
distilled ACN (Figure 87_ACN_80°C).

In conclusion, our results show that the best compromise between high conversion of
styrene and high selectivity of styrene oxide is reached in benzonitrile at 60 or 80°C, but the
later temperature is more suitable for the whole process, from styrene to styrene carbonate.

By then, future experiments will be conducted in benzonitrile only.

VI.2.3 Impact of the amount of reducing agent

A new series of eight experiments was conducted with different amounts of sacrificial
reductant (0, 1, 2.5 or 5 molar equivalent(s) of isobutyraldehyde, IBA) at 80°C in the absence

or presence of Mn(salen)Cl (see experimental details below).

Experimental conditions: Styrene (St, 1 mL, 8.7 mmol), Mn(salen)Cl (46 mg, 72.4 umol), isobutyraldehyde (IBA, 0 to 4
mlL, 0 to 44 mmol), the GC internal standard (p-xylene, 1 mL, 8 mmol) and benzonitrile (20 mL) were mixed at room
temperature in a round-bottom flask connected to a condenser. Then, the mixture was heated under 80°C and 16 mL/min
of dioxygen were bubbled through the solution. The reaction medium was stirred under these conditions for 3h and the

0, flow was kept constant during all the experiment.
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In the absence of sacrificial aldehyde, no reaction occurred with (Figure 88_CAT_0EQ)
or without (Figure 88_NoCAT_0EQ) Mn(salen)Cl meaning that the aldehyde is the essential

component of the system.

In the presence or absence of catalyst, we showed earlier that, at 80°C, with a reducing
agent/styrene molar ratio of 2, the yields of styrene oxide and benzaldehyde were very similar.
The same occurred here for IBA/Styrene ratios of 1 and 2.5. Best results were observed for 2.5
equivalent of IBA added. Without Mn(salen)Cl, the yield of styrene oxide was 65% and with
Mn(salen)Cl, 62%. It can be noted that the proportion of by-products is higher in the presence
of catalyst. A decrease of styrene oxide yield and an increase of by-product proportion was

observed at high IBA equivalent of 5 (see Figure 88_CAT_5EQ).
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Figure 88: Influence of the amount of sacrificial reductant and of the catalyst on the products yields and distribution obtained
in the aerobic epoxidation of styrene. (Cat : styrene : IBA 1 : 120 : 300, O; bubbling 16 mL/min, 0.435M of styrene in PhCN,
80°C, 3h)

In conclusion, best results were found with 2.5 equivalents of sacrificial reductant IBA.
It is expected that side-reactions related to the Lewis acidity of the catalyst and leading to the
opening of the oxirane ring will be replaced by in-situ CO; cycloaddition in the whole

transformation process. Future experiments will then be conducted in benzonitrile with

optimal IBA molar quantity of 2.5.
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VI.2.4 Impact of the oxygen supply

Positive results obtained in the absence of any catalysts led us to question the
influence of oxygen introduction (method and amount). Above experiments were performed
using bubbling with a metal needle (c case) with a flow of 16 mL/min. One hypothesis dealt
with the possible involvement of soluble metal species issued from the corrosion of the
needle. One way to avoid such corrosion was to replace the metal needle by a special
glassware (a case). Another hypothesis concerned the flow rate and the O, concentration in
the reaction solution leading us to test a gas flow over the solution (b case) instead of
bubbling. Last but not least, with the goal of performing the whole process under static
pressurized and not flowing O, and CO. gases, it was also important to test the aerobic

epoxidation alone in an autoclave (d case).

To summarize, in this part, as shown in Figure 89, four modes of oxygen introduction were
investigated using either a glass tube dipping inside (a) or located above the surface of the
solution (b) or a metal needle dipping in the solution (c) or using an autoclave filled by 3.5 bar

of 0, at 80°C(d).

3,5bar O,

~—

(a) (b) (c) (d)
Bubbling through glass Bubbling located above Bubbling through metal Autoclave filled by
tube dipping inside the surface needle dipping inside 3.5 bar of O,

Figure 89: Test of different forms of oxygen supply for the aerobic epoxidation of alkenes

Modifications of the experimental procedures depending on the case studied are described

below and the results reported in Figure 90.
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Experimental conditions: Styrene (1 mL for experiments a,b,c : 8.7 mmol or 0.645 mL for experiment d: 5.6 mmol),
Mn(salen)Cl (72.4 umol for experiments a,b,c or 48.1 umol for experiment d), isobutyraldehyde (IBA, 2 mL, 22 mmol for
experiments a,b,c or 1.33 mL for experiment d), the GC internal standard (p-xylene, 1 mL, 8 mmol for experiments a,b,c;
or 0.665 mL for experiment d) and benzonitrile (20 mL for experiments a,b,c; or 13 mL for experiment d) were mixed in a
reactor (round-bottom flask connected to a condenser for experiments a,b,c or autoclave for experiment d) at room
temperature. In the case of experiments, a,b,c, the mixture was heated under 80°C and dioxygen was then bubbled (16
mlL/min). The reaction was stirred under these conditions of 3h (from the time of O, introduction) and the O, flow was
kept constant during all the experiment. In the case of experiment d, the reactive medium was sealed inside 3.5 bar O;

pressure (11.6 mmol) then heated at 80°C.

100% 6
10 6

80% 29
60%
40%
20%
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EXP a EXP b EXPc EXP d
Bubbling in glass Bubbling on glass Bubbling needle 02 pressure

B StyOx mBenz M Glycol m Other

Figure 90: Influence of the oxidant supply on the products yields and distribution obtained in the aerobic epoxidation of
styrene. (Cat : styrene : IBA 1 :120 : 300, O; bubbling 16 mL/min or 3,5 bar, 0.435M of styrene in PhCN, 80°C, 3h)

In the experiments a and b performed under O, flow at atmospheric pressure, the
distribution of the different products was not modified compared to the experiment c (high
conversion, c.a. 60% yield of styrene oxide, c.a. 20% yield of benzaldehyde and c.a. 10% vyield
of styrene glycol with c.a. 10% of by-products). Apparently, the method used for dioxygen
introduction at atmospheric pressure does not seem to significantly alter the results obtained,
thus helping us to discard hypotheses such as metal contamination of the reaction medium or

the use of too high amounts of O; in the experiment c.
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In the case of the experiment d, conducted under 3.5 bar of O; inside a sealed reactor,
(Figure 90_EXP_d), significant differences compared to runs in a, b and c conditions were
observed. Even if the conversion remains pretty high (98%), a decrease of styrene oxide yield
(from 60 (average value for a, b and c) to 49%) as well as a decrease of the carbon balance

could be emphasized.

Experiments (a, b and c¢) performed under O, flow at 16 mL.min?! were quite
reproducible and did not depend on bubbling or on the material used for O introduction.
However, the results obtained under static conditions were different but it has to be noted

that any attempt of optimization was performed.

VI.2.5 Impact of the catalyst

In this work, other Salen complexes, especially those with chromium (Salophen-tBu-
Cr, Salophen-Et;N-Cr and Salophen-Me;N-Cr, see Chapters IV.2 and IV.2) have been designed
in order to improve the cycloaddition reaction performances, but are these complexes, used
in the same amounts, also efficient in the frame of the Mukaiyama epoxidation of styrene at
80°C during 3h in benzonitrile with 2.5 mol of IBA per mol of alkene and under 16 mL/min of
02 bubbling? A series of experiments was carried out with the chromium complexes, as shown

below and the results compared with those obtained with the Jacobsen catalyst in Figure 91.

Experimental conditions: Styrene (1 mL, 8.7 mmol), catalyst (72.4 umol), isobutyraldehyde (IBA, 2 mL, 22 mmol, 2.5 eq. per
styrene), GC internal standard (p-xylene, 1 mL, 8 mmol) and benzonitrile (20 mL) were mixed at room temperature in a round-
bottom flask connected to a condenser. Then, the mixture was heated at 80°C and 16 mL/min of dioxygen were bubbled into
the solution when the desired temperature was reached. The reaction mixture was stirred under these conditions for 3h (from

the time of O; introduction) and the O; flow was kept constant at 16 mL/min during all the experiment.

Salophen-tBu-Cr (Figure 91_tBu_Cr) led to a similar overall conversion of styrene with
a decrease of styrene oxide yield (from 62 to 48%) and an increase of styrene glycol from 10
to 20%. Apparently, Cr(lll) would further promote the cleavage of the oxirane ring through

hydrolysis compared to Mn(lll).

On the other hand, a decrease of the overall conversion and of the styrene oxide yield
was always observed when using Salophen-Et;N-MCI or Salophen-Me;N-MCI, with M = Cr or

Mn, (Figure 91). It has to be noted that, compared to t-Bu in 3,5 positions, the -EtoN or -Me;N
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substituents in 4 position do not favour the epoxidation over the oxidative cleavage of the C=C
bond. Indeed, the (epoxide+styrene glycol)/benzaldehyde molar ratio was close to 4 with the
Jacobsen catalyst and Salophen-tBu-Cr while it was about 2.5-3 with the other complexes

bearing Et;N or Me:N substituents.

8

100%

80%

60%

40%

20%

0%
Jacob. tBu-Cr Et2N-Cr Et2N-Mn Me2N-Cr Me2N-Mn

H StyOx M Benz mGlycol mOther

Figure 91: Influence of the catalyst nature on the products yields and distribution obtained in the aerobic epoxidation of styrene.
(Cat : styrene : IBA 1:120 : 300, O, bubbling 16 mL/min, 0.435M of styrene in PhCN, 80°C, 3h)

VI.2.6 Conclusion

Epoxidation of styrene was successfully conducted under Mukaiyama conditions using
a 16 mL.min! O, flow and IBA as an electron source at 80°C. With a 100% conversion of
styrene, best styrene oxide yields were about 62-67% with the Jacobsen catalyst with the
unavoidable formation of benzaldehyde (c.a. 20%) and styrene glycol (c.a. 10%) to a lesser
extent. Optimum conditions involved the use of 2.5 eq of IBA per styrene molecule but,
overall, of a convenient solvent such as benzonitrile whose intrinsic properties are
determining to favour epoxidation over the C=C cleavage. Our study emphasized the very
important influence of the aldehyde since in the absence of the later, no reaction occurred.
On the other hand, the catalyst was shown to be useful at 50°C but its role appeared to be
less crucial at 80°C, the temperature targeted for the whole conversion process of styrene to
styrene carbonate in the presence of O, and CO,. However, at 80°C, Salen complexes with tBu
groups led to a more selective formation of styrene oxide (and glycol) than benzaldehyde
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compared to others bearing amino substituents. At 80°C, the catalysts seemed to be
responsible of an increase of the styrene conversion but the styrene oxide yield did not
increase as the result of the in-situ hydrolysis of the epoxide encouraged by the Salophen

complexes, especially those involving Cr(lll).

VI.3  Epoxidation using H,0;

As reported in Chapter I, many times, polyoxometalates (POMs) [5,6] were
shown to be efficient catalysts for H.O;-based oxidations. In the past, our group has
synthesized lacunary hybrid polyoxometalates deriving formally from the Keggin structure
that are efficient in the epoxidation of cycloalkenes by H.O; under mild conditions and that

can be grafted, thus affording supported homogeneous catalysts[2].

The aim of this part was to test these catalysts in the epoxidation of styrene by H,0;
instead of endocyclic alkenes like cyclooctene or cyclohexene which are more frequently used
as models for the epoxidation reaction. One important question to answer concerned the
epoxide/benzaldehyde/styrene glycol selectivity. Could it be different from that obtained
using the Mukaiyama system? First, the synthesis of several POM catalysts will be described,
and their catalytic activity will be further developed regarding the epoxidation reaction of
alkenes. Styrene and its methyl substitutes a-methyl and B-methyl styrene will be tested in an
attempt to reduce the proportion of secondary product benzaldehyde and glycol at the end.
Process optimisation will also be studied by varying parameters such as the quantity of catalyst

or oxidant as well as their delayed addition in the reactive medium.

VI.3.1 Synthesis and characterisation of [As'"'Wy033{RP=0},]*>

compounds

Two different species of general formula [As"'Ws033{RP=0},]"", i.e. POM-tBu and POM
COOH (Figure 92) were synthesized starting from Nag[HAsWs033].14H,0, tetra-n-

butylammonium bromide (TBABr) and the corresponding phosphonic acids (RP=0(OH)3>).
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R = -'Bu, -COOH

Figure 92: Series of hybrid polyoxometalates ([AsiWsOs3{P(O)tBuj};]> and [As"'Ws033{P(0)CH2CH,COOH},J*> )
synthesized from Nag[HAsWy033].14H,0. WOs polyhedra are shown in blue and As, P, O and C atoms are shown,
respectively, in prune, blue, red, and black

The experimental procedure followed is reported below:

Synthesis of [As'""Ws033{RP=0}.]> compounds. Nag[HAsWy033].14H,0 (1.39 mmol, 1
eq), BusNBr (5.56 mmol, 4 eq) and (OH).P(O)R (2.78 mmol, 2 eq) are dissolved in 30 mL of
acetonitrile. Then, HCI (5.56 mmol, 4 eq) was added dropwise. The resulting reaction mixture
was stirred overnight at reflux and then the suspension was hot-filtered (frit glass 4). Later,
the filtrate was evaporated under vacuum to give a yellow oil. [As"'Wy033{RP=0},]°" with its
ammonium counter-ions was precipitated by adding ethanol and diethyl ether, then the
resulting white solid was washed with water, ethanol, and diethyl ether. After vacuum drying,
the solid was weighed and characterized. For all products, the 'H NMR (500 MHz, CDCls)
signals of tetrabutylammonium are: 3.14 — 3.12 (m, 24H) ; 1.64 — 1.61 (m, 24H) ; 1.42 - 1.35
(m, 24H) ; 0.99 — 0.96 (t, 36H). POM-tBu (1): *H NMR (500 MHz, CDCls): 1.28 (s, 9H) ; 1.24 (s,
9H). RMN 3P (6 ppm): 33.05 (s). POM-COOH (2): 'H NMR (500 MHz, CDCls): 2.90 — 2.70 (m,
2H); 2.30 — 2.18 (m, 2H). 3P NMR (8 ppm): 26.01 (s).

Depending on the POM, yields varied between 46% (POM-tBu) and 88% (POM-COOQOH)

as seen in Table 29.

Table 29: Yields and molecular weights of POMs synthesized

POMs M (g.mol?) | Yield (%)
(TBA)sNaH[As""W4033{P(0)tBu}.]> POM-tBu 3217.18 46
(TBA)sNaH[As"Ws033{P(O)CH2CH,COOH},]> | POM-COOH | 3249.95 88

It should be noted that POM-COOH (2) was proposed by Villanneau and Launay for

covalent anchoring (amide bond) on SBA-15 silica functionalized by aminopropyl groups.[7]
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VI.3.2 Catalytic activity

Here, it was decided to investigate the epoxidation of styrene as well as a-methyl
styrene and B-methyl styrene by H,0; in the presence of the above-mentioned POMs. As
shown earlier in Chapter I, several solvents can be used (EtOH, DCM) but acetonitrile leads to
a better conversion and remains the most common solvent regardless of the catalysts
described in the literature. Often reactions described are working at room temperature or at
50°C for short reaction times (4 h to 24 h). From our bibliographical survey, it appears that the
order of reactivity is: B-methyl styrene > styrene > a-methyl styrene. In addition, differences
in epoxidation kinetics have been highlighted in particular between trans- and cis-p-methyl
styrene, the cis isomer reacting more rapidly and leading more selectively to the epoxide than

the former.

The molecules expected during these reactions are the epoxides, but other products
may also be formed arising from the oxidative cleavage of the alkenes, opening of the
epoxides by water leading to the corresponding diol. Some epoxides can also undergo a
Meinwald rearrangement [8-11]. In the present work, all aliquots of the reaction media were
analysed by gas chromatography coupled with a flame ionization detector using a calibration
curve with p-xylene as the internal standard. Volatile molecules resulting from the oxidative
cleavage of alkenes, such as acetaldehyde and formaldehyde, could not be quantified. The
catalysis tests were first carried out in acetonitrile and then in benzonitrile, which is currently

the solvent used in our group for the cycloaddition reaction.

VI.3.3 Oxidation in acetonitrile

After various tests (variation of the amount of H;0,, the temperature and of the
catalyst precursor), only few differences were found between the results obtained with POM-
tBu and POM-COOH. In this matter, results obtained with POM-tBu only will be discussed in

this section.

VI.3.3.1 Case of styrene

Styrene oxidation in the presence of POM-tBu was carried out at 50°C and in the

presence of one equivalent of H,0,.
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Experimental conditions: Styrene (0.69 mL, 6 mmol), catalyst (24 umol), GC internal standard (p-xylene, 0.75 mL, 6 mmol)
and dry ACN (20 mL) were mixed at room temperature in a round-bottom flask connected to a condenser. Then, the mixture
was heated at 50°C and 6 or 12 mmol of H,0, was added (0.6 or 1.2 mL) into the solution when the desired temperature was
reached and when the catalyst was completely dissolved. The reaction mixture was stirred under these conditions for a certain
amount of time (from the time of H,0; introduction). For GC-FID analyses, 20 ulL of reagent medium was taken and diluted

in 10 mL of HPLC-grade dichloromethane.

Conversion of styrene and the yields of the reaction products over time (up to 48 h)
are displayed in the graph below (Figure 93). Styrene oxide, benzaldehyde, and styrene glycol
were systematically obtained. In addition, 2-hydroxy-1-phenylethanone arising from over-
oxidation of styrene glycol could be detected in small quantities by GC-FID and identified by
GC-MS, as well as phenylacetaldehyde arising from the Meinwald rearrangement of styrene

oxide. These two products correspond to the “other” category in Figure 10.
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Figure 93: Kinetic profile of the products yields during styrene epoxidation by H,0, in the presence of POM-tBu
(catalyst/substrate/H,0,: 1/250/250 then 1/250/500 after addition of the second equivalent of H,0,, 50°C).

Styrene oxide was clearly the major product with a maximum yield of 34% after 5.5 h
before slowly decreasing from 5.5 h to 31 h. Meanwhile, the yield of benzaldehyde increased
very slowly reaching a “plateau” of 11% after 25h. Clearly, the yield of styrene glycol increased
gradually throughout the test and continued to increase as the amount of styrene oxide
decreased. The maximum conversion of styrene (c.a. 60%) was reached after 6 h, probably as
the result of a defect in hydrogen peroxide due to its dismutation. After, there was clearly a
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re-distribution of styrene oxide into styrene glycol and other by-products. It has to be noted

that the epoxide + styrene glycol / benzaldehyde ratio tends to 3.8.

A second equivalent of H,0, was added at t = 48h in order to restart the reaction. In
spite of what was expected, the styrene conversion changed very little afterwards for the next
9h reaction. Instead, the overall yield of styrene oxide decreased to 12%! At 57h, the epoxide
+ diol / benzaldehyde ratio was 1.8 as the result of the increase of benzaldehyde and the
hydrolysis of styrene oxide and more probably its over-oxidation. The most likely hypothesis
would be that the catalyst was modified in the first 48h. The appearance of an unidentified

white solid after a few hours of reaction seems to confirm such evolution.

VI.3.3.2 Cases of a and or 8 methyl-styrene

a- and B-methyl styrene were also tested with the following catalyst/substrate/H.0;

ratio: 1/250/250 at 50°C (See experimental conditions for styrene).

In addition to the epoxide, the expected products that can be detected by GC in the
case of a-methyl styrene (Figure 94) are acetophenone arising from the oxidative cleavage of

the exocyclic double bond and a-methyl styrene glycol.

OH o
(i) Epoxidation
(i) Oxidative cleavage
- (iii) Epoxide ring opening with H,O
OH (iv) Thermal rearrangement reaction due to GC-FID injector

©)\0q (i) <)/Qw(iv) m

Figure 94: Main oxidation products obtained from a and 8 methyl-styrene
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In the case of B-methyl styrene, it should be noted that a mixture of trans- and cis-B-
methyl styrene has been used, and the epoxidation led to the two corresponding epoxides but
also to the two diols as well. Similarly, to styrene oxide, B-methyl styrene oxides also partially
isomerized (in the GC injector), thus affording phenylacetone. Oxidative cleavage of the

exocyclic double bond led to the formation of benzaldehyde, as with styrene (Figure 94).
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Figure 95: 24 h yields of the different products obtained in the oxidation of styrene, a-methystyrene and f-methylstyrene
by H,0;at 50°C (catalyst/substrate/H,0; ratio: 1/250/250).

Comparing the results obtained for a-, B-methyl styrene and styrene at 50°C (Figure
95), it can be stated that the alkene conversion measured after 24 h increased from 60% for
styrene to 95% for a-methyl styrene and 90% for the mixture of the mixture of B-methyl
styrene. The yields of the corresponding epoxides ranged from 47% for the mixture of trans-
and cis-B-methyl styrene, 27% for styrene and only 10% for a-methyl styrene! It seems in this
latter case that the epoxide was very sensitive to water since the amount of glycol was found
to be very important compared to B-methyl styrene and styrene oxidations. Finally, 10% and

14% of trans- and cis-B-methyl styrene are converted into diol and unknown molecules.

VI.3.4 Oxidation in benzonitrile

Benzonitrile was also used as a solvent in the epoxidation of styrene and -methyl

styrene in the presence of POM-COOH (Figure 96).
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Figure 96: Influence of the solvent (acetonitrile vs. benzonitrile) on the oxidation of styrene and 8-methylstyrene after 24h at
50°C (ratio POM-COOH catalyst/substrate/H,0, : 1/250/250).

Clearly, the products were similar in acetonitrile and benzonitrile under identical
operating conditions (50°C, POM-COOH catalyst/substrate/H,0, ratio: 1/250/250, 24h).

Regardless of the solvent used, the epoxides remained the major products for both substrates.

In the case of styrene, a small but significant improvement was noticed in conversion
(65% in benzonitrile vs. 58% in acetonitrile). The yield of styrene oxide increased by 11% when

changing solvents, whereas the yield of benzaldehyde decreased by 5%.

In the case of the B-methyl styrene, the change from acetonitrile to benzonitrile did
not increase the substrate conversion (86% and 81%, respectively in Figure 96). The yields of

benzaldehyde (18 and 19%) and styrene oxide (46 and 41%) also varied only slightly.

By comparing the oxidation results for these two substrates in each solvent, it can be
concluded that solvent change has little effect on conversion rates and products distribution.
More importantly, it appears that, with H,0, and POMs, the distribution of the oxidation

products is much less sensitive to the solvent than in the Mukaiyama catalytic system.

Unfortunately, conclusions regarding the change of solvent for a-methyl styrene could
not be drawn due to co-elution problems between benzonitrile and a-methyl styrene in GC

analyses.
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VI.3.5 Partial conclusion

The epoxidation reactions of styrene and its derivatives in the presence of
polyoxometallates (two examples were tested here without much difference) are not as
selective as those of endocyclic alkenes. This is clearly related to the nature of the substrate
as evidenced by the variations observed between styrene, a-meth styrene and -methyl
styrene. Styrene is clearly more difficult to oxidize than the other two: a maximum conversion
of 60% has been achieved in both acetonitrile and benzonitrile. Further studies are required
to improve this conversion, on the one hand, possibly by adjusting the rate of introduction of
H20; or the substrate/POM ratio and, on the other hand, to limit the hydrolysis of the epoxide
by introducing H20; in a non-aqueous form, which represents a constraint. With H;0,, the
highest styrene oxide + styrene glycol / benzaldehyde ratio we were able to obtain was around

3.8.

V1.4 Conclusion

In this chapter, epoxidation of styrene in the presence of O, or H;0; has been
investigated using either Mn / Cr-based Salen complexes or W-based polyoxometalates.
Several reaction parameters such as the temperature, the nature of the solvent, the oxidant
supply or the nature of the catalyst were studied. Questions to be answered were : Are the
catalytic systems efficient to promote epoxidation with good conversion and selectivity? Are
the conditions implemented in good accordance with what is required for the cycloaddition
reaction?

In the literature, aerobic Mukaiyama type epoxidation reactions often use Salen type
catalysts. That is the reason why it was important for us to check if the Salophen complexes
described in Chapter IV could also be efficient in the epoxidation process, hence avoiding to
complicate the catalytic system for the whole process targeting the transformation of styrene
into styrene carbonate with O, and CO.. It was thus shown that the catalysts that led to the
best performance in cycloaddition also displayed promising results in epoxidation. As such, an
average yield of 51% of styrene epoxide at 80°C with 99% styrene conversion was obtained
after 3h in benzonitrile in the presence of Salophen-Et;N-Cr and Salophen-Me;N-Cr. Optimal
molar ratio observed for IBA : substrate : Salophen was 300 : 120 : 1 in the case of aerobic

epoxidation reaction occurring at 80°C and below during 3h. For Mn(salen)Cl, the optimum
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parameters have been established to be a 2.5 equivalent of isobutyraldehyde and benzonitrile
as solvent. Under pure Oy, the Salophen complexes seem to be involved in the ring opening
of styrene glycol by H,O but we hope that, using both CO, and O; for the whole
transformation, CO, will be able to compete with H,0 leading to styrene carbonate instead of
too much styrene glycol. It has to be noted that most of the present work was performed using
a Oz flow. Only a few experiments were carried out under static conditions (O, pressure of 3.5
bar). In these conditions, the styrene oxide yield dropped by 10% (49% instead of 59%) in the
presence of Mn(salen)Cl meaning that optimization is required.

With H0;, using POM-tBu or POM-COOH as catalysts precursors and H,O; : substrate
POM ratio of 250:250:1, most of the alkene conversion occurred in less than 6 h at 50°C.
Longer reaction times led to more hydrolysis of the epoxide by the water introduced with
aqueous H,0; which represents a severe drawback that could be more difficult to minimize in
the whole transformation except if anhydrous H,0; is used. B-methyl styrene oxide seems to
be less sensitive to hydrolysis than styrene oxide and especially a-methyl styrene oxide which
means that, without further optimization, the whole transformation with H,0, and CO; in the

presence of POMs and Salophen complexes should be at best performed on B-methyl styrene.
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CHAPTER Vi

Global reaction using O, and CO,
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VII.1 Introduction

As previously described in Chapter lll, only a few catalytic systems allowing the
conversion of styrene into styrene carbonate in the presence of O, (or H,0;) and CO; have

been reported.

Among them, Bai et al obtained a rather high yield of styrene carbonate (76%) with
100% selectivity using a dual homogeneous catalytic system based on BusNI as main
cycloaddition catalyst and a ruthenium metalloporphyrin for the epoxidation step. Such
reaction worked well under 5 bar of O, and 11 bar of CO; at 30°C during 48h but the amount
of catalysts was relatively high ([Ru] : BusNI : styrene 1 : 2 :25). Another system developed
later by Jain et al. in 2015 and made of Ph3P*Br- and Mo(acac); grafted on a magnetic chitosan
support afforded styrene carbonate with a 67% yield after 10 h at 100°C in the presence of

IBA as sacrificial reductant.

This chapter is devoted to the investigation of the catalysis potential of the
combination of a Salen complex and a quaternary ammonium salt (QAS) for the targeted

global reaction transformation of styrene into styrene carbonate with O, and CO,.

Another option of dual catalysis based on the use of supported quaternary ammonium
bromides (as synthesized Chapter V) partially exchanged by POMs was initially envisaged but
had to be abandoned. Indeed, the simple addition of a soluble bromide, such as n-BusNBr,
into the homogeneous epoxidation catalysis test of trans- and cis-B-methyl styrene running
with POM and H,0; under conditions similar to those of Chapter VI (50°C, 24h, ratio
catalyst/substrate/H,0, : 1/250/250) showed that only little or no conversion of alkene to

epoxide was noticed after 24h of reaction.

The implementation of a global reaction involving oxidation and cycloaddition steps

should at best:

- use aunique solvent with similar reagents concentrations. In our case, benzonitrile
was shown to be adequate (Chapter IV, V and VI) and the concentrations of the
reagents adjusted to c.a. 112 : 2 : 1 (Salophen : n-BusNBr : substrate) for both
reactions .

243



- work, if possible, under unique pressure and temperature conditions. In our case,
it has been demonstrated in Chapter IV and Chapter VI that both oxidation and
cycloaddition could be carried out efficiently at 80°C and below.

- work ideally with both catalysts (Salophen/n-BusNBr) and both reactants

introduced at the beginning of the operation.

However, we may not exclude that, due to possible interferences, oxidation and cycloaddition

reactions would have to be performed one after the other.

Preliminary experiments dealing with the use of O, and CO; are presented here in order to

conclude on the feasibility of the global reaction.

VIl.2 Towards a unique set of conditions

In order to investigate the feasibility of the whole reaction in a unique set of conditions
(solvent, temperature, concentrations, all catalysts and reagents at the beginning), our initial
idea was to look at the impact of the reagents of one reaction on the other one. To do so, the
strategy used consisted in adapting a classical epoxidation reaction carried out under 3.5 bar
of O, (Chapter VI) and to test the effect of CO, and/or of the cycloaddition catalyst. Typical
experimental conditions are described below and the tested parameters presented in Table
30 with the corresponding styrene conversion rate and the yields of the main products in

Figure 97.

Protocol for experiments 1.1 to 1.6 (see Table 1): Styrene (0.70 mL, 5.6 mmol), isobutyraldehyde (1.33 mL, 15 mmol), n-
BusNBr (31.1 mg, 96.2 umol) and commercially available Jacobsen complex or Salophen-tBu-Cr (48.3 umol), GC internal
standard (p-xylene, 0.66 mL, 5.3 mmol) and 13.3 mL of benzonitrile were mixed in a Teflon pot that was further
introduced in a stainless-steel autoclave equipped with a magnetic stirrer and an electric heater. The autoclave was then
purged with O3, the system was pressurized with 3.5 bar of O; then 11 bar of CO, and heated at 80°C. The reaction
mixture was stirred for x (3 or 23) h (see Table 30). After each catalytic test, the resulting solutions were analysed by gas

chromatography after dilution (samples of 25 uL diluted in 10 mL of CH;Cl,).
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Table 30: Sets of experimental conditions used to test the influence of the reactants and catalysts of each single
reaction on the other one in the frame of the whole conversion of styrene into styrene carbonate.

Experiment 11 1.2 1.3 1.4 1.5 1.6
t (h) 3 3 3 3 3 23
Ox. catalyst - Jacobsen Jacobsen tBu-CrCl tBu-CrCl tBu-CrCl
Cyclo. catalyst - - - - n-BusNBr | n-BusNBr
P O, (bar) 3.5 3.5 3.5 3.5 3.5 3.5
P CO; (bar) - - 11 11 11 11
100
18 24
80 3 ® 29 34
.
.
60
40
20
0

Exp 1.1 Exp 1.2 Exp 1.3 Exp 1.4 Exp 1.5 Exp 1.6

B StyOx MBenz M Glycol mStyCarb Other

Figure 97: Conversion of styrene and yields of the different products depending on the experimental conditions (see Table 30 ).
Styrene (5.6 mmol), isobutyraldehyde (15 mmol), commercially available Jacobsen complex or Salophen-tBu-Cr (0.05 mmol), n-
Bu4NBr (0.1 mmol), in 13.3 mL of benzonitrile at 80°C under 3.5 bar of O;and 11 bar of CO..

A typical styrene epoxidation was performed without (Figure 97_Exp1.1) or with Mn-
Salen-Cl (Figure 97_Exp1.2) under 3.5 bar of Oz only during 3 h. Both reactions led to a nearly
complete conversion of styrene with 49% yield of styrene oxide, 17% yield of benzaldehyde

and 29% of unknown species. A small amount of styrene glycol was also obtained.

What about the influence of CO,? The same reaction was repeated under 3.5 bar of O;
and 11 bar of CO; (Figure 97_Exp1.3) showing that the addition of CO; did not impact
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significantly the yields of styrene oxide (49%), benzaldehyde (14 instead of 17%), styrene
glycol (3%) and of the by-products after 3 h. A similar reaction (Figure 97_Exp1.4) was carried
out with Salophen-tBu-Cr which showed better catalysis performances (Chapter IV.2) in
styrene aerobic epoxidation than Mn-Salen-Cl despite a very similar structure. On one hand,
after 3 h, the yield of benzaldehyde was unchanged (14%) and a relatively good yield of
styrene oxide was obtained in comparison with Mn-Salen-Cl ((Figure 97_Exp1.3) 42% vs. 49%)
but, on the other hand, a strong increase of the amount of styrene glycol could be emphasized
(24% instead of 3%). Such variation could be the result of the activation of styrene oxide
towards the attack of water molecules as the result of the more important Lewis acidity of
Cr(Il). It can be noticed that in Exp1.4, the (styrene oxide + styrene glycol) / benzaldehyde
molar ratio was 4.7. At first glance, it would seem that the styrene conversion and the styrene
oxide yield are very little influenced by the presence of CO, (at least up to 11 bar) and the

nature of the catalyst (Cr vs. Mn).

As a further step, the experiment was now conducted in the presence of the main
cycloaddition catalyst, i.e. n-BusNBr (Figure 97_Exp1.5) allowing the synthesis of styrene
carbonate, but in a low yield (3%). Clearly, styrene carbonate was formed at the expense of
styrene glycol (slight decrease from 24 (Exp1.4) to 20% (Exp1.5)) and styrene oxide (slight
decrease from 42 (Exp1.4) to 40% (Exp1.5)). Hopefully, a higher yield of styrene carbonate
(14%) was observed after 23h at 80°C (see Figure 97_Exp1.6) with a consequent loss of styrene
oxide yield from 40 to 26%, but also of styrene glycol (from 20 to 16%). Our hypothesis here
is that styrene carbonate formed comes from the styrene oxide and that the hydrolysis of
styrene oxide may be slowed down by the competitive reaction of epoxide with CO; instead
of H,0. It seems that benzaldehyde was formed early and that the cycloaddition step had little
impact on it but a high proportion of unknown by-products could be detected (balance default
of 34%). One of the possible sources of secondary products could be the reaction of styrene
oxide with the isobutyric acid formed as a side-product of the oxidation of the sacrificial
aldehyde. Indeed, epoxides are known to react with carboxylic acids to form 1,2-diol mono-

esters in the presence of imidazolium ionic liquids.[1]

To conclude, we confirmed the ability of the n-BusNBr / Salophen-tBu-Cr catalytic
system to induce the production of styrene carbonate from styrene in the presence of O; and

CO,. However, after 23 h, the yield of styrene carbonate was low (14%). The apparent rather

246



low activity of the n-BusNBr/Salophen-tBu-Cr catalytic system towards CO; cycloaddition onto
styrene oxide was surprising. Indeed, we showed earlier, that under similar conditions (80°C,
11 bar CO; and 23h), 99% styrene carbonate yield could be obtained with 100% selectivity
(see Chapter IV.2).

Seemingly, the reagents (IBA, O;) or the by-products (isobutyric acid) of the
epoxidation step would have a negative influence on the cycloaddition catalyst. Thus, further
work was carried out using styrene oxide as a substrate focusing our attention of the
perturbation of this reaction by the oxidation step by O; and IBA, especially. The experimental
procedure of the different tests, performed here with Salophen-tBu-Cr, is summarized below

and in Table 31.

Protocol for experiments 2.1 to 2.4 (see Table 2): Styrene oxide (0.66 mL, 5.6 mmol), isobutyraldehyde (1.33 mL, 15
mmol), n-BusNBr (31.1 mg, 96.2 umol), Salophen-tBu-Cr (32.4 mg, 48.3 umol), GC internal standard (p-xylene, 1 mL, 8
mmol) and 13.3 mL of benzonitrile were mixed in a Teflon pot that was further introduced in a stainless-steel autoclave
equipped with a magnetic stirrer and an electric heater. The autoclave was then purged with O, and pressurized with
3.5 bar of O, then 11 bar of CO; and heated at 80°C. The reaction mixture was stirred for 3h or 23h (see Table 31). After
each catalytic test, the resulting solutions were analysed by gas chromatography after dilution (samples of 25 ul diluted

in 10 mL of CH,Cl3).

Table 31: Sets of experimental conditions used to test the influence of the reactants and catalysts of each single
reaction on the other one in the frame of the cycloaddition reaction of CO2 onto styrene oxide in O2/COzatmosphere

Experiment 2.1 2.2 2.3 2.4
t (h) 3 3 3 23
IBA - yes yes yes
P O2 (bar) 3.5 - 3.5 3.5
CO2 (bar) 11 11 11 11
Medium color red red

Corresponding styrene oxide conversions and styrene carbonate yields (100%
selectivity) are displayed in Figure 98. First, the influences of O, and of IBA were investigated
separately in experiments 2.1 and 2.2 at 80°C within 3 h (Figure 98_Exp2.1 and Figure
98_Exp2.2) showing results very similar to those of Chapter IV.2. Neither Oy, nor IBA alone
had a negative effect on the cycloaddition step. However, when both components were added
together, things got worse (Figure 98_Exp2.3) with a clear decrease of the catalytic activity,
but the catalysts still worked! Indeed, after 3 h, the styrene oxide conversion was 17% and the

carbonate yield was only 12%. It has to be noted that this yield subsequently increased to 76%
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after 23h (Figure 98_Exp2.4). In each case the selectivity of styrene carbonate remained high

and only the conversion of styrene oxide was lowered.

As a reminder, at 80°C, the yield of styrene carbonate in the presence of n-BusNBr
alone was 12% after 3 h reaction (Chapter IV.2) and 99% after 23 h meaning, probably, in our
case, that O, and IBA could be responsible for a deactivation of the Salen complex. It is also
noteworthy that the final color of the reaction mixture was purple red in Exp. 2.1 and 2.2, but
yellow in Exp. 2.3 and 2.4. Such change could result from the evolution of the Salen complex
as a result either from the degradation of the ligand or from the variation of the Cr oxidation

state, or both.

100
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5

Exp 2.1 Exp 2.2 Exp 2.3 Exp 2.4

m StyCarb m Other

Figure 98: Influence of Oy, IBA or both on the conversion of styrene oxide and on the yields of products (see experimentai
details in Table 31). Styrene oxide (5.6 mmol), isobutyraldehyde (1.33 mL, 15 mmol), Salophen-tBu-Cr (0.05 mmol), n-BusNBr
(0.1 mmol) in 13.3 mL of benzonitrile at 80°C under 3.5 bar of O;and 11 bar of CO;for 3 or 23 h.

The hypothesis of the variation of the oxidation state of Cr(lll) to Cr(V) or Cr(VI) was
quickly verified using *H NMR. Indeed, Cr(lll) in the starting complex is paramagnetic and its
'H NMR spectrum shows wide and undefined signals. Here, a first analysis of the crude
reaction mixture of Exp2.4 by 'H NMR gave rise to a spectrum with well-defined peaks, more
typical of a diamagnetic form of Cr, probably Cr(VI) hence allowing us to discard the hypothesis
of the formation of a paramagnetic Cr(V) here. A complementary UV-Vis analysis of the
reaction media resulting from Exp2.1 and Exp2.4 was also carried out (see experimental

details in Appendix A) after the dilution of the Cr species to 10 M showing that the spectra

(Figure 99) were very different.
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Figure 99: UV-Vis. spectra of the diluted crude reaction mixtures of Exp2.1 (O, only, black) and Exp2.4 (O, and IBA,
red) after the catalysis test.

Clearly, the shape of the spectrum of the solution corresponding to Exp2.1 is in
agreement with the presence of Cr(lll). In this case, the absorbance peak at 482 nm led to a
calculated value of € of 4 800 l.molt.cm™ that would correspond to a d — rt” ligand to metal
charge transfer [2]. In the case of the solution corresponding to Exp2.4, no peak was detected
near 400-500 nm, which could be explained by the oxidation of Cr(lll) to Cr(VI) characterized

by the absence of d electrons.

To conclude, it appears that for the whole conversion of styrene into styrene carbonate
in the presence of IBA, Oy, CO,, Salophen-tBu-Cr and n-BusNBr, the in-situ change in the
oxidation state of Cr would be responsible for the slower conversion of styrene oxide into
styrene carbonate. Since we showed earlier in Chapter VI, that the Salen complex is not really
needed during the oxidation step at 80°C (see also Figure 97_Exp1.1), Salen complexes
involving cations such as AI** or Zn?* should be preferred but they were not synthesized in this
work. So, in a last attempt, we propose to carry out, first, the epoxidation reaction under O;
atmosphere only, then to add in the same pot, before the second step, the n-BusNBr/Salophen

catalytic system. This "one-pot" strategy is detailed in the following section.
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VIl.3 Global reaction with a delayed

introduction of CO; and of the catalysts

A series of experiments involving the delayed introduction of Salophen-R-Cr (with R =
-tBu or Me;N) catalysts were performed. In each case, the epoxidation of styrene was
conducted first during 3h at 80°C with IBA under 3.5 bar of O,. After cooling, molecular oxygen
was evacuated, then n-BusNBr and Salophen were introduced. The pressure was then set at
11 bar of CO; and the reaction carried out again at 80°C. Salophen-Me;N-Cr was also tested
here as it proved earlier to be the best homogeneous co-catalyst for the CO, cycloaddition
(see Chapter IV.3). Experimental settings for the different tests are presented below with the

conditions details in Table 32 and the results are displayed in Figure 100.

Typical experimental conditions: Styrene (0.70 mL, 5.6 mmol), isobutyraldehyde (1.33 mL, 15 mmol), GC internal standard
(p-xylene, 0.66 mL, 5.3 mmol) and 13.3 mL of benzonitrile were mixed in a Teflon pot that was further introduced in a
stainless-steel autoclave equipped with a magnetic stirrer and an electric heater. The autoclave was then purged and
pressurized with 3.5 bar of O, and heated at 80°C. After 3 h, the autoclave was cooled down to room temperature, the
oxygen evacuated, and the mixture stirred during 5 min. Later, n-BusNBr (31.1 mg, 96.2 umol) and Salophen-R-Cr (48.3
umol) were added. The autoclave was then purged and pressurized with 11 bar of CO; and heated at 80°C. Later, the
autoclave was cooled down to room temperature. After each catalytic test, the resulting solutions or suspensions were

analysed by gas chromatography after dilution (samples of 25 uL diluted in 10 mL of CH,Cl5).

Table 32: Sets of experimental conditions used to test the influence of the two steps global oxidative cycloaddition reaction,
starting with O, atmosphere, and followed by a cycloaddition in 11 bar of CO,. Respective times and catalysts inside are presented.

Exp 3.1 3.2 3.3

t (h) Ox. / Cyclo. 3/3 3/20 3/20
Salophen tBu-CrCl tBu-CrCl Me;N-CrCl
Cyclo. catalyst n-BusNBr n-BusNBr n-BusNBr
P O, (bar) 3.5 3.5 3.5

P CO; (bar) 11 11 11

After 3h epoxidation under 3.5 bar of O, without any catalyst followed by 3h of
cycloaddition under 11 bar of CO; in the presence of Salophen-tBu-Cr and n-BusNBr at 80°C,
100% conversion of styrene was reached with a 7% vyield of styrene carbonate only (Exp3.1).
It has to be noted that the yield of cyclic carbonate increased up to 16% after 20h cycloaddition
(Exp3.2). However, the proportion of unknown by-products increased from 11% to 35% after

3h to 20h cycloaddition while the yields of benzaldehyde and styrene glycol did not evolve.
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Actually, the products distribution resulting from this modified procedure (Exp3.2) did not

change very much from those of Exp1.6.
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Figure 100: Influence of the Salophen complex and of time on the conversion of styrene and of the yields of products. Styrene (5.6
mmol), isobutyraldehyde (1.33 mL, 15 mmol), commercial Jacobsen or Salophen-tBu-Cr (0.05 mmol), n-BusNBr (0.1 mmol), in
13.3 mL of benzonitrile at 80°C under 3.5 bar of O,and 11 bar of CO,. (see experimental details in Table 32).

Another cycloaddition co-catalyst, Salophen-Me;N-Cr, was also tested due to its high
catalytic activity observed for CO; cycloaddition in Chapter IV.3 After a 3h period for styrene
epoxidation, followed by 20 h for CO;, addition on styrene oxide, once again, a complete
styrene conversion was observed with the highest value, in this work, for styrene carbonate
yield (31%) (Figure 100_Exp3.3). Clearly, Salophen-Me;N-Cr led to less unknown by products
and the overall yield of known products not issued from C=C cleavage reached 60% (i.e. 17%

for styrene oxide + 12% for styrene glycol + 31% for styrene carbonate)!

VII.4 Conclusion

The conversion of styrene into styrene carbonate was conducted at 80°C under Oz and
CO; either under a unique set of reactants and catalysts or by adding later the Salophen

complex, the quaternary ammonium salt and CO..

In the “one-step” transformation carried out with IBA, Salophen-tBu-Cr and n-BusNBr

under a 02/CO; atmosphere, the maximum yield of styrene carbonate reached after 23h at
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80°C was 14% while the yields of benzaldehyde, unknown by-products and products not
issued from a C=C cleavage (styrene oxide, styrene glycol and styrene carbonate) were 10%,
34% and 56%, respectively. Apparently, the in-situ oxidation of Cr(lll) to Cr(VI) was suspected

to lower the kinetics of cycloaddition and favour the formation of by-products.

A “two-steps” transformation based on the prior epoxidation of styrene in the
presence of IBA and O3 (3.5 bar) only, followed by the CO, cycloaddition in the presence of n-
BusNBr and Salophen-R-Cr catalysts under 11 bar of CO,, after purging O, was also
investigated. In this case, the maximum yield of styrene carbonate, obtained after 3h
epoxidation and 20h cycloaddition (with Salophen-Me;N-Cr), was 31% at 80°C while the yields
of benzaldehyde, unknown by-products and products not issued from a C=C cleavage (styrene
oxide, styrene glycol and styrene carbonate) were 14%, 25% and 60%, respectively. This
highest yield was apparently related to the use of Salophen-Me;N-Cr that allowed to minimize

the amount of unknown by-products.

To conclude, interesting directions to follow, in order to perform the one-step
transformation of styrene into styrene carbonate in the presence of O, and CO;, would be the
use of Salophen-Me;N-Cr or Salophen complexes that have no redox properties such as those

based on Zn(ll) or Al(llI).
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CHAPTER VI

PRELIMINARY WORKS TOWARDS CATALYTIC SYSTEMS
BASED ON BOTH QAS AND METAL SALOPHEN COMPLEX

(Exploratory study)
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VIIl.1 Introduction

In the previous section, we concluded that both a quaternary ammonium salt (catalyst)
and a co-catalyst are needed to facilitate the CO; cycloaddition onto epoxides in reaction
conditions favourable with the prior epoxidation step which is the target of the whole project.
Various strategies are available in order to integrate both Lewis basic (main catalyst) and acidic
functions (co-catalyst) inside only one structure. In the recent literature, the strategies
reported are based either on completely soluble species bearing the two functions
(homogeneous catalysis) or on heterogeneous catalytic systems, the latter being obtained by
successive graftings of the two functions on the solid support or by using a heterogeneous
catalyst involving both functions in its core structure. Some typical systems with their

advantages and drawbacks are presented below.

A relevant example of the approach based on soluble species is given by the bimetallic
aluminium salen catalyst developed in 2011 by North and co-workers.[1] The firstly
synthesized aluminium salen bearing tertiary amine substituents could be easily quaternized
via a nucleophilic substitution reaction, affording a structure bearing both aluminium metal
centres and QAS functions. A heterogenized version of such a structure has also been
successfully obtained by the reaction of the previous aluminium salen bearing tertiary amines
with MCM-41 silica functionalized by bromoalkyl linkers using an in-situ grafting strategy for
the formation of QAS. Homogeneous and supported catalytic systems showed good
performances in CO2 cycloaddition reaction on styrene oxide, with 89% vyield of styrene
carbonate after 6h at 26°C under 1 bar of CO2 and using 2.5% mol catalyst without needing
the addition of external TBABr. Fewer yield was obtained in the case of a supported catalyst

within the same reaction conditions.

Other metal complexes have also been developed. Hence, Jing and co-workers worked
on a zinc metalloporphyrin functionalized by 2 equivalents of BusN*X" (with X = Br, |, F and
Cl).[2] Best yields of propylene carbonate (99%) were obtained with bromides within 6h at
120°C under 20 bar of CO; and using rather high molar ratios of cat : oxide = 1 : 5000. Such
entity was able to run efficiently without the need of additional soluble QAS. Although
interesting results could be reached with several epoxides, yields of propylene carbonate

dropped with the temperature, with only 40% at 80°C and 17% at 60°C.
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Since the precursor work of North and co-workers [1], other heterogeneous catalytic
systems have been reported in the literature. Indeed, Leng and co-workers successfully
grafted a Salen-Et;N-Co catalyst on functionalized polymer microspheres bearing bromoalkyl
groups by using an in-situ formation approach of QAS through nucleophilic substitution. [3]
This allowed the grafting of Salen-Co with a quaternary ammonium covalent bond, thus
leading to a supported catalyst with 5 wt.% of cobalt. According to the authors, the two amine
functions borne by each Salen were quaternized, leading to 2 equivalents of QAS per
equivalent of cobalt atom. Using only 0.2% molar ratio of cobalt (0.4% of QAS), styrene
carbonate was successfully synthesized with 96% yield at 80°C after 6h under 10 bar of CO.. It
is noteworthy that this heterogeneous catalytic system could be recycled showing a constant

activity over 5 runs.[3]

As a conclusion of this partial review on catalytic systems bearing both functions, it can
be noted that most of them worked without needing the addition of an external source of
quaternary ammonium salt. Despite these interesting properties, only a few of these catalytic
systems were heterogenized (see example of North.[1]). More importantly, the description of
bifunctional heterogenized catalysts remain scarce and progress needs to be made in order to
lower the catalysis tests conditions (lower temperature and CO; pressure). Further

development should also be assessed in order to simplify the catalysts developed.

In another approach, we will look at the co-grafting of Si-QAS obtained by an ex-situ
synthesis (see Chapter V) and of the aminopropyl linker that can be used for the grafting of

Salophen complexes as shown in Chapter IV of this manuscript.
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VIlIl.2 Towards an independent anchoring of
quaternary ammoniums salts and of

salophen complexes

Earlier, we have shown that: i) Salophen complexes bearing a carboxylic group can be
grafted up to 0.15 mmol.g™! through amide bonds on SBA-15 silica bearing up to 2.2 mmol.g™*
of aminopropyl groups (Chapter 1V.2),and ii) quaternary ammonium salts, such as -NEts*,Br,
bearing trimethoxysilylane groups prepared in an ex-situ mode could be grafted up to 1.13

mmol.g! directly onto SBA-15 (Chapter V).
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OH OH OH
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\
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Salophen-Cr@QAS@{NH,}-SBA-15
Figure 101: General strategy for an independent anchoring of quaternary ammoniums salts and of salophen complexes

So, in order to minimize the number of synthetic steps, we propose here to perform
the grafting of Si-QAS and APTES together on SBA-15, affording QAS@{NH}-SBA-15, followed

by the coupling step of the salophen complex bearing a carboxylic group (Figure 1V).
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VIII.2.1Co-grafting of APTES and Si-QAS
Considering our previous experience, and especially the grafting efficiency of
triethylammonium bromide (aminopropyl)triethoxysilane on one hand, and of 3-

(aminopropyl)triethoxysilane, on the other hand, we have proposed the following co-grafting

Co-grafting of triethylammonium bromide (aminopropyl)triethoxysilane and of 3-
(aminopropyl)triethoxysilane on SBA-15: SBA-15 silica (500 mg) previously dried at 80°C under vacuum
for 12 h was dispersed in 17 mL of anhydrous toluene using an ultrasound bath for 5 min and magnetic
stirring. Then, triethylammonium bromide (aminopropyl)triethoxysilane (1 mL dissolved in dry
acetonitrile, 1.2 mmol) and 3-(aminopropyl)triethoxysilane (APTES) (140 ulL, 0.6 mmol) were added and,
after 1 h, the resulting mixture heated up to 130°C. Reflux was maintained for 20 h, after which the
suspension was filtered. The recovered white solid was washed with toluene, acetonitrile, and ethanol
(15 mL of each), then air dried. The resulting solid was extracted with ethanol using a soxhlet for 24 h,

then dried at air (m = 585 mg).

procedure in order to reach the 2 : 1 ratio of QAS : Salophen already employed in homogenous

conditions.

Resulting white solid, QAS@{NH;}-SBA-15, was characterized by TGA, thus
emphasizing the attachment of organic functions (Figure 102). In case of total grafting of both
groups, the total weight loss could be estimated to c.a. 25 wt.% vs. 22 here, which appears as

a very satisfying result.

The weight loss derivative curve of QAS@{NH,}-SBA-15 was compared to those of {NH,}-SBA-
15 and {EtsN*Br’}-SBA-15 (Figure 5) in order to try to quantify both functions. Hence, it seems
that {EtsN*Br}-SBA-15 is mostly thermally degraded between 180°C and 400°C (with a
maximum at 200°C) while {NH3}-SBA-15 is decomposed mostly at higher temperature
maximum at 300°C. Unfortunately, there is some overlapping since the degradation of the
amino groups occurs between 180 and 500°C. Using an arbitrary partition before 270°C for

{EtsN*Br'}-SBA-15 and after 270°C for {NH.}-SBA-15, -NEt3*Br and -NH; loadings were
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estimated to 0.36 mmol.g* and 1.43 mmol.g™, but this later is superior to the expected value

(1.2 mmol.g?).
102 4 _2,0
100 ] I
98
96 I 2
] L15 ©
94 p
? 4 7]
o~ . ]
& o2 £
n o] °
2 | o 2
O 884 -10 £
4 >
£ 86 I 5
=) 1 T
o 941 ©
1 @
2 ] o5 N
0 I z
78] 3
] I — z
76 ] '\.-\‘
T T T T T T T T T T r T 0,0
100 200 | 300 400 500 600 700

ITemperature in °C

1,0

0,8

0,6

0,4 -

0,2

—-—— =g — — — — ——n

Normalized derivative mass loss

{Et,N*Br}-SBA-15 o —

0,0

—
T T T T T T T
100 200 300 400 500 600 700

Temperature in °C

Figure 102: Thermogravimetric analysis of the solid bearing both {-NH2} and {Et2N+Br}- functions (the
weight loss derivative curves of the solid and of {NH2}-SBA-15 and of {Et2N+Br-}-SBA-15 are also represented for a
better interpretation).

QAS@{NH;}-SBA-15 was also analysed by XPS (Figure 103). The nitrogen XPS signal
could be deconvoluted in 2 components, corresponding to the ammonium of -NEt3*Br at
402.4 eV and the amine of -NH; at 399.3 eV.[4] In the case of Br, expected Br" was identified
by the two deconvolution peaks at 68.7 eV (Br 3ds/2) and 67.6 eV (Br 3ds2).[5] Elements atomic
concentrations were also determined, with 1.5 atomic% for Br,, 1.2% for N in -NH; and 1.8
found for N in -NEt3*Br. As the result, the Br/N(-NEt3*) atomic ratio equals 0.83 which is

relatively acceptable for an expected quaternary ammonium salt.
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Figure 103: XPS analysis of bromide and nitrogen in QAS@{NH,}-SBA-15. ( Calibration was made from C1s peak at 284.8 eV).

Considering that the atomic ratio of N(-NH3)/Br is 0.8 and taken into account the total

weight loss measured by TGA (Figure 102), we have been able to obtain a more plausible

quantification of the loading of each function (see details below).

M (EtsN*Br)-(CHz)3= 223.17 g.mol*
M (NHz)-(CHz2)3 = 58.10 g.mol*

Atomic ratio N/Br = 0.80

(EtsN*Br)-(CH2): = 0.81 mmol.g* 2 181.1 mg loss/ 1g SBA
(NH:z)-(CH2): = 0.65 mmol.g* 2 37.7 mg loss/ 1g SBA

Total mass lost obtained from molar concentration: 181.1 + 37.7 =218.8 mg

|
|
|
|
|
|
|
: Total mass lost in TGA : 218.83 mg / 1g SBA
|
|
|
|
|
|
|
|

Molar ratio N/Br = 0.65 / 0.81 = 0.80

Hence, the c.a. 22 wt.% loss and the N(-NH3)/Br of 0.8 measured by TGA and XPS,

respectively turned out to be compatible with a loading of 0.81 mmol.g™* of QAS (68% yield)

and of 0.65 mmol.g* of aminopropyl groups (54% yield).

In conclusion, a SBA-15 type material bearing similar amounts of quaternary

ammonium salt and of primary amine was successfully synthesized in one step. Further

functionalisation by coupling Salophen-tBu-Cr through covalent amide bonds was investigated

in the following part.
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VIII.2.2 Coupling of Salophen-tBu-Cr with QAS@{NH,}-SBA-15

As shown in Chapter IV.2, the covalent coupling of the Salophen-tBu-Cr complex with
the aminopropyl groups of QAS@{NH;}-SBA-15 was undertaken in the presence of DCC and

HOBT as described in the inset below.

Covalent grafting of Salophen-tBu-Cr onto QAS@{NH;}-SBA-15. QAS@{NH>}-SBA-15 (300 mg, [-RNH,] =
0.65 mmol g%, corresponding to 0.20 mmol of {-NH>} functions) and Salophen-tBu-Cr (33 mg, 0.050 mmol)
were dried under vacuum overnight in two distinct schlenk tubes. Then, Salophen-tBu-Cr was dissolved in
dichloromethane (DCM, 5 mL). In parallel, 1-hydroxy-1H-benzotriazole (HOBT, 0.002 g, 0.014 mmol) and
N,N’-dicyclohexylcarbodiimide (DCC, 0.015 g, 0.064 mmol) were dissolved in 2 mL of DCM and the resulting
solution was added to the solution of Salophen and the mixture was stirred for 40 min at room
temperature. Meanwhile, 10 mL of DCM were added to QAS@{NH,}-SBA-15 and the resulting suspension
immerged in an ultra-sound bath for 15 min. The solution of Salophen was then transferred into the
suspension of silica and the resulting mixture refluxed overnight under N,. After cooling, the red solid was
recovered by filtration, washed successively with methanol and acetone using a Soxhlet, respectively for 3

days and 24 h affording 330 mg of Salophen-tBu-Cr@QAS@{NH,}-SBA-15.

Thermogravimetric analysis of Salophen-tBu-Cr@QAS@{NH;}-SBA-15 material (Figure
104) was performed, showing an increase of the weight loss starting around 385 °C (with a
maximum of the derivative curve at c.a. 400°C) that would correspond to the Salophen
complex. The loss was of 4% instead of c.a. 10%, leading to an estimated concentration of 0.06
mmol.gt. Compared to the 0.6 mmol per gram of SBA, the resulting reaction yield was only of

36%.
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Figure 104: TGA of Salophen-tBu-Cr@QAS@{NH2}-SBA-15 (black) and QAS@{NH2}-
SBA-15 (red) mass loss (top) and mass loss (bot) derivative are represented

A complementary analysis of Salophen-tBu-Cr@QAS@{NH,}-SBA-15 was carried out
using XPS looking more particularly at the signals of Br, Cr and N. As shown before, the
bromine XPS signal (Figure 105) could be deconvoluted in two components Br and Br™ as
reported before.[5] In the case of nitrogen, two distinct species could be observed with signals
at 402.2 eV (for RaN*) and 399.3 eV (for free amines and amides)[6] which is not very different
from QAS@{NH,}-SBA-15, excepted for the area distribution of both peaks. The Br/RsN*
atomic ratio was estimated to 0.65 compared to 0.83 in the starting material which could
indicate that part of Br would have been exchanged during this last step. But more
importantly, the chromium peak was very weak which is, as first sight, in contradiction with
TGA data. The only explanation that can be formulated would be that some demetallation

occurred during the coupling step.
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Figure 105: XPS spectra of chromium, bromine and nitrogen in Salophen-tBu-Cr@QAS@{NH2}-SBA-
15 and atomic ratios (Calibration was made from Cl1s peak at 284.8 eV).

VIIl.3 Conclusion

Here, the incorporation of a quaternary ammonium salt and of a Salophen complex
onto a SBA-15 type silica was based on the grafting of the Si-QAS and of the Salophen complex.
Both used independent linkers with a two-step protocol from SBA-15 to the end material. In
that way, we have been able to anchor simultaneously 0.81 mmol.g™* of {EtsN*Br} function
and 0.65 mmol.g* of {NH.} in one step, as revealed by a cross-interpretation of TGA and XPS
data. However, it seems that Cr was lost (by a demetallation process?) during the coupling
step between its Salophen complex bearing carboxylic functions and the supported

aminopropyl groups.
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GENERAL CONCLUSION

The main objective of this work was to study the feasibility of a catalytic process for
the one-pot formation of cyclic carbonates from alkenes using green oxidants (02/H.02) and
COs. As stated in the introduction, the development of an efficient catalytic system operating
under unique conditions for both reactions (epoxidation, CO. cycloaddition) was the
bottleneck that needed to be tackled. A secondary objective was the immobilisation of these

catalysts on mesoporous silica through a covalent grafting approach.

Below, we have summarised the main achievements of our research for the CO;
cycloaddition onto styrene oxide, the epoxidation of styrene using O, or H,0, and for the one-

pot conversion of styrene into styrene carbonate.

o Cycloaddition

Two metal salophen complexes (Salophen-tBu-Mn(lll) and -tBu-Ni(ll)) with
pending -CO2H groups have been synthesised. Both complexes were shown to improve the
cycloaddition of CO; onto styrene oxide in the presence of n-BusNBr (Chapter IV.1). Indeed, a
100% vyield of styrene carbonate was obtained within 3h in benzonitrile at 120°C in the
presence of Salophen-tBu-Mn instead of 62% without. These salophen complexes were then
anchored, with up to 1 wt.% of metal, by a covalent amide bond onto {NH;}-SBA-15. The
resulting supported complexes showed an enhanced co-catalytic activity compared to their
soluble counterpart that could be due to the activation of the epoxide and/or CO; by the
remaining aminopropyl groups. In the case of Salophen-tBu-Ni, a 100% conversion of styrene
oxide was reached after 7h at 120°C instead of 85% in solution (styrene oxide : n-BusNBr :
Salophen was 112 : 56 : 1). Ni solid co-catalyst could be recycled without a significant loss of

activity after 4 runs.

Cr(lll) was also tested in order to lower the reaction temperature. Hence,
Salophen-tBu-Cr(lll) has been synthesized and was successfully grafted onto {NH,}-SBA-15
(Chapter IV.2) and high yields of styrene carbonate could be obtained with a complete
conversion of styrene oxide after 7h at 80°C or 23h at 60°C in the presence of Salophen-tBu-

Cr(Il1) and n-BusaNBr but, surprisingly, the yields were significantly lower (decrease of styrene
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carbonate yield of 15%) with the heterogenized form. However, this chromium co-catalyst
made the cycloaddition reaction feasible at temperatures in the range of 50 to 80°C, i.e.

adapted to the epoxidation step .

Further optimization was possible by varying the nature of the substituent in
the 4,4’ positions of the Salophen ligand. Et;N-MCl and Me;N-MCI (M = Mn, Cr) complexes
were successfully synthesized and tested in the presence of n-BuasNBr in the CO; cycloaddition
onto styrene oxide (Chapter IV.3) showing that the tertiary amino groups enhanced the co-
catalytic activity compared to the -tBu groups in the 3,3’,5,5" positions. The best result was
obtained with the association of n-BusNBr and Salophen-Me;N-Cr(lll), with a complete
conversion of styrene oxide into styrene carbonate after 23h at 50°C under 11 bar of CO, (67%

in the case of Salophen-tBu-Cr).

Meanwhile, the anchoring of customized quaternary ammonium salts (playing
the role of the main catalyst in CO; cycloaddition) was investigated either by an in-situ or an
ex-situ grafting protocol (Chapter V). The ex-situ approach was the most successful in our
hands. Hence, quaternization of several tertiary amines could be performed in solution, by
substitution reactions with organotrimethoxysilanes bearing either chloropropyl or
bromopropyl groups (CPTMS or BPTMS), with good yields in the case of Me,EtN, Et.MeN and
EtsN and BPTMS. Such strategy led to an average 1 mmol.g* of QAS loading onto SBA-15 while
2 mmol.g! could be reached with APTES, probably as the result of differences of reaction rates
of silanols with trimethoxysilanes vs. triethoxysilanes. However, the reaction of bromopropyl
group was only effective with tertiary amine bearing ethyl substituents instead of propyl.
Moreover, reactions of BPTMS with tertiary amines bearing hydroxyethyl substituents were

not successful due to secondary reactions.

Clearly, higher yields of styrene carbonate could be obtained with {QAS}-SBA-
15 materials issued from the ex-situ approach (with the following reactivity order : EtsN >
Etz2MeN > MezEtN) compared to n-BusNBr in solution. Indeed, a 76% vyield of styrene
carbonate could be reached after 23h at 80°C under 11 bar of CO2 without any metal complex.
Even though supported quaternary ammonium salt catalysts may be enough, addition of
Salophen complexes is still required to obtain high yields of cyclocarbonate in shorter time

and at lower temperature. Unfortunately, QAS@SBA-15 bearing longer alkyl chains or
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hydroxyethyl substituents, known to be more efficient in homogenous conditions, could not

be produced in this work.

In this part, cycloaddition reaction conditions were made acceptable to be
coupled with epoxidation. Indeed, use of Chromium(lll) and addition of tertiary amine
substituents led to high yields of styrene carbonate at temperature as low as 50°C.
Furthermore, catalytic activity could be further improved by grafting the catalyst function
over SBA-15 silica, by amide covalent bond for Salophen co-catalysts or ex-situ anchoring in

the case of QAS.

e Mukaiyama epoxidation

Epoxidation of styrene involving O, or H,O; was investigated with the idea to improve

the styrene oxide yield at the expense of benzaldehyde.

Styrene aerobic epoxidation, following Mukaiyama protocol (Chapter VI), was
conducted in the presence of the Jacobsen catalyst and IBA used as electron donor. An
optimized yield of 62% of styrene oxide could be obtained with a 100% conversion in
benzonitrile after 3h under a 16 mL/min O flow (IBA : substrate : Salophen molar ratios of
300:120:1). Even though styrene oxide could be obtained without any catalyst at 80°C (65%
yield), the presence of the latter was required at 50°C. More importantly, good yields of
styrene oxide were obtained (51%) after 3h at 80°C in the presence of Salophen-Et;N-Cr and
Salophen-Mez2N-Cr, which showed earlier excellent co-catalytic properties in the
cycloaddition step. Under non-optimized static conditions, with 3.5 bar of Oy, the yield of

styrene oxide was 49%, but with an average 30% of unknown by-products.

In the case of H;0,, two hybrids of lacunary polyoxometalates, POM-tBu and
POM-COOH, were tested at 50°C in benzonitrile (molar ratio of H,0; : substrate POM
250:250:1) leading to a 67% conversion of styrene with only 35% yield of styrene oxide with
POM-COOH. Longer reaction times led to more hydrolysis of the epoxide by the water formed

or present in aqueous H,0;, which represents a severe drawback. Two other styrene
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derivatives were also investigated, i.e. a-methyl and B-methyl styrene, whose corresponding

epoxide tend to be less sensitive to hydrolysis than styrene oxide.

At this stage of our work, it was thus shown that the cycloaddition and epoxidation
steps were able to operate under common operating conditions (temperature of 80°C,
benzonitrile as solvent, and similar catalyst and substrate concentrations). However, for the
sake of efficiency, the transformation of styrene into styrene carbonate (global reaction) will

be carried out only in the presence of CO; and O..

e Global reaction

First attempts of the global reaction were carried out at 80°C in benzonitrile in
the presence of n-BusNBr, metal Salophen, IBA under O, and CO, atmosphere (Chapter VII).
A 14% yield of styrene carbonate was obtained in the presence of Salophen-tBu-Cr after 23h,
apparently as the result of Cr(lll) to Cr(VI) oxidation, which would induce a lower co-catalytic
activity in the cycloaddition step. We checked independently that n-BuasNBr and CO; did not
interfere with the aerobic epoxidation of styrene. A “one-pot/two-steps” protocol was then
conducted to avoid the deactivation of the cycloaddition co-catalyst. Hence, an epoxidation
step was conducted during 3 h at 80°C in the presence of IBA under 3.5 bar of O, then the
cycloaddition catalysts were added, as well as 11 bar of CO,, thus affording a styrene

carbonate yield of 31% with Salophen-Me;N-Cr (20 h, 80°C).

In the end, an exploratory study was conducted towards the synthesis of
functionalized SBA-15 bearing both the QAS catalyst and the Salophen-tBu-Cr co-catalyst
(Chapter VIII). Interesting results were obtained by applying the ex-situ grafting strategy
optimized in Chapter V in order to introduce simultaneously aminopropyl groups (0.65
mmol.g!) and the EtsN*Br  quaternary ammonium salt (0.81 mmol.g) onto silica as proved
by TGA and XPS. Covalent grafting of Salophen-tBu-Cr(lll) complex bearing -COOH was then
operated following the protocol described in Chapter IV.1. Unfortunately, effectiveness of the
grafting could not be confirmed by TGA and XPS analysis. It would seem that Cr metal was lost

due to a demetallation process.
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APPENDIX : EXPERIMENTAL TECHNIQUES
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Characterization techniques
Atomic absorption

Atomic absorption measurements for Ni/Mn analyses were performed with a Perkin
Elmer Analyst 100 spectrophotometer. Samples of Salophen-Ni@{NH,}-SBA-15 or Salophen-
MnClI@{NH,}-SBA-15 (25 mg, ca. 1% wt Ni or Mn) were dissolved in 10 mL of a sulfonitric acid
solution (3: 2 v: v of concentrated sulfuric acid: nitric acid) for 24 h. A violet acidic solution and
a white silica powder were thus obtained. The acidic suspension was filtered on a sintered
glass and the liquid phase was collected and then diluted 25 times in a 2% nitric acid solution
(Ni metal concentration c.a. 1 mg L?). The diluted solution was then analysed by atomic

absorption using a Ni (232 nm) or a Mn (279.5 nm) atomic absorption cathode lamp.
Gas chromatography analysis

The gas chromatography analyses were performed on an AF Shimadzu NEXIS-GC-2030
instrument, equipped with a split/splitless injector, a flame ionization detector and a GC SH-
Rxi-5MS capillary column (ID: 0.25 mm; film thickness: 0.25 um; length: 30 m). Helium was the
carrier gas (1.5 mL/min) and the oven temperature was programmed as follows: ramp from
70 to 250°C at 10°C/min, then isotherm at 250°C for 10 min. Calibrations were performed by
dilution in dichloromethane using commercial reagents (p-xylene (internal standard, 3 mmol)
and reagents to quantify (3 mmol for the sum) in 10 mL ACN, then dilution 20 pL in 10 mL
DCM).

High pressure transmission infrared spectroscopy (ISM Bordeaux)

Fourier transform infrared spectra were recorded using a Nicolet 6700 spectrometer
(Thermo Scientific) in the range of 4000 — 400 cm™ with a nominal resolution of 4 cm™. In
order to measure the spectrum of CO; in interaction with selected materials investigated in
this study, the catalyst was dispersed in a KBr pellet (10 wt.% of the catalyst, typically 0.012 g
in 0.11 g of KBr). Then, the pellet was “stuck up” between the two Ge windows of the high-
pressure transmission homemade cell (see ref below for details). A spectrum of the catalysts
loaded KBr pellet under atmospheric pressure was taken using the FTIR spectrometer
described above (32 scans, 4 cm™ resolution, in transmission mode) after which CO> was
introduced into the cell at a pressure of 4 MPa.
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High Resolution Mass Spectroscopy

Analysis were performed on an ESI/ LTQ Orbitrap XL with resolution scale from 200 to
4000 m/z. 1 mL of sample was prepared from a dilution at 10 pg/mL in LC quality MeOH inside
11x32 flask.

Infrared spectroscopy

Solids were characterised by attenuated total reflexion infrared spectroscopy, using a
Bruker Tensor 27 FTIR spectrometer equipped with a ZnSe crystal with resolution better than

1 cm™ with a number of scans of 128.
Nitrogen adsorption-desorption

A micromeritics ASAP 2020 — Physisorption Analyzer was used to carry out the
adsorption of N2 at -196 °C. Before analysis, samples were thermally treated at 110°C for 0.5

h and 200°C for 6 h with an evacuation rate of 0.0067 bar/s.

The specific surface area was determined by the Brunauer, Emmett and Teller (BET)
method with P/P° values in the range of about 0.05 — 0.25. The pore size distribution was
estimated from the desorption branch of the isotherms using the Barrett-Joyner-Halenda
(BJH) method. Finally, total pore volumes were obtained from the total amount of nitrogen

adsorbed at P/P° = 0.97.
Nuclear magnetic resonance (NMR)

All NMR experiments were performed at 27 °C using a Bruker Avance 11l 400 MHz NMR
spectrometer operating at a 'H Larmor frequency of 400 MHz with a 5 mm broadband probe
head (*H / 3'P - *N). The 'H-NMR spectra were recorded using a pulse sequence of proton
with a spectral width of 7212 Hz, an acquisition time of 4.5 s and a relaxation delay of 5s. The
spectra were analysed with TOPSPIN 3.6 (Bruker). 3C CP MAS NMR spectra were recorded at
176.09 MHz on a Bruker AVANCE 11l 700 (16.4 T) spectrometer with a 4 mm Bruker probe and

at a spinning frequency of 10 kHz (Recycle delay = 5 s, contact time = 10 ms).
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Raman

Raman spectra were recorded on solid samples on a Kaiser Optical Systems RXN1

spectrometer equipped with a diode laser (785 nm).
Thermogravimetric analysis

Thermogravimetric analysis (TGA) were performed on a SDT Q600 system (TA
Instruments, Inc.) under air flow (100 mL/min) at a heating rate of 5 °C/min, in the

temperature range 25-700 °C.
X-ray diffraction

The X-ray diffraction (XRD) patterns were recorded on a Bruker AXS D8 diffractometer
operated at 30 kV and 30 mA using a Cu Ka radiation (a = 1.54184 A) as X-ray source. For the
low angles diffraction experiments, the data were collected in the 20 range from 0.5 to 5° with

a step of 0.02° and a counting time of 6 s/step.
XRF (IRCELYON)

Elemental composition of samples was determined by ED-XRF Epsilon 4 from
PANALYTICAL. Analyses were conducted using a X-Ray tube with Ag anode (15W — 3Ma).

Resolution was 135 eV (Mn Ka)
X-ray photoelectron spectroscopy

XPS analyses were performed using an Omicron Argus X-ray photoelectron
spectrometer, equipped with a monochromated AlKa radiation source (hv = 1486.6 eV) and a
280 W electron beam power. The emission of photoelectrons from the sample was analysed
at a takeoff angle of 45° under ultra-high vacuum conditions (<10° mBar). Spectra were
carried out with a 100-eV pass energy for the survey scan and 20 eV pass energy for the Cis,
O1s, N1s, Brag, Mnyp and Cryp regions. Binding energies were calibrated against the Si 2p peak
at 103.3 eV, and element peak intensities were corrected by Scofield factors. The peak areas
were determined after subtraction of a Shirley background. The spectra were fitted using Casa

XPS v.2.3.15 software (Casa Software Ltd, U.K.).
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Catalytic tests
Analysis method
Reactions samples were collected at precise reaction times for analysis by GC-FID.

Carbon balances were estimated for every catalytic test and are defined as the ratio of
the molar quantities of the present species (reactants and products) that are quantified vs the

initial molar quantity of reactants.

Nreactants T Nguantified products

Carbon balance =
Ninitial reactants

Calculation methods for the results of the cyclocarbonatation of

epoxides

Styrene oxide and styrene carbonate amounts were obtained from the integration of
their GC peaks and their comparison with that of the internal standard. The consumption of
styrene and formation of styrene carbonate was monitored over time and quantified using

the following formulas:

Nep g — N
Styrene oxide (SO) conversion: %C = S0,t=0 SOL 100

n50,t=0
o _ nsct
Styrene carbonate (SC) selectivity: %S = x 100
nso,t=0 —Nso,t
. _ Nsct
Styrene carbonate (SC) yield: %Y = ———— x 100
nso,t=0

Incertitude values for the results were calculated on the basis of four injections per
sample and are of 2% (absolute uncertainty). Similar calculation methods could be drawn for
the determination of styrene conversion and styrene oxide yield regarding the epoxidation

reaction.
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Table of Reagents regarding the epoxidation or cycloaddition tests

List of reagents used

Purity/Brand

Epoxidation and cycloaddition tests

Styrene 99% Acros Organics
Styrene oxide 97% Aldrich chemistry

a-methyl styrene 99% Sigma Aldrich

Trans-B-methyl styrene 99% Sigma Aldrich

p-Xylene 99% Acros organics
H,0; 30% aqueous, Sigma Aldrich
Urea H.0; 97% Aldrich chemistry
Solvents
Benzonitrile 99% Acros Organics
Acetonitrile HPLC, Sigma Aldrich

Dichloromethane

For analysis, Carlo Ebra
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