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Abstract

We systematically studied the preparation method of magnesium oxide as cheap
heterogeneous basic catalysts, and found a very simple method to obtain MgO with
high surface area and high catalytic activity. Furthermore, the structure of MgO was
characterized using many techniques, such as BET, TGA, XRD and SEM. The
relationship of catalytic activity and structure of MgO has been investigated in detail.
At last, the obtained MgO was used in the liquid phase reactions, including Meerwein-
Pondorf-Verley  reaction, Michael addition, Knoevenagel condensation,
transesterification of vegetable oil to biodiesel and synthesis of -Keto 1,3-dithianes.

The prepared magnesium oxide catalyst was used in the liquid phase Meerwein-
Pondorf-Verley reaction of benzaldehyde with alcohol. Effect of preparation method on
the catalytic activity and structure of MgO has been investigated in detail. The
experimental result showed that the optimal calcination temperature was 450 °C.
Lithium supported magnesium oxide was also studied.

Magnesium oxide obtained using a novel but simple procedure was systematically
investigated as a heterogeneous base catalyst for the Michael addition and Knoevenagel
condensation. The activity of MgO was studied in detail, together with the effects of
solvent and of substrate on the catalytic activity for each type of reaction. A key finding
is that the formation of enols affected the activity of MgO. The preparation method and
activity of MgO was determined and compared with CaO.

MgO was used for the first time as a heterogeneous basic catalyst to synthesis p-keto-
1,3-dithianes from conjugated ynones and ynoates. It was found that MgO is an active
catalyst with activity better than or comparable with previously identified homogeneous
or heterogeneous catalysts for this reaction. The effect of preparation methods on the
activity of MgO is described.

Transesterification of vegetable oil to biodiesel with MgO as catalyst was studied at 60
°C and 200 °C, respectively. Effect of methanol-to-oil molar ratio, catalyst loading,
reaction temperature and calcination temperature was investigated. 90% yield can be
obtained at 60 °C for 3h, and 80% at 200 °C for 15min. The results showed that the
prepared MgO was active for the synthesis of biodiesel.
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Chapter 1 Introduction

Chapter 1

Introduction: Heterogeneous basic catalysis

1.1 Introduction

Catalysts can be divided into two main types - heterogeneous catalyst and homogeneous
catalyst. In a heterogeneous reaction, the catalyst is in a different phase from the

reactants. In a homogeneous reaction, the catalyst is in the same phase as the reactants.

Among chemical reactions, which are promoted by catalysts, are the acid-catalyzed and
base-catalyzed reactions, which are initiated by acid-base interactions between reactants
and catalysts followed by catalytic cycles. In acid-catalyzed reactions, the catalysts act as
an acid toward the reactants, whereas in base-catalyzed reactions, the catalysts act as a
base toward the reactants.' The materials may be called base catalysts only if acting as a
base toward the reactants by abstraction of a proton (Brensted base) or by donation of an
electron pair (Lewis base) to form anionic intermediates that undergo catalytic cycles.
When the heterogeneous catalyst works as a base toward the reactants, it is referred to as

heterogeneous base catalysts or solid base catalysts.

Compared with conventional homogeneous catalysts (NaOH, KOH), heterogeneous basic
catalysts have a number of advantages (such as no corrosion of reaction vessels or
reactors, easier separation from the products, consequently possibility of reuse and less
environmental problems).>* In homogeneous systems, a huge number of acid-catalyzed
reactions and base-catalyzed reactions are well known. In heterogeneous systems, a

limited number of reactions are recognized as acid- or base-catalyzed reactions.
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The first study of heterogeneous basic catalysts, the discovery that sodium metal
dispersed on alumina acted as an efficient catalyst for double bond migration of alkenes,
was published in 1955 by Pines ef al. 5 Sodium metal dispersed on alumina can act as a
solid base catalyst because of the strong tendency of sodium to donate electrons. The
breakthrough in heterogeneous basic catalysis was the recognition that many materials
act as solid base catalysts if properly pretreated.® Before the 1970s, catalysts were
pretreated normally at 16w temperatures of around 723K, at which the surfaces of basic
materials are covered with carbon dioxide, water, oxygen, etc., and show no activities for
base-catalyzed reactions. Removal of the carbon dioxide, water, oxygen, etc. from the
surfaces by pre-treatment at high temperature allowed the surfaces to exhibit basic

properties and promoted base-catalyzed reactions.

Table 1.1 Number of solid acid, base and acid-base bifunctional catalysts in industrial

processes.’

Catalyst Number
Solid acid catalysts 103
Solid base catalysts 10
Solid acid-base bifunctional catalysts 14
Total 127

In the 1970s, studies of solid base catalysts became more popular. A number of single
component metal oxides were found to act as solid base catalysts in the absence of alkali
metals. In addition to the single component metal oxides, alkali ion-exchanged X and Y
type zeolites were found to be catalysts for base-catalyzed reactions. Following these
findings, a wide variety of solid base catalysts have been identified. The types of solid

base catalysts will be discussed in Section 2.
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Table 1.2 Industrial processes using solid base catalysts.®”

Type of process/Entry No. Reaction Catalyst Year"
Alkylation
Alkylation of phenol 1970,198
! with methanol MgO 5
Alkenylation of o-xylene
2 with butadiene Na/K,COs 1995
Alkylation of cumene
3 with ethylene Na/KOH/Al1,04 1988
Isomerization .
Isomerization of safrole = Na/NaOH/Al,O
4 - 1988
to isosafrole 3
5 Isomerization of 2,3- Na/NaOH/ALL,O 1988
dimethyl-1-butene 3
Isomerization of 3,5-
6 vinylbicyclo[2.2.1]hepte /N aOBH/AlZo 1988
ne
7 Isomepzatlon of 1,2- K,0/ ALO; 1996
propadiene to propyne
Dehydration/Condensation
Dehydration of 1-
8 hexylethanol Z10; 1986
9 Dehydration of Z10,KOH 1992
propylamine-2-ol
Isobutyraldehyde to
10 isobutylisobutyrate Z10; 1974
Dehydrotrimerization of
11 isobutyraldehyde BaO-CaO 1998
Esterification
Esterification of ethylene .
12 oxide with alcohol Hydrotalcite 1994
Miscellaneous
Reduction of carboxylic
13 acid to aldehyde Zr02-Cr;0;5 1988
Thiols from alcohols .
14 with hydrogen sulfide Alkali/Al,O; 1988
Cyclization of imine with .
15 sulfur dioxide Cs-zeolite 1995

® Year in which details were disclosed in a paper or process operation was confirmed.

Some of the solid base catalysts have been used in industrial processes. Tanabe and
Hoelderich reviewed industrial applications of solid base catalysts as well as solid acid

catalysts.’ Among 127 processes, 10 processes use solid base catalysts and 14 processes

3
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use acid-base bifunctional catalysts according to their classification (Table 1.1). Table
1.2 lists the industrial processes in which solid base catalysts are used in the present
classification. Most processes were developed within the last 20 years. The studies of
solid base catalysts starting in the 1970s have been crystallized into industrial processes

in the last 20 years.

Heterogeneous acid catélysis attracted more attention primarily because heterogeneous
acidic catalysts could act as catalysts in petroleum refinery and are known as a main
catalyst in the cracking process, which is the largest process among the industrial
chemical processes. Extensive studies of heterogeneous cracking catalysts undertaken in
the 1950s revealed that the essential nature of cracking catalysts is acidic, and generation

of acidic sites on solids was extensively studied.

There is increasing interest in the study of heterogeneous base catalysts for the fine
chemical industry. The fine-chemicals industry, although more slowly than petroleum
refining and bulk-chemical industries, seemed to have embraced the benefits of
heterogeneous catalysis. If we consider the E-factor (defined as the mass ratio of waste to
desired product),8 fine chemical processes are “the dirtier ones”, with E-factors of the
order of 5-50 kg waste per kg.” Consequently, especially in the case of fine chemistry,
there seems to be room for the design of more efficient and selective base processes and
base catalysts achieving the dual goal of environmental protection and economic benefit
involved in Sustainable/Green Chem. concept.'°

There have been several review articles on heterogeneous basic catalysis.*” "% In the
present chapter, the type of heterogeneous base catalysts, characterization of basic
surfaces, application of heterogeneous base catalysts for organic synthesis and aims of

this thesis are presented.
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1.2 Different types of heterogeneous basic catalysts

1.2.1 Single component metal oxides

Single component metal oxides, such as alkaline earth oxides, alkali metal oxides, rare
earth oxides and some other oxides, can work as heterogeneous basic catalysts in organic
reactions.

a) Alkaline earth oxidés: the most extensively used catalyst, within this group, is
probably MgO.'*3 In some cases its catalytic performance is compared to some other
members of the series.*>?
b) Alkali metal oxides.*

¢) Rare earth oxides, such as La,0s, ** 3442 Ce0, 33 4 or Nb,03. ¥

d) Some other oxides, such as Zr0,, 33843 7n(0,33384042 5,0, 3840

1.2.2 Systems constituted by more than a metal oxide or mixed
oxides.

Some examples are CaO-TiO,,* MgO-La,03,* MgO-ZrO, and MgO-TiO, systems, 4
MgO-AL0;,**! LiO/MgO,”>*® MgO/Ca0.>* Recently, Flego et al. described the
synthesis of three-element mixed oxides of formula (IA)x(IIA),AlO,, where IA and ITA

denote an alkali and an alkaline-earth metal, respectively. >°

1.2.3 Supported alkali or alkaline earth metals and alkali
metal salts

Heterogeneous basic catalysts were prepared by doping alkali or alkaline earth metals

and alkali metal salts on support.

56-62

a) MgO can be promoted with alkali or alkaline earth metals’”® in order to
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b)

increase its base strength. Some other examples of oxides promoted by alkali
metals are Zr0,,5% $i0,,5%% A1,055%°"% 7Zn0.” More recently, Alkali metal
ions doped on platinum catalysts has been reported.”’

Potassium fluoride has extensively been supported on Al,0;?757280 apd

1.5 supported KF on a wide

phosphates.®!3* Campelo et al.” and Bautista et a
range of systems such as ZnO, SnO,, sepiolite, AIPO4-Al,03 or AIPO4-ZnO.
Finally, there are also examples of KF supported on NaY zeolite.?® Three more

examples of potassium salts supported on different materials are KNOs,3'%

K,CO5®® and KNH,.!> 209!

1.2.4 Single hydroxides

The most extensively used are alkaline earth hydroxides [Ba(OH); mainly]

though alkali metal ones are also described in the literature.’

72,92-111

3

1.2.5 Metal phosphates

Here we can cite natural phosphate and modified natural phosphate,''?!!* Na,CaP,0;,

magnesium phosphates

114

HS-18 o magnesium-sodium mixed phosphates.!’*’*! On some

occasions, phosphates are modified by the addition of carbonates,'**'% Mg0O?* or Zn0.”

Further examples of modification of phosphates are AIPO4-Al,03%%'?” and CsO-AIPO,

systems.'?®

1.2.6 Metal carbonates

The activity of alkali carbonate has been reported, such as K,COs, Rb,COs, Cs,CO; and

Li2003‘129-130
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1.2.7 Carbons/alkaline carbons

Montes-Moran et al. have made a review on the nature of basic sites on carbon surfaces.
11 I this review the authors discussed on the two theories on the origin of such basicity:
presence of basic-oxygen containing groups or delocalized m-electrons of the basal

132-134

planes. Moreover, the incorporation to the carbons of alkaline metals or some other

135

elements such as Mg or Zr ~” in order to get base materials is described in the literature.

1.2.8 Anion-exchange resin catalysts

Ion exchange resins are classified as strong or weak acid resin (cation exchangers), which
have positively charged mobile ions available for exchange, and strong or weak base
resin (anion exchangers), whose exchangeable ions are negatively charged. Both anion
and cation resins are produced from the same basic organic polymers. They differ in the
ionizable group attached to the hydrocarbon network. It is this functional group that
determines the chemical behaviour of the resin. Strong or weak base resins are so named
because their chemical behaviour is similar to that of a base. These anion-exchange

resins can work as heterogeneous basic catalysts for organic reactions.'***%’

1.2.9 Clay minerals

1.2.9.1 Base sepiolites
Sepiolite is an abundant fibrous talc-like mineral of Si;;Mgg(OH)4030-8H,0 formula

whose structure is formed by an array of parallel channels, consisting of a double layer
SiO4 tetrahedra sandwiching an internal octahedral MgOs layer. Alkali-substituted

sepiolites are described in the literature as base materials.'>%1%
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1.2.9.2 Oxynitride systems

Here we can cite aluminovanadate oxynitrides (VALON),"*! nitrided phosphates
ZrPON'1  and  AIPON™'  and mixed nitrided galloaluminophosphates

(AIGaPON).'"!

1.2.9.3 LDH’s and related compounds (e.g. calcined

hydrotalcites)

There are several reviews available about the structure and application of layered double
hydroxides (LDHs).'>"**!52 LDHs consist of positively charged metal hydroxide layers
separated each other by anions and water molecules. These compounds possess a general
formula [M(II);.xM(IIDx(OH),]* A"y smH,0, where M(III) partially substitutes M(II)
metal cations in brucite-like octahedral layers. A wide variety of LDHs containing
various divalent and trivalent cations [M(I[)=Mg, Ca,' 3159y, Co P, M

(II)=Al, Ga,"">1%"1® I,13160 €133 Fe!®’ in combination is Mg/Al hydrotalcite.”'*>'6>

172

Calcination of LDHs results in a porous mixed oxide. On some occasions, calcined

LDHs are rehydrated, yielding catalysts with free hydroxyl groups.14

1.2.10 Zeolites zeotypes

Alkali and alkaline-earth exchanged zeolites or zeotypes (e.g. MCM-41)!3 37 139173187

have been extensively used as base catalysts. However, they are weak bases.
Alternatively, either alkali metal or alkali and alkaline-metal oxides can be occluded into
zeolites and zeotypes in order to increase their basicity.188’(’8’186’189'194 This is usually

referred to as the introduction of a basic guest into a zeolite host. Moreover, the loading
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of Yterbium or Europium metal on zeolites, thus yielding strong bases, has been

reported. 12

Functionalisation of zeolites and zeotypes by anchoring organic bases constitutes a

different approach.lgs’l%'zo1

Finally, organic bases can be invorporated into the zeolite pores through the ship-in-the-

bottle method.?%

1.2.11 Nitrides and carbides

Some examples within this group are rare-earth nitrides,”® silicon nitride®® or

molybdenum nitride and carbide.2%52%

The materials listed above do not necessarily function as a base in all cases. Some
materials above may act as an acid if the reactants are strongly basic. The terms, acid and
base, should be used according to the function. The materials have been recognized as
solid base catalysts for the reason listed below.®
a) Characterizations of the surfaces by various methods such as colour change of
acid-base indicators, adsorption of acidic molecules, and several spectroscopic
methods indicate that basic sites exist on the surface.
b) Catalytic activities correlated with the amount of basic sites or strength of basic
sites. In addition, the active sites are poisoned by acidic molecules such as HCI,
CO,, and H,0.
¢) Reactions proceeding over the materials are similar to the “base-catalyzed
reactions” well-known in homogeneous systems.

d) Mechanistic studies of the reactions and spectroscopic observations of the surface
9
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species indicate that anionic intermediates are involved in the reactions.

1.3 Characterization of Basic Sites

The surface properties of solid base catalysts have been studied by various methods."**

Different characterization methods give different information about the surface
properties. All the properties of basic sites cannot be measured by any single method.
Similar to the case of solid acid catalysts, the existence of basic sites was first realized by
the indicator method. Until now, the most widely applied technique for the investigation
of basic sites on solid catalysts is the application of molecular probes and their study by
temperature-programmed desorption experiments (TPD), FTIR spectroscopy, X-ray

photoelectron spectroscopy (XPS) and NMR spectroscopy.

Acid-base indicators change colour according to the strength of the surface sites and

pKgy values of the indicators. The strength of the surface basic sites is expressed by an

acidity function (H.) proposed by Paul and Long.?®” The H. function , also called

Hammett constants, is defined by the following equation:
H._-pKgu + log([B')/[BH])

Where [BH] and [B’] are the concentration of the indicator and its conjugated base,
respectively, and pKpy is the logarithm of the dissociation constant of BH. The reaction

of the indicator BH with the basic site B is:
BH+B=B+BH'

The amount of basic sites of different strength can be measured by titration with benzoic

acid. The benzoic acid titer is a measure of the amount of basic sites with a basic strength

10
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corresponding to the pKpy value of the indicator used. Using this method, the exposure of

basic sites on CaO and MgO by pre-treatment above 400 °C was revealed.?®

The indicator method, however, has disadvantages. Although the colour change is
assumed to be the result of an acid-base reaction, and indicator may change colour by
reactions different from the acid-base reaction. In addition, a long time is required for
benzoic acid to reach adsorption equilibrium during titration carried out in a solution. In
some cases, the surface of solid base catalysts may dissolve into the titration solution. If
this occurs, the number of basic sites will be overestimated.® For this reason, the ratio [B
V[BH] 1is wusually measured by spectroscopy methods (normally UV-Vis
spectroscopy). The H. values of different solid bases are shown in Figure 1.1."! The higher

the H. values, the higher the basic strength is.

a0 r .~ ND, -alkali hydroxide-alkali metal,

a CsOly-Al,O3 : H> 37 N

S
35 MgO - Na, Al,O3
30 | Ca0,SrO,MgO-NaOH,KNO/ZrO
Vil M s Basicity

H 25 MgO increases
20 [

15 | I I
10 | ¢ Hydrotalcite

ALPON Alkali-doped
5 Zeolites
0"

Figure 1.1 Basic strength (in terms of Hammett constants, H.) for different solids.

11
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Several other methods are available to measure basic sites. TPD of carbon dioxide is
frequently used to characterize basic sites. The strength and amount of basic sites are
reflected in the desorption temperature and the peak area, respectively, in a TPD plot.2%
CO, is a good probe molecule not only for TPD but also for infrared spectroscopy (IR).
IR of CO; gives information about the adsorbed state of CO; on the basic sites, which

reflects the structure of basic sites.?'°

Knozinger and Huber reviewed the application of pyrrole, acetylenes and deuterated
chloroform as FTIR probes for the investigation of basic solids.”!' The spectra obtained
with these probes tended to be less complicated than those observed with CO,, but the

occurrence of different adsorption structures may again render the interpretation difficult.

Sénchez- Sanchez et al. applied pyrrole and chloroform as NMR probes for basic
zeolites.”'> 23 The '"H NMR shift of the hydrogen atoms at the ring nitrogens indicates
the different base strengths of zeolite oxygen atoms contributing to the H-bonding with
pyrrole molecules. Applying *C MAS NMR spectroscopy, Bosacek et al. found a
correlation between the '*C NMR shift of methoxy groups and the base strength of the
framework oxygen atoms.”* *3Cs NMR can distinguish the Cs located inside the cavity
form the Cs located on the outer surface of zeolite and ion-exchanged Cs.*"> F NMR

also provide information about certain aspects of basic sites.?!®

The XPS binding energy (BE) for oxygen reflects the basic strength of the oxygen. As
the Ojs BE decreases, electron pair donation becomes stronger. Okamoto et al. studied

the effects of zeolite composition and the type of cation on the BE of the constituent

12
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elements for X- and Y- zeolites with a series of alkali cations as well as H-forms of A, X,

Y, and mordenite.?!”

A very popular technique for characterizing basic solids is the application of catalytic test
reactions, such as alkylation of toluene, alkene and alkyne isomerization and aldol

reaction, which will be described in the next section.

1.4 Reaction catalyzed by solid bases

1.4.1 Transesterification

Transesterification of vegetable oil with methanol (Figure 1.2) is an important process to
synthesise methyl esters of fatty acid, known as biodiesel, which can replace the
conventional diesel fuel. Over the past couple of decades alternative fuels for diesel
engines are becoming increasingly important due to the limited resources of fossil fuel,
increasing prices of crude oil and environmental concerns.?!® The energy content, octane
number and viscosity of biodiesel are similar to those of petroleum-based fuel >!92*!
Moreover, the biodiesel is free of sulphur and aromatics, and, as it is obtained from
renewable sources, it reduces the lifecycle of carbon dioxide emissions by almost 70%
compared to conventional diesel fuel. 2?2

O/U\R

0

OH
Jg 0
o R +3
+3 MOH —— JL
ch\ e0 OH MeO R
OH

(o] R
R=C4-C2

Figure 1.2 Transesterification of vegetable oil with methanol.

13
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The conventional catalysts to produce biodiesel are usually homogeneous basic catalysts
such as alkaline or alkaline earth hydroxides or alkoxides. However, removal of these
catalysts is technically difficult and a large amount of waste water is produced to separate
and clean the catalyst and product.”***® Many different heterogeneous base catalysts

have been developed to catalyze the tranesterification of vegetable oils to prepare

226-228 M g0’226,229 230,231

biodiesel, such as hydrotalcite, zeolites, mixed oxide of zinc and
aluminium,?? Na/NaOH/y-ALO;22 and KF/Zn0.?3

Transesterification of ethyl acetate with alcohols (Figure 1.3) also can be conducted over
heterogeneous base catalysts at room temperature.”* The rate varied with the type of
alcohol and the type of solid base catalyst. The strength of basic sites is the decisive

factor to control the activity of the catalyst.

CH,COOCH,CH,4+ ROH == CH,COOR+ CH,CH,OH

Figure 1.3 Transesterification of ethyl acetate with alcohols.

1.4.2 Michael addition

Michael addition is conjugate additions of carbanions to o,B-unsaturated carbonyl
compounds, which is one of the important reactions to form C-C bond (general equation,
Figure 1.4a). In heterogeneous system, the basic sites are responsible for forming the

carbanions by abstraction of an H' from the donor molecule having an a-hydrogen.

Michael addition of ethyl acrylate and acetone (Figure 1.3b) on basic zeolites and
superbases, leads to the formation of 5-oxohexanic acid ethyl ester which, once ring
transformed and dehydrogenated yields resorcines, valuable compounds for production
of rubber materials.”®> Matin Aranda et al, performed Michael addition between

14
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imadazoles and ethyl acrylate (Figure 1.4c) using Li" and Cs" montmorillonites.”*® N-

substituted imidazoles and their derivatives are of interest in the pharmaceutical industry.
Z"
z
\ + H.C—
a 7 2 \ - 7
Z'

donor acceptor Michael adduct

H,C=—
b / + ?7 — 7 HC

acetone ethyl acrylate 5-oxohexanoic acid ethyl ester

N

N

© E:\> * HZC7OEt — EN>
H

Et

COOEt
imidazole ethyl acrylate N-substituted imidazole
\ R — o)
d  CH;—NO, + R/“\/— R 2

nitromethane

Figure 1.4 Michael additions on base catalysts.

Kabashima et al. carried out Michael addition of nitromethane to methyl crotonate, 3-
buten-2-one, 2-cyclohexen-1-one and crotonaldehyde (Figure 1.4d).>” KF/alumina and
KOH/alumina exhibited high activities, while MgO and CaO exhibited no activity for
methyl crotonate and 3-buten-2-one, but low activities for 2-cyclohexen-1-one and
crotonaldehyde. SrO, BaO and La;O; exhibited practically no activities for all Michael
additions examined.
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Further examples of Michael additions are reported using malonitrile, diethyl malonate,
ethyl cyanacetate, cyanoacetamide or thiols as acceptors and methyl vinyl ketone, methyl

acrylate and simple and substituted chalcones as acceptors on a variety of heterogeneous

base catalysts, which include Ba(OH),,”>**" hydrotalcite and modified hydrotalcite,***°

Mg-La mixed metal oxide® and phosphate.'"®

There are also examples of enantioselective Michael reactions on MCM-41

heterogenized chiral amines (cinchonidine and cinchonine) (Figure 1.5).1%

o)
0
OOEt CH,
CH,
+ —_—
CH, COOEt

Figure 1.5 Enantioselective Michael reactions on MCM-41 heterogenized chiral amines.

z

>=< + H23
7'

Figure 1.6 Knoevenagel condensations.

@) R

R \K + 7
_\ -
R' VA R'
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1.4.3 Knoevenagel condensation

Knoevenagel condensation involves the condensation of a carbonyl component with
active methylene compounds, which is one of the most popular methods of synthesizing

functionalized alkenes (Figure 1.6).

The typical Knoevenagel condensation of various aldehyde with malonitrile, diethyl

malonate or cyanoacetate were performed on a variety of heterogeneous base catalysts,

239,241-245 246

such as MgO,”*?* hydrotacite and modified hydrotalcite, Zeolite,
KF/AL,03**" Aminosilica,*® AIPO4/AL03,** Na;Ca,P,07,2° Xenotlite,”®' and MCM-

412

The condensation of salicylaldehyde derivative with diethyl 2-pentenedicarboxylate
(diethylglutaconate) under Knoevenagel conditions leads to coumarin-3-acrylates and
chromene derivatives (Figure 1.7).'”7 Chromenes (2H-1-benzopyran derivatives) and
coumarins (2H-1-benzopyran-2-one derivatives) are widely used as aromas in the
perfume industry, as blood coagulants in anticoagulant therapy and as optical brighteners
and fluorescent dyes because of the intense fluorescence of the coumarin based
compounds. These syntheses have been performed over different solid base catalysts

such as functionalized MCM-41""" and hydrotalcites.?>

The two-step synthesis of dicyanomethylene derivative dyes was performed using

different solid bases (Figure 1.8).'%

The first step is the Knoevenagel condensation of
acetophenone and malonitrile to give the corresponding o-methylbenzyl-
idenemalononitrile. Subsequent condensation of a-methylbenzyl-idenemalononitrile with

benzaldehyde gives the 1,1-dicyano-1,3-butadiene dye.
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EtOOC
(o) O
o CoCe
+ — +
COOEt
CHO oot COOEt
salicylaldehyde diethyl coumarin-3-acrylate chromene derivative

glutaconate

Figure 1.7 Synthesis of chromene and coumarin derivatives over base catalysts

Step 1
Q NC CN
CN
+ < — CH,8 + H,0
" ‘CN
acetophenone malononitrile o -methylbenzyl-idenemalononitrile
Step 2
NC~__-CN CHO N CN
T O—OC
benzaldehyde 1,1-dicyano-1,3-butadiene dye

Figure 1.8 Two-step synthesis of dicyanomethylene derivative dyes via Knoevenagel

condensation.

18



Chapter 1 Introduction

o)
R / " ' R " '
—C\ + R —TH—R__> ——fH——OH + R ———ﬁH——R
X OH X 0

Figure 1.9 General equation of MPV reduction.

1.4.4 Meerwein-Ponndorf-Verley (MPV) reduction

The hydrogenation of unsaturated aldehydes leads to saturated aldehydes or unsaturated
alcohols as primary products, which can be over-hydrogenated to saturated alcohols. The
most important product from an industrial point of view, and unfortunately the most
difficult to obtain, is the unsaturated alcohol. This reaction can be performed with
hydrogen. If the hydrogen donor used is an alcohol, the hydrogen transfer process is
known as the Meerwein-Ponndorf-Verley (MPV) reduction. The MPV process allows the
highly selective reduction of aldehydes and ketones under mild reaction conditions
because it avoids the use of hydrogen at high pressures. This reduction reaction is so
highly selective that it leaves C=C double bonds untouched (Figure 1.9).">** The
reaction can be performed with acid or base catalysts.?>* One of the drawbacks of an acid
catalysed process in the possible dehydration of the alcohol with formation of ethers and

olefins.
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HOH,

C
| Geraniol (E)+Nerol(Z)
H,C
,.C CH,

/ ’
CH,OH

| HO CH,OH
C —
Hy HC — H@j —  HC
CH
", 5 HC” NCH,  HC” NCH,  HC” CH,

Citral (Z+E) Citronellal Citroneliol 3,7-dimethyloctanol

HO
H,C
Dihydrocitronellal
H,C CH,

Figure 1.10 Different products obtained on hydrogenation of citral.

OHC
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LG od
I

Figure 1.11 Transformation of the cyclopentanol/cyclohexanone mixture as suggested by

Berkani et al.>®

One of the most extensively studied reactions is citral (3,7-dimethyl-2,6-octadieanl)
hydrogenation (Figure 1.10).221532% The reaction has been performed without a metal
phase, using base catalysts such as MgO or hydrotalcites and 2-propanol, mainly, as the
hydrogen donor. Some other examples of carbonyl compounds reduced by hydrogen
transfer from alcohols are benzaldehyde on MgO or hydrotalcite;> heterocyclic

23,257

carboxaldehydes on hydrotalcite; 2 cyclohexanone over MgO or hydrotalcite; as

well as 4-tert-butylcyclohexanone over hydrotalcite, zeolites or KF/ALO;.%

MPV reaction can be used as test reaction to characterize the basicity of solid base
catalysts.”*® Berkani et al. proposed the transformation of an alcohol (cyclopentanol) in
the presence of a ketone (cycleohexane) as a model reaction to characterize the acidity
and the basicity of oxide catalysts (Figure 1.11). The authors found a good correlation

between basicity of NaCsX zeolites or K-impregnated alumina and their activities for
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hydrogen transfer (monitored by cyclohexanol or cyclohexene production). On the other

hand, the more acidic the catalyst is, the higher the dehydration extent.

1.4.5 Aldol condensation

An Aldol condensation is an organic reaction where an enolate ion reacts with a carbonyl
compound to form a B-hydroxyaldehyde or B-hydroxyketone followed by dehydration to
a conjugated enone. The first part of this reaction is an aldol reaction, the second part
elimination. Adolization is widely used in organic synthesis for C-C bonds creation. It is
commonly used to manufacture of perfumes and pharmaceuticals (Chalcones and more

generally a,B-unsaturated ketones) and platicize:rs.15

CH,

via aldolizations

H H,C
0 e : /T"sc CH,
X —
- — (0 —H,C mesityl
|.|3(.;/U\CH3 CH, o 3 e o esitylene
3

H,C
acetone
DAA mesityl oxide \ H,C CH,
H,C

via aldolizations and
Michael addition I
(0]

isophorone

Figure 1.12 Different products coming from acetone aldol addition/condensation.

Acetone addition and condensation have been extensively studied (Figure 1.11), over a
variety of solid bases, such as alkaline earth oxides, La,03, ZrO,, Ba(OH),, hydrotalcite,

CsOH/SiO; and alkali-modified vanadium phosphate. 515%171:259-263 A144] addition of
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acetone is an important reaction in industry, since acetone can undergo addition to form
diacetone alcohol (DAA) which can be dehydrated to produce mesityl oxide, used in the
synthesis of methyl isobutyl ketone (MIBK). MIBK is one of the most widely used
alphatic ketones, used in paints, protective coatings and as intermediates in the
production of various plastics and resins.?®® Moreover, the reaction is a useful way to

reveal information about the basicity of the tested solids.**2*

Cross aldol condensation of acetone with citral (Figure 1.13),%%°

in the presence of
hydrotalcite bearing OH", gives selectively the product of pseudoionone, which is an

intermediate in the commercial production of vitamin A.

OH O
O
© b
+ ase
- —
citral
acetone j -H,0
o
\

pseudoionone

Figure 1.13 Aldol condensation of citral with acetone.

Aldol condensations between a ketone acting as methylene compound and an aldehyde
are termed Claisen-Schmidt condensations.'* Therefore, Claisen-Schmidt condensations
between acetophenone and benzaldehyde derivatives allow the synthesis of a,pB-

unsaturated ketones known as chalcones (Figure 1.14)3%!%2662% Chalcones are
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flavonoids of numerous applications as pesticides, photoprotector in plastics, solar
creams, food additives and many biological activities (anti-malarial, anti-inflamatory,
anticancer...). Vesidryl (2’,4’,4-trimethoxy chalcone) constitutes an example of

pharmaceutical interesting chalcones, due to its diuretic and choleretic properties.'

“ @
H, T _’ |

: )

acetophenone benzaldehyde trans-chalcone

Figure 1.14 Obtention of chalcone by Claisen-Schmidt condensation between

acetophenone and benzaldehyde.

1.4.6 Cyanoethylation of alcohols

Cyanoethylation of alcohols (Figure 1.15) is an important reaction, as it gives an entry
into preparation of alkoxypropionitriles/propanamines/propionic acids, which are
important for the syntheses of drug intermediates and fine chemicals.’®® The reaction has
been studied over a variety of heterogeneous base catalysts, such as hydrotalcite, aqueous
agar gel-entrapped NaOH catalyst, alkaline earth oxides and hydroxides, KF/Al,03, and

KOH/AL O, 270"

ROH + /\CN base RO _~_-CN

Figure 1.15 Cyanoethylation of alcohols.
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1.4.7 Tishchenko reaction

The classical Tishchenko reaction is a dimerization of aldehydes to the corresponding
esters by base catalysts, in which one molecule is oxidized and another reduced (Figure
1.16 a). Some base solids can catalyse the process. Handa er al. performed self
condensation of benzaldehyde to benzyl benzoate on KF-loaded alumina.”® Seki et al.
carried out the intramolecular Tishchenko reaction of o-phthaldehyde to phthalide with
alkaline earth oxides (Figure 1.16 b).” There are also examples of mixed Tischenko
reaction over solid base catalysts, such as alkaline earth oxides, La,O3, ZrO,, ZnO, v-

Al O3, hydrotalcite, KF/alumina and KOH/alumina.>?

a 2RCHO —— RCOOCH,R

CHO
- O —
CHO

o-phthalaldehyde phthalide

Figure 1.16 Tischenko reaction: a) general scheme and b) example of intramolecular

Tischenko reaction taken from the literature.”

1.4.8 Nitroaldol reaction

Nitrodaldol reaction is the reaction of a nitro compound with a carbonyl compound to
form a nitroalcohol under basic conditions. The reactions often proceed further to afford

nitroalkenes (Figure 1.17).183276277

Unsaturated nitrocompounds are important precursors
of a large variety of target molecules and possess biological activity representative of
insecticides, fungicides and pharmacologically active substances. They are powerful
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dienophiles in the Diels-Alder reaction and readily undergo of the nitro group into a
variety of diverse functionalities, nitroalkenes are quite versatile compounds in synthetic

. . 1
organic chemistry. 8

o T OH
R-{ + R'CHNO,—22°__ no, T c’z R
-
vl

Figure 1.17 Nitroaldol condensation.

MgO, CaO, Ba(OH),, KOH/AL,O3, KF/Al,O3, Sr(OH),, hydrotalcite, and MgCO; all
exhibit high activity for the nitroaldol reaction of nitromethane with propionaldehyde.
Moderate activities were observed with Mg(OH),, y-Al,Os;, SrO, Ca(OH),, BaCOs3,
SrCO;, BaO and La;03.27® Mg-Al mixed oxides prepared by calcinations of hydrotalcite
catalyze the nitroaldol condensation to nitroalcohols. The reaction is

diastereoselective.”

Some examples of heterogeneous base catalysts used in this process were alkaline ion-
exchanged zeolites,'s N,N-diethylpropylamine supported on amorphous silica n,?

amberlyst A-21,”! or incorporation of La** in an organic network. 2%
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1.4.9 Alkene and alkyne isomerization

Isomerization of alkenes, also called double bond migration, proceeds through anion
intermediates formed by abstraction of an allylic proton from alkene molecules by solid
bases.'? Isomerization of alkene as carried out over the first solid base catalyst, Na

dispersed on ALO,S

Strong solid bases are active for the isomerization of 2,3-dimethylbut-1-ene.'> Among the
studied solid base catalyst, alkali amides supported on Al,O; and alkaline earth metal
oxides show very high activity for isomerization. 1-N-pyrroli-dino-2-propene isomerises

to 1-N-pyrroridino-1propene in 100% selectivity over alkaline earth oxides.'

Regarding characterization of strong basic catalysts, it was suggested that alkene
isomerization can be used as the test reaction to characterize the solid base catalyst since
alkenes have high pKa values."'> Within this group of reactions, 1-

butene,64’156’]90’191’215’283 2,3_dimethyl_1_butene’6l,l75 cis_z_butene’87,88,l77,|88,192 1-

284 286 87

pentene,”® 1-hexene,”® p-isophorone,’?® 3-carene,®® B-pinene,”®’ or 3-phenyl-1-

#7.48 can be cited as the probe molecules.'!

propene (allylbenzene, Figure 1.18)
The Isomerization of 1-butene is a good test reaction to investigate the active sites and
the function of the catalyst (Figure 1.19).2%® The reaction is initiated by abstraction of an
allylic H by a basic site to form the cis and trans forms of the allyl anion. A high
cis/trans ratio is characteristic of base-catalyzed double bond migration, in contrast to

a value close to unity for acid-catalyzed double bond migration. The cis/frans ratio in 2-
butenes produced can be used to judge whether the reaction is a base-catalyzed or acid-
catalyzed. Many catalysts have been recognized as solid base catalysts by their catalytic

behaviour in double bond migration of 1-butene, such as Ca0*® BaQ?® Th02290and

Ti0,.*!
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CH, CH,
base

3-phenyl-1-propene B -methylstyrene (Cis+Trans)

Figure 1.18 3-phenyl-1-propene transformation on basic sites.

CH=CP;|\
/ cﬁs CH,

CH,==CH—CH,—CH

3
1-butene \ J/

CH,

cis-2-butene

CH
CH=cH"~ °

trans -2-butene

Figure 1.19 Double migration of 1-butene.

1.4.10 Alkylation of toluene with methanol and formaldehyde

Base catalysts lead to side-chain alkalation, while acid catalysts bring about ring
alkylation (Figure 1.20),%%*? therefore, this reaction can supply some information on the

basicity of the test solids. The reaction is also interesting from the industrial point of
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view, since alkylation of benzene with ethylene on basic sites followed by
dehydrogenation of ethylbenzene yields styrene, used in the production of plastics and
rubbers.”>182% The reaction has being applied to some substrates (ethylbenzene,
cumene, xylenes, phenol, aniline...) and reactants (ethane, pronene, 1,2-
diphenylethylene).5!"12>1372%5-27 A variety of heterogeneous base catalysts have been
tested for the alkylation of toluene, such as zeolite,”®? three-element mixed oxides,>

Mg3(PO4), '*° and hydrotalcite.'>"

CH, CH
2
CH, Z
basic sity«
+ CH,OH !

acid sites\ CH, CH,

CH, (CH,),

Figure 1.20 Alkylation of toluene with methanol on acid and basic sites.

1.4.11 Some other reactions

a) Si-C bond formation

Nucleophilic substitution occurs when an anion attacks silicon.'
Nu™ + R3SiL— NuSiR; + L~

Here, L’ is a leaving group from the Si atom.
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The reaction of trimethylsilyacetylene over KNH,/Al,0; or KF/ALO3 leads to the
metathesis of the alkyne, with the products being bis(trimethylsily)acetylene and

acetylene.”%®

Me;SiC=CH— Me;SiC=CSiMe; + HC=CH

b) Pudovik reaction (P-C bond formation)

The Pudovik reaction involves the addition of compounds containing a labile P-H bond
to unsaturated systems and is one of the most versatile pathways for the formation of

carbon-phosphorus bonds."

Semenzin et al. reported that KOH/ALO; is a very efficient catalyst for some Pudovik
reactions.”®® The reaction of diethyl phosphonate with benzalacetone in the presence of
KOH/AlLO; instantly gave the 1,2 adduct in a 100% yield at 293K, while the 1,4 adduct
was quantitatively obtained at 373K (Figure 1.21).

o) O CH

|| i 1 [°
(EtO),PH +PhCH_——_CH—l(L—CH3 — (EtO)zP——J|7-—CH=CHPh
OH
diethyl
phosphonate benzalacetone 1,2 adduct

0 o Ph
I

0O
| | |
(EtO),PH + PhCH=CH—C—CH, —— (EtO)ZP——c;H—CHz—é—CH3

1,4 adduct

Figure 1.21 Pudovik reaction of diethyl phosphonate with benzalacetone.
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c¢) Synthesis of heterocycles

The reactions of primary amines with carbon disulfide afford N,N’-disubstituted
thioureas in high yields over a Zn-Al mixed oxide prepared from the hydrotalcite like
material.>*® The thiocarbamic acid, RNH-C(=S)SH, which is formed by nucleophilic
attack of the amine to CS,, is suggested to be the intermediate. When the amine has an
additional nucleophilic gfoup, the intermediate is quickly converted into heterocyclic

thiones. (Figure 1.22)

RNH, + CS,—» (RNH),C=S

\ S

HO N—H

/\_< + CS, —— OAN/ + H.,S
H, /\_/ AN

Ce

SH .
©j + Cs, S>=s +H5
NH, ~N

Figure 1.22 Synthesis of heterocycles.
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1.5 Aims of this thesis

Solid base catalysts have potential use numerous applications in fine and bulk chemical
synthesis but are only utilised in a small number of reactions. The solid base catalysts
reported have been introduced (Section 1.2). Magnesium oxide (MgO) is a typical basic
oxide (Hammett constant, H- = +26.0)*"! and has the lowest solubility among the alkaline
earth oxides. In view of this, we consider that MgO has the potential to be a reusable
catalyst, as it may not be lost by leaching into the reaction mixture. Furthermore, MgO is
inexpensive and easily obtained and as a result it can be readily applied in large scale
manufacture. These characteristics suggest that MgO has potential use in numerous
applications in fine and bulk chemical synthesis, but at the present time, it is used only in
a small number of reactions, primarily because the structure and activity of MgO are

d,l’ 15, 23,302-3.3

affected by the preparation metho and the commercial sample of MgO that

304

are currently available shows low surface area (typically < 20 m? g'l) and hence, low

activity. Consequently, as activity is linked to surface area, many preparative

methodologies for the synthesis of high surface area MgO have been developed, 20308

such as chemical vapour deposition,>* sol-gel procedures3 % and aerogel syntheses.3°4'3°7
However, these methods are relatively complex. As the cost of fabricating a catalyst can
be a critical factor in its industrial applications, few commercial materials have been

synthesized in this way. Consequently, we consider that simpler and more economic

preparation method of MgO is still desirable.

This main aim of this thesis is to investigate the effect of preparation route on the
structure and catalytic activity of the common solid base MgO and the relationship
between the structure and catalytic activity. A number of preparative routes are
investigated as well as the effect of factors such as the calcination temperature. This is

complemented by testing the catalysts in a range of liquid phase reactions from small-
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scale organic transformations, such as MPV reaction, Michael additions and

Knoevenagel reactions, to bulk transformations such as biodiesel synthesis. The other

aim of this thesis to find new reactions that can be catalyzed by MgO.
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Chapter 2

Experimental

2.1 Preparation of heterogeneous base catalysts

2.1.1 Preparation of MgO

MgO was prepared by a number of different routes.

Commercially available magnesium hydroxide (Fluka, 99%), basic magnesium
carbonate ((MgCO;)sMg(OH),, >40% MgO; Fluka) and magnesium carbonate
(MgCO;, Acros Organics, 40~45% MgO) were calcined in static air. The materials

were designated as MgO-COH, MgO-CBC and MgO-CC respectively.

Rehydrated (MgCO3)sMg(OH), was obtained from the commercially available basic
magnesium carbonate ((MgCO3)sMg(OH),; 25 g), which was suspended in distilled
water (750 ml), stirred at 70-90 °C for 30 min., filtered, dried (90 °C; 24 h) and then

recalcined. This material was designated as MgO-RBC.

Commercially available magnesium hydroxide (Fluka, 99%; 21.8 g) was calcined at
600 °C for 2 h. The magnesium oxide obtained (10 g) was rehydrated by refluxing in
distilled water (125 ml) for 3 h. The resultant solid, denoted as rehydrated Mg(OH),,

was dried and then calcined. This material was designated as MgO-ROH.
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Freshly prepared magnesium hydroxide, was obtained by precipitating MgSOj4 solution
(250 ml; 1.0 M) with KOH solution (250 ml; 1.0 M). The resulting mixture was aged at
room temperature for 3 h, filtered, washed five times with distilled water, dried (90 °C;

24 h) and then calcined. This material was designated as MgO-FOH.

MgO was also obtained by calcination of magnesium oxalate (MgC,04). MgC,04 was
prepared following the method described by Putanov et al.' Magnesium oxalate
(MgC,0s) as the magnesium oxide precursor was precipitated from saturated aqueous
solutions of Mg(CH3;CO0),-4H,O using aqueous solution of H;C,042H;0. The
saturated aqueous solutions of Mg(CH3COO),4H,O was made by adding
Mg(CH3C00),:4H,0 (53.6 g) to distilled H,O (50 ml). The aqueous solution of
H,C,042H,0 was prepared by diluting H,C,042H,0 (31.5 g) with distilled H,O (200
ml). The magnesium oxalate was precipitated from moderately heated magnesium
acetate solutions at 40 °C and immediately filtered. The precipitate was dried at 90 °C
for 24 h. The resulting material was calcined at various temperatures in static air. This

material was designated as MgO-OX.

All calcination was conducted in two ways. One method involved calcination in the
temperature range of 200~800 °C for 2 h in static air at the ramp of 10 °C min™. After
calcining, the temperature was cooled down to 280 °C and the sample moved to a vial
which was sealed and placed in a dessicator previous to use. The alternative method
was calcination in a N; flow in the temperature range of 200~800 °C for 2 h at the ramp
of 10 °C min'. The MgO obtained was cooled down to room temperature in flowing N,

and kept under N; atmosphere (JM) or in a dessicator (Cardiff) previous to use.
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2.1.2 Preparation of lithium doped magnesium oxides

2 wt % Li/MgO was synthesized by adding MgO (10 g) obtained from the above MgO
precursors after calcination at 450 °C for 2 h and LiCO; (1.1 g, Aldrich, 99%) or
LiOH-H,0 (1.2 g, Aldrich, 98+ %) to deionised water (80 ml). The suspension was
kept at 78 °C under vigorous stirring until the water had evaporated. The resultant paste
was dried at 90 °C for 24 h and then calcined in static air at 450 °C for 2 h. The

temperature was raised from ambient temperature at a rate of 10 °C min.

2.1.3 Preparation of CaO

CaO was prepared as depicted in Figure 2.1. Commercially available Ca(OH), (10 g)
was calcined at 600 °C for 3 h. Distilled H,O (50 ml) was slowly added to the CaO.
The resulting mixture was stirred for 2 h to make sure that CaO completely reacted with
H,0, then filtered, dried in oven, finally calcined at different temperature (200 °C ~ 800

°C) in static air for 2 h at the ramp of 10 °C min™'.

200 °C
300 °C

400 °C

Comercially 600 °C +H,Or.t Filtration Dryinoven Calcination

available » —» > —_— —_— 500 °C
Ca(OH), 3h

600 °C
700 °C

800 °C
Figure 2.1 Procedure to prepare CaO.
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2.1.4 Preparation of Hydrotalcites

Hydrotalcites with different AI**:Mg?* atomic ratios (1:3; 1:4 and 1:2) were prepared
using a standard aqueous co-precipitation method at constant pH and temperature. An
aqueous solution (166 ml) of the metal nitrates in a desired AP :Mg®* molar ratio with
a total concentration of 1.5 M was mixed slowly with continuous stirring with an
alkaline solution of NaC03/NaOH. The molar amount of NaCO; was twice that of AP,
The pH of the mixture was kept constant, typically at values between 9 and 10, by
adjusting the flow rate of the alkaline solution. The temperature was maintained at 60
°C. Following this addition, which resulted in the formation of heavy slurry, the
mixture was aged at 60 °C for 18 h with stirring, to facilitate the selective growth of the
precipitated hydrotalcite phase. The slurry was then cooled to 25 °C, filtered, and
washed with water and dried at 90 °C for 12 h. The resulting material was calcined at
450 °C for 2 h in static air. The temperature was raised from ambient temperature at a

rate of about 10 °C min™’.

The activity of commercially available hydrotalcite (Aldrich) has been tested and

compared with that of the laboratory made hydrotalcite.

2.2 Reactors used in the current study

2.2.1 Glass batch reactor

The reactions were carried out in a standard round bottom two-neck glass flask
equipped with a vertical condenser at specified temperature under vigorous stirring. In
order to follow the progress of the reaction, samples (about 0.5 ml) were withdrawn

from the reactor at specified times by one syringe. Then the needle connected to the
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syringe was removed and substituted by one syringe driven filter. Catalyst was
separated from the sample by pushing the solution through the syringe driven filter. The

solution obtained was stored in one vial for further analysis.

Figure 2.2 Digital picture of the Baskerville high pressure autoclave
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2.2.2 Stirred tank reactor

Biodiesel synthesis was carried out in a high pressure stainless steel Baskerville
autoclave (100 ml) (Figure 2.2). Reactions took place within a glass liner (volume 80
ml) which was placed within the stainless steel jacket. The jacket was screwed into the
body of the unit. To ensure fthe unit would maintain pressure a Teflon ring was placed
between the jacket and the mount compressed to form a seal. A Teflon gas entrainment
impeller was connected to a sealed magnetic drive unit, which was rotated by a
Parvalux DC shunt motor, located above the reactor. Agitation of the reactor contents
was controlled by a variable resistance dial with the capability of up to 1400 rpm. The

reaction mixture was typically stirred at 1000 rpm.

Reaction temperature was monitored with a thermocouple connected to a digital
temperature indicator. This indicator controlled an electric heating unit, which fitted
around the reactor jacket when required. Reactions were normally carried out at 200 °C.

The reactions running in Johnson Matthey were conducted using Parr 4843 autoclave.

2.3 Catalyst characterisation®

2.3.1 Surface area and Pore Analysis

The surface area and pore character of the catalysts was carried out using a
Micromeritics Gemini 2360 Surface Area Analyser. The sample was degassed at 150
°C for 30 minutes in helium prior to surface area measurement. Physical adsorption of
N at low temperatures can be used to determine the surface area of porous materials.

Nitrogen tends to form monolayer of closely packed molecules on the surface area of
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the material at cryogenic temperatures. The surface area of that material is then

deduced from the BET isotherm derived by Brunauer, Emmett, and Teller’:

P B 1 (C-1) P
VP,-P) =~ VmC + "V.-C T P

Where V is the volume adsorbed at pressure P, V,, is the volume of gas required to
form an adsorbed monolayer, Py is the saturated vapour pressure of the gas at -196 °C

and C is a constant.

Vm is calculated from the isotherm, and the surface area is determined by assuming

each molecule of adsorbed nitrogen occupies 0.165 nm?.

Information was also obtained on the pore characteristics of the samples. Pore volume
and pore area distributions were conducted by the BJH (Barrett, Joyner, and Halenda)
method using a variety of thickness equations including a user-defined, standard

isotherm (2380 model)

2.3.2 Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) measures the change in weight of a material as it
decomposed when heated. TGA experiments were carried out using TA Instruments
LTD SDT Q600 thermal analysis machine under a flow of nitrogen. The sample weight
used was about 10 milligrams, and the temperature ranged from 30 °C to 800 °C with a

ramping rate of 20 °C min™.
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2.3.3 Powder X-Ray Diffraction (XRD)

X-rays are electromagnetic radiation of wavelength about 1 A (107" m), which is about
the same size as an atom. They occur in that portion of the electromagnetic spectrum
between gamma-rays and the ultraviolet. The discovery of X-rays in 1895 enabled
scientists to probe crystalline structure at the atomic level. X-ray diffraction has been in
use in two main areas, for the fingerprint characterization of crystalline materials and

the determination of their structure.

Bragg's Law refers to the simple equation:
nA = 2dsin0

derived by the English physicists Sir W.H. Bragg and his son Sir W.L. Bragg in 1913 to
explain why the cleavage faces of crystals appear to reflect X-ray beams at certain

angles of incidence (theta, 0). The variable d is the distance between the crystal planes

and the A is the wavelength of the incident X-ray beam; n is an integer.

With a powder sample some of the crystallites will always be orientated so as to satisfy
the Bragg equation and diffraction will occur. This is the basis for powder X-ray
diffraction. The X-ray diffraction experiment requires an X-ray source, the sample
under investigation and a detector to pick up the diffracted X-rays. Figure 2.3 is a

schematic diagram of a powder X-ray diffractometer.
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Figure 2.3 Schematic diagram of an X-ray powder diffractometer.

Powder X-ray diffraction was performed using an ENRAF Nonius FR 590 X-ray
powder diffractometer, using a Cu-K,, source fitted with an Inel CPS 120 hemispherical

detector.

Crystallite size from XRD line broadening is calculated using the method developed by

Scherrer in 1918, which uses the Scherrer equation®:

d=KXA /(P cosd)

where d = Crystallite size, K = Scherrer constant (8.9), A = wavelength of radiation,
which is 1.540562 A for K, line of Cu used in our experiment, B is the difference
between measured FWHM (full width at half maximum) and the unbroadened FWHM

of single crystal which was assumed as 0° in this study. This approach does, however,

neglect the effect that strain can have on crystallite size.
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2.3.4 Scanning Electron Microscope (SEM)

The Scanning Electron Microscope is a microscope that uses electrons rather than light
to form an image. There are many advantages to using the SEM instead of a light

microscope.

The image resolution of a microscope is inversely proportional to the wavelength of
electromagnetic radiation illuminating the sample. Optical microscopes using visible
light (A = 400 to 800 nm) have a maximum magnification of 1000 to 3000x. An
electron microscope uses a monochromatic beam of electrons, which can give a much

higher magnification.

The SEM has a large depth of field, which allows a large amount of the sample to be in
focus at one time. The SEM also produces images of high resolution, which means that
closely spaced features can be examined at a high magnification. Preparation of the
samples is relatively easy since most SEM only require the sample to be conductive.
The combination of higher magnification, larger depth of focus, greater resolution, and
ease of sample observation makes the SEM one of the most heavily used instruments in
research areas today. SEM micrographs were performed using FEI X130 ESEM FEG

in the Earth Science Department at Cardiff University.
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2.4 Product Analysis’
2.4.1 Gas chromatography (GC)

Gas chromatography is a chromatographic technique that can be used to separate

volatile organic compounds. The schematic diagram of a gas chromatograph is shown

in Figure 2.4.
W- Syringe
1
T DE,L Injector
Flow controller
Detector Recorder
Column
Column oven
Carriergas supply

Figure 2.4 Schematic diagram of a gas chromatograph

A gas chromatograph consists of a flowing mobile phase, an injection port, a separation
column containing the stationary phase, and a detector. The organic compounds are
separated due to differences in their partitioning behaviour between the mobile gas

phase and the stationary phase in the column.

The carrier gas must be chemically inert. Commonly used gases include hydrogen,
nitrogen, helium, argon, and carbon dioxide. The choice of carrier gas is often
dependant upon the type of detector which is used. The carrier gas system also contains
a molecular sieve to remove water and other impurities. The injection port consists of a

rubber septum through which a syringe needle is inserted to inject the sample. The
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injection port is maintained at a higher temperature than the boiling point of the least
volatile component in the sample mixture. Since the partitioning behaviour is
dependant on temperature, the separation column is usually contained in a thermostat-
controlled oven. Separating components with a wide range of boiling points is
accomplished by starting at a low oven temperature and increasing the temperature over
time to elute the high-boiling point components. Most columns contain a liquid
stationary phase on a solid support. Separation of low-molecular weight gases is

accomplished with solid adsorbents.

After the components of a mixture are separated using gas chromatography they must
be detected as they exit the GC column. There are many detectors which can be used in
gas chromatography. Different detectors will give different types of selectivity. The
thermal-conductivity (TCD) and flame-ionization (FID) detectors are the two most
common detectors on commercial gas chromatographs. The requirement of a GC
detector depends on the separation application. For example, one analysis might require
a detector that is selective for chlorine-containing molecules; another analysis might
require a detector that is non-destructive so that the analyte can be recovered for further
spectroscopic analysis. In this work, FID was used. The FID detector employs
hydrogen as the combustion gas which is mixed with the column effluent (Helium and
air). Gas chromatography was performed on a Varian Star 3400 CX GC equipped with

a DB-4 capillary column and an FID detector.
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2.4.2 Gas chromatography - Mass spectrometry (GC-MS)

Mass spectrometry is a technique for analysis of materials that relies on conversion of a
sample into a gaseous ionic form, followed by separation of the ions according to their
mass-to-charge ratios. The relative amounts of different ions formed in a mass
spectrometer under speciﬁed conditions produce a “mass spectrum” when they are
plotted against the mass-to-charge (m/e) ratio. Spectra are reproducible and contain
much specific information; hence computerized data retrieval and comparison of large
numbers of spectra make rapid identification possible.'°

Inlet —— Ion Mass 5 Detector —_ Recorder
source Analyzer

Figure 2.5 Schematic diagram of a mass spectrometer

As Figure 2.5 shows, there are several parts in a typical mass spectrometer. In the ion
source, the sample is admitted in the gaseous state or converted to a gas by heating and
ionized. In the mass analyzer, the ions produced in the source are sorted into beams of

ions of the same m/e ratio. In the detection system, the mass analyzed ions are detected.

The Gas Chromatography/Mass Spectrometry instrument separates chemical mixtures
(the GC component) and identifies the components at a molecular level (the MS
component). It is one of the most accurate tools for analyzing organic samples. The GC
works on the principle that a mixture will separate into individual substances when
heated. The heated gases are carried through a column with an inert gas (such as
helium). The stream of separated compounds is fed on-line into the ion source, a
metallic filament to which voltage is applied. This filament emits electrons which

ionize the compounds. The ions can then further fragment, yielding predictable
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patterns. Intact ions and fragments pass into the mass spectrometer's analyser and are
eventually detected. Mass spectrometry identifies compounds by the mass of the
analyte molecule. A “library” of known mass spectra, covering several thousand
compounds, is stored on a computer. Mass spectrometry is considered the only
definitive analytical detector. GC-MS (Perkin Elmer Autosystem XL), equipped with a

DB-1 column was employed in the study.

I —»|  HPLC Column

A4
Detector]
Pump Injector
Autosamplef I
I [ Waste \
Recordor
S [:I Data
P—]

Figure 2.6 Schematic diagram of an HPLC instrument
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2.4.3 High Performance Liquid Chromatography (HPLC)

High Performance Liquid Chromatography, also known as High Pressure Liquid
Chromatography, is a form of liquid chromatography to separate compounds that are
dissolved in solution. HPLC instruments consist of a reservoir of mobile phase, a high
pressure pump, an injector, a separation column, and a detector. Schematic diagram of
an HPLC instrument was shown below. Waters 2690 Separations Module was

employed in this study.

2.4.4 Principle of NMR

The principle behind NMR is that the nuclei of many elemental isotopes have a
characteristic spin (I). Some nuclei have integral spins (e.g. I = 1, 2, 3 ....), some have
fractional spins (e.g. I = 1/2, 3/2, 5/2 ....), and a few have no spin, I = 0 (e.g. '*C, '°O,

325 ).

The spin state will determine whether a spinning nucleii will be able to generate an
NMR signal. The most common isotope of the first element hydrogen does possess a
nuclear spin state that is capable of generating an NMR signal. However, Deuterium
does not have a nuclear spin state, and therefore, will not generate an NMR signal.
Carbon-12 does not have a favourable spin state, but Carbon-13 does have a spin state
that will generate an NMR signal. Isotopes of particular interest and use to organic

chemists are 'H, '3C, '°F and ®'P, all of which have I = 1/2.

All nuclei are electrically charged. If an external magnetic field is applied, an energy

transfer is possible between the base energy to a higher energy level (generally a single
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energy gap). The energy transfer takes place at a wavelength that corresponds to radio
frequencies and when the spin returns to its base level, energy is emitted at the same
frequency. The signal that matches this transfer is measured in many ways and

processed in order to yield an NMR spectrum for the nucleus concerned.

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytical chemistry technique
used for determining the content and purity of a sample as well as its molecular

structure.

'H.NMR spectra were recorded on a Bruker 400MHz instrument, BC.NMR on one
Bruker S00MHz instrument with tetramethylsilane (TMS) as an internal standard. All

samples were run in deuterochloroform unless otherwise stated.
2.5 Leaching analysis of MgO
2.5.1 Atomic absorption (AA)

A solid heated to incandescence emits a more or less continuous spectrum of light over
a wide range of wavelengths. However, when a gas or vapour is heated, the emitted
light consists of a series of lines, complicated in structure, having wavelengths

characteristic of the elements present.

Spectroscopic determination of atomic species can only be performed on a gaseous
medium in which the individual atoms are well separated from one another.
Consequently, the first step in all atomic spectroscopic procedures is atomization, a
process in which the sample is volatilized and decomposed in such a way as to produce
an atomic gas. The efficiency and reproducibility of the atomization step in large
measure determine the method’s sensitivity, precision, and accuracy; that is,

atomization is by far the most critical step in atomic spectroscopy. Several methods are
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available to atomize samples for atomic spectroscopic studies, among them are flame

and inductively coupled argon plasma.

An atomic spectrometer that analyses the emitted light in order to identify the elements
present is called an atomic emission spectrometer. The complement to the atomic
emission spectrometer is the atomic absorption spectrometer. The eluted sample from
the column is usually burnt in a flame (either directly or by use of a spray) and light
characteristic of the element being examined is passed through the flame and allowed to
fall on a photoelectric cell or diode array. When the element is present in the flame its
characteristic light is adsorbed and the output from the photo cell is reduced

proportionally.

The analyte concentration is determined from the amount of absorption, based on the
Beer-Lambert law. The Beer-Lambert law (or Beer's law) is the linear relationship
between absorbance and concentration of an absorbing species. The general Beer-

Lambert law is usually written as:
A=A*b*c

where A is the measured absorbance, A is a wavelength-dependent absorptivity

coefficient, b is the path length, and c is the analyte concentration.

Applying the directly Beer-Lambert law in AA spectroscopy is difficult due to
variations in the atomization efficiency from the sample matrix, and nonuniformity of
concentration and path length of analyte atoms. Concentration measurements are

usually determined from a working curve after calibrating the instrument with standards
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of known concentration. Varian 55B Flame Atomic Absorption Spectrometer was

employed in analyzing MgO leaching in the solution.
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Chapter 3 Meerwein-Ponndorf-Verley reduction

Chapter 3
Preparation of high surface area MgQO and its

application in Meerwein-Ponndorf-Verley reduction of

benzaldehvde

3.1 Introduction

In the present work, we systematically studied non-complex methods to synthesise MgO,
and observe that the preparation method has a marked effect on both the morphology and
surface properties of the final product. The Meerwein-Ponndorf-Verley (MPV) reduction
(Scheme 3.1) was chosen as a model reaction. The results show that using a relatively
simple calcination method, high surface area MgO can be obtained that exhibits excellent

catalytic activity in MPV reactions and provides a stable reusable base catalyst.

0 Catalyst
@——{ + R’CH(OH)R = OH +R’COR

H

Scheme 3.1
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3.2 Experimental

3.2.1 Catalyst preparation

MgO was prepared by calcining a number of different precursors (see Chapter 2 and
Table 3.1 for details). 2wt% Li/MgO was synthesized in this study (see Chapter 2 for

details).

All calcinations were conducted in the range of 200~800 °C for 2 h in static air at a ramp
of 10 °C min. After calcination, the temperature of the furnace was permitted to
decrease to 280 °C (except if specifically stated) and the sample was recovered and
stored in a sealed vial in a desiccator. Freshly prepared samples of MgO and Li/MgO

were used in this study for all catalyst evaluations.

3.2.2 Catalyst testing

Benzaldehyde (0.006 mol, Aldrich), alcohol (0.12 mol) and the catalyst (0.5 g) were
placed in a two-neck flask and heated under reflux. Samples were taken at specified
times, after reaching the reaction temperature and were analysed using GC-MS (Perkin

Elmer Autosystem XL), equipped with a DB-1 column.

3.3 Results and discussion

To determine the influence of the calcination temperature on the catalytic activity of the
MgO samples, commercially available (MgCO;)sMg(OH), was calcined at different
temperatures between 350 °C and 800 °C and then tested as a catalyst for the reaction of
benzaldehyde with 2-butanol. Figure 3.1 shows the conversion after 5 min reaction as a

function of the calcination temperature. These results show that MgO calcined at 450 °C

71



Chapter 3 Meerwein-Ponndorf-Verley reduction

was the most active catalyst. When the calcination temperature was 400-475 °C,
conversion > 70% was achieved after five minutes reaction, whereas, a low level of
activity was observed when the calcination temperature was either < 350 °C and or > 600

°C.

100 - -
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[ 250 M
_‘
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< L 200 S
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L 100 3,
20 - Q
- 50
- [ |
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300 400 500 600 700 800

Calcination temperature/°C

Figure 3.1 Activity for the MPV reaction of benzaldehyde and 2-butanol after 5 minutes
over MgO catalysts derived from commercially available MgCO3;Mg(OH), and their
BET surface area as a function of calcination temperature; (M) Conversion, (O) BET

Surface area.
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Weight/%

Figure 3.2 TGA curves of MgO precursors: (a) Rehydrated Mg(OH),, (b) Commercial

Mg(OH),, (c) (MgCO3)sMg(OH),, (d) MgCOs, (¢) MgC204.

TGA shows the temperatures at which the MgO precursors decompose when heated in a
controlled environment (Figure 3.2). Water is removed from the precursors between 250
~ 400 °C, whereas carbon dioxide is lost between 325 ~ 550 °C. The thermal pre-
treatment resulted in a change in the XRD pattern, caused by the removal of CO, and
H,O from the starting material (Figure 3.3). The diffraction patterns of the samples
heated at temperatures < 375 °C were different from that of MgO, while samples
activated at temperatures > 400 °C displayed diffraction reflections characteristic of
MgO, which became, as expected, more crystalline with increasing calcination

temperature. Figure 3.4a shows that after calcinations at 450 °C for 2 h contain MgO as
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the major phase and MgCOj; as a minor phase. MgO as a single phase is observed after

calcination at > 600 °C for 2 h (Figure 3.4b).

)|
|
sooQm—+~Q T

r T U T y J y T — T T 1 )
0 20 40 60 80 100 120 140

Figure 3.3 XRD patterns from the materials obtained by calcining commercially
available (MgCO3)sMg(OH), at different temperatures; (a) 350 °C, (b) 375 °C, (c) 400

°C, (d) 425 °C, (e) 450 °C, (£) 475 °C, (g) 500 °C, (h) 600 °C, (i) 800 °C.
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Figure 3.4 XRD patterns from the materials derived by calcining commercially available
(MgCO3)sMg(OH), {with (l) MgO, (®) MgCO; phases} at different temperatures (a)

450 °C, (b) 600 °C.

The changes observed in the XRD patterns (Figures 3.3 and 3.4) coincided with a change
in the catalytic activity (Figure 3.1). Calcinations at 375 °C did not lead to the formation
of MgO, and, consequently, the catalytic activity was very low. The best catalytic
performance was obtained for calcination temperatures between 400 and 475 °C, when
the XRD patterns showed a poorly crystalline MgO that had a high surface area (Figure

3.3 and 3.4 and Table 3.1).
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Table 3.1 BET surface area and crystal size of MgO materials prepared by different

methods.
it S
Catalyst Precursor Calcination conditions Cl:ysta e fET_,
size(nm) (m”g™)
800 °C, 2h 17 20
700 °C, 2h 17 59
600 °C, 12h 13 79
600 °C, 2h 8.6 126
Commercial 500 °C, 2h 5.8 206
475 °C, 2h 4.5 281
MgO-CBC  (MgCO3)sMg(OH),
(Fluka 450 °C, 2h 3.9 288
) 425 °C, 2h 3.7 342
400 °C, 2h 2.9 302
375 °C, 2h ~ 56
350 °C, 2h ~ 23
No calcination ~ 14
Rehydrated 450 °C, 2h 4.4 296
MgO-RBC eayerare ’
(MgCO3)sMg(OH),
Commercial 450 °C, 2h
MgO-CC MgCO; (Acros 4.2 229
Organics)
Commercial 450 °C, 2h 22
MgO-COH ’ 58
8 Mg(OH), (Fluka)
MgO-ROH Rehydrated Mg(OH), 450 °C, 2h 7.0 287
Freshly-
reshly-prepared 450°C, 2h
MgOFOH Mg(OH), 5.0 245
(MgSO4+KOH)
MgO-0X MgC,04 450 °C, 2h 4.8 312
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Table 3.2 BET surface area and crystal size of MgO materials prepared by different

methods.
Catalyst Precursor Calcination Crystallite SBET
conditions size(nm) (m*g?)

800 °C, 24h 30 12

600 °C, 24h 14 88
600 °C, 2h 8.6 142

- 450 °C, 24h 9.5 131

Rehydrated o

MgO-RBC 450 °C, 4h 5.5 205
: (MgCO5)sMg(OH), 450 °C, 2h 4.4 296
450 °C, 1h 258

350 °C, 2h ~ 19

None ~ 12

800 °C,2h 17 41

Commercial 700 °C, 2h 14 69

MgO-CC MgCO; 600 °C, 2h 7.7 90
450 °C, 2h 4.2 229

350 °C, 2h ~ 77

800 °C, 24h 30 21

700 °C, 2h 20 65

600 °C, 2h 21 51

Commercial 500 °C, 2h 21 86

MgO-COH Mg(OH), 450 °C, 12h 25 65
450 °C, 4h 21 68

450 °C, 2h 22 58

None 29 6

800 °C, 2h 19 63

700 °C, 2h 12 98

600 °C, 2h 8.8 181
500 °C, 2h 7.5 277
MgO-ROH Rgh{‘gg)ed 450 °C, 2h 7.0 287
sEh 400 °C, 2h 7.0 268

350 °C, 2h 22 40

300 °C, 2h 20 24

200 °C, 2h 19 22

800 °C, 2h 18 43

Freshly-prepared 600 °C, 24h 17 60
MgO-FOH Mg(OH), 600 °C, 2h 11 112
(MgSO4+KOH) 450 °C, 2h 5.0 245

None ~ 105

800 °C, 2h 23 66

700 °C, 2h 18 73
MgO-0X MgC,04 600 °C, 2h 8.7 177
450 °C, 2h 4.8 312

350 °C, 2h ~ 59
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The increase in calcination temperature led to a decrease in catalyst activity as the MgO
became more crystalline and the BET surface area decreased. It is clear that the
crystallite size, and hence surface area, plays a key role in determining the catalytic
activity, as the highest activity of the catalyst was obtained when the surface area of the

catalyst was at a maximum.

MgO was prepared using a range of precursors with calcinations at 450 °C (Table 3.1).
All the samples, except that derived from commercial Mg(OH),, were found to have a
high surface area and small crystal size. The crystallite size was calculated by Scherrer
equation (Chapter 2). The surface area decreased with increasing calcination temperature,

which was accompanied by a corresponding increase in crystallite size (Table 3.2).

The morphology of MgO-ROH and MgO-COH was different. The precursors of both
materials consist of hexagonal discs (Figure 3.5¢ and 3.5g). After calcination of the
precursors to form MgO, MgO-ROH (Figure 3.5h) remains aggregated in a spongy
morphology reminiscent of the hydroxide precursor. In contrast, there was a distinct
difference between the morphology of MgO-COH (Figure 3.5f) and its precursor. It has
been reported that the morphology of MgO is dependent upon the starting material and
the thermal pre-treatment conditions.' In this study, MgO-ROH and MgO-COH were
prepared by calcining their corresponding precursors under the same conditions.
Therefore, the morphological difference between the MgO-ROH and MgO-COH may be
attributed to the use of different precursors. The SEM images show that the hexagonal
plates of MgO-COH precursor are thicker than that of MgO-ROH precursor. The other
difference may be that of the purity of the precursors. Schwank et al. found that
impurities have a significant influence on the morphology of MgQO which was produced

by dehydration of Mg(OH),.2 It is possible that the difference observed in the activity of
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the two materials is due to an impurity in the commercial sample which is removed

during the water reflux step.

Typical SEM images of the other MgO materials and precursors are also presented in
Figure 3.5. They reveal that the size and morphology of the catalysts produced are very
strongly influenced by the morphology of the catalyst precursor, which is retained during

the calcination procedure.

To study the effect of the precursor on the catalyst activity, the MgO materials obtained
using calcination at 450 °C, were tested as catalysts for the MPV reduction of
benzaldehyde with 2-butanol. The results are shown in Figure 3.6 (conversion) and
Figure 3.7 (selectivity). All of the MgO materials were found to be very active (>90%
conversion after 1 h), apart from MgO-COH (<1% conversion after 3 h). For all catalysts
the selectivity was found to be high. For the MgO-OX material the selectivity was
approximately 86% after 2 h, MgO-FOH was found to be 92% selective, while the other
materials showed selectivities of >97%. The main by-product arose from an aldol
condensation between benzaldehyde and butanone and the catalysts with lower
selectivities showed a considerable drop in selectivity with time due to this secondary

reaction.
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Figure 3.5 SEM images of MgO and its corresponding precursor. All the MgO are
prepared by calcining its corresponding precursor at 450 °C; (a) (MgCO3);Mg(OH),, (b)

MgO-CBC, (c) MgCO;3
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Figure 3.5 (d) MgO-CC, (e) Commercially available Mg(OH),, (f) MgO-COH, (g)

Rehydrated Mg(OH),
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Figure 3.5 (h) MgO-ROH, (i) MgO-FOH, (J) MgC;04, (k) MgO-OX.
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Figure 3.6 Activity for the MPV reaction of benzaldehyde with 2-butanol over MgO; (l)
MgO-CBC, (®) MgO-RBC, (O) MgO-CC, (A) MgO-ROH, (@O0) MgO-FOH, (A)

MgOOX.

Although most of the catalysts exhibited a high activity for the MPV reaction, MgO-
COH had a low activity, which is consistent with its low surface area and large crystal
size. MgO-COH and MgO-ROH were prepared from the same parent Mg(OH); but using
a different procedure. MgO-COH was obtained from the direct calcination of
commercially available Mg(OH),, while MgO-ROH was obtained from the calcination of
rehydrated Mg(OH), (commercial Mg(OH), which had been refluxed in water). The
preparation procedure has a direct influence on the surface area of MgO-COH and MgO-
ROH (MgO-ROH = 287 m* g, MgO-COH = 58 m? g™!) and consequently the activity of

the catalysts. However, when the conversion per unit area of catalyst is calculated MgO-
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ROH is still more active. This indicates that the surface area is not the only factor

responsible for the activity, and the water reflux step has additional benefits.

Figure 3.8 showed the results obtained from the reaction of benzaldehyde with different
alcohols over MgO-CBC. With the exception of 2-methyl-2-propanol, all other substrates
yielded a high reaction rate and selectivity. Although the selectivity of the reaction with
2-methy-2-propanol was high the conversion was only 2%. These catalytic activity
results can be explained in the light of a mechanism similar to that proposed previously
(Scheme 3.2),® where the hydrogen transfer is a concerted process that takes place via a
six-member intermediate formed between alcohol and benzaldehyde. The rate-
determining step of the process is considered to be related to the interaction of the
alcohol with basic sites, which causes dissociation to the corresponding alkoxide. In the
proposed scheme, the surface-adsorbed alkoxide, forms from the alcohol, transfers a
hydride ion that attacks the carbonyl group. For 2-methyl-2-propanol, no hydrogen is
available to form a six-member intermediate, which explains the low conversion
(Scheme 3.3). 2-butanol had a higher selectivity than 1-butanol, which is in agreement
with the finding of Figueras®: i.e. the best hydrogen donors are secondary alcohols with
primary alcohols yielding aldehydes which are more prone to undergo cross-aldol

condensations and Tishchenko reactions with the substrate.
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Figure 3.7 Selectivity for the MPV reaction of benzaldehyde with 2-butanol over MgO;
() MgO-CBC, (@) MgO-RBC, (O) MgO-CC, (<>) MgO-COH, (A) MgO-ROH, ([O)

MgO-FOH, (A) MgO-OX.
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Scheme 3.2 Mechanism of the MPV reaction studied
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Figure 3.8 Conversion and selectivity data for the MPV reaction of benzaldehyde with
different alcohols over MgO-CBC; (M) 1-butanol, (@) 2-butanol, (A) 2-methyl-1-

propanol, (’) 2-methyl-2-propanol; Solid symbols refer to conversion, open symbols

refer to selectivity.

The reusability of the MgO-CBC was investigated by recovering the catalyst after
running a reaction of benzaldehyde with 2-butanol for Smin. The conversion and
selectivity for the first use of MgO-CBC was presented in entry lof table 3.3. The
catalyst was washed with acetone (10 ml) for three times, refluxed in water (10 ml) for 3
h, dried in oven (24 h) and finally calcined at 450 °C for 2 h. The surface area of the
material (287 m? g™') was found to be the same after the reactivation procedure as it was
before the initial run (Table 3.1). When the reactivated MgO was used as a catalyst for

the same reaction, the activity was the same as that seen for the first reaction (conversion:

88.0%; selectivity: 98.7%).
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Scheme 3.3 Intermediate for the reaction with 2-methyl-2-propanol

Table 3.3 Catalytic activity and selectivity of MgO-CBC compared to literature data.’

Reaction
Entry Alcohol Conversion Selectivity
time
1 2-butanol 5 min 92.2% 99.2%
2 2-butanol lh 99.9% 97.4%
3 2-butanol® 10h 98.7% 90.3%
4 1-butanol 5 min 87.2% 93.2%
5 1-butanol lh 99.3% 88.6%
6 1-butanol® 10h 75.2% 58.6%

2 Reference,’ reaction conditions: 0.003 mol benzaldehyde; 0.06 mol alcohol; Reflux

temperature; 1 g CaO.

The performance of MgO-CBC was compared with previously reported literature studies
(Table 3.3).> CaO has been proved to be the most active catalyst among the five
heterogeneous base catalysts, including MgO prepared from commercially available
Mg(OH),, CaO/Al,03, MgO/Al,0; and Mg/Ga,0; from the corresponding hydrotalcite
precursors. From the comparative data presented in Table 3.3, it is clear that MgO
prepared by the methodology describe here gives a superior catalytic performance for the

MPYV reaction. Under the reaction conditions, 10h was needed to reach high conversion
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in the presence of CaO, while 1h for MgO prepared in this study. Furthermore, the

amount of CaO was four times that of MgO.
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Figure 3.9 The effect of air on the activity of MgO for the MPV reaction of

benzaldehyde with 2-butanol; (M) freshly calcined, (®) open to air for 5 h.

It was observed that MgO catalysts rapidly deactivate if they are left exposed to the
atmosphere. Figure 3.9 shows the catalytic results for freshly calcined MgO (cooled
down to r.t in furnace) and the same sample used after having been left in contact with
the atmosphere for additional 5 h. The activity of the former MgO sample is higher than
the latter and less than the one cooled down to 280 °C (Figure 3.6, MgO-CBC). In order
to study the effect of CO, and H,O on activity of MgO, TGA and DTG curves of MgO

cooled down under different conditions were conducted (Figure 3.10).
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Figure 3.10 TGA (1) and DTG (2) curves of MgO cooled under different conditions; (a)

Fresh MgO cooled down to 280 °C in furnace, (b) sample a cooled to room temperature

in static air.
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Figure 3.10 (c) sample a cooled to room temperature in CO, and H,O vapour, (d) sample

a cooled to room temperature in N, and H,O vapour.

MgO cooled down to 280 °C (Figure3.10, a) lost weight at about 520 °C at which the
little MgCOs left decomposed. However, all of the other three samples lose weight below
520 °C. This infers that the sample, cooled down to 280 °C, adsorbed far less CO, or
H;0 than the other three samples. Both MgO cooled to room temperature in air (Figure
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3.10, b) and in CO; and H,O (Figure 3.10, c) lose weight at similar temperature, which is
different from that in N, and H,O (Figure 3.10, d). The results show that both CO, and
H,0 deactivate the activity of MgO and in order to achieve a good catalyst performance
the MgO samples must be freshly calcined before use, or kept in a sealed environment,

away from the atmospheric moisture and CO0,.b

To determine whether increasing the base strength of the catalyst improved performance,
lithium was doped on the prepared various MgO. The addition of lithium to MgO caused
a loss of surface area (Table 3.4) compared with the unmodified MgO. For example, the
surface area of Li/MgO-CBC is 164 m? g, whereas that of the parent MgO-CBC is 288

m® g'; Li/MgO-CC is 186 m? g, but that of the parent MgO-CC is 229 m® g™

oot Loal A A

10 30 50 70 90 110

Figure 3.11 XRD patterns of Li/MgO.

The XRD diffraction pattern of Li/MgO (Figure 3.11) shows that the major phase is that
of parent MgO (Figure 3.3 and 3.4). However, in the former diffraction pattern, low
intensity diffraction peaks occur at the low 20 value (21°, 29° and 30°), which do not

appear in the diffraction pattern of the parent MgO. The XRD structure shows that the
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mainly structure of Li/MgO is that of parent MgO. However, the surface is changed a

little by the addition of lithium because the diffraction peaks occur in the low 20 value.

The activity of Li/MgO is tested and compared with that of parent of MgO (Figure 3.12).
Both of the conversion and selectivity in the presence of Li/MgO are lower than that of
parent MgO. Doping with lithium, Li/MgO-CC decrease the conversion from 98.9% to
55.6% in 2 h and the selectivity from 97.9% to 80.2% compared to the undoped MgO-
CC. Using an alternative preparation method gave similar results with the conversion
decreasing from 99.9% to 85.2% and selectivity from 98.0% to 83.4%, when MgO-CBC
is doped with Li (Li/MgO-CBC).The decrease in conversion can be ascribed to the
decrease of the surface area when the lithium is added to the catalyst. The decrease in
selectivity is resulted from the increase in the basic strength. The higher basic strength of
Li/MgO increases the conversion of by-product, an aldol condensation between
benzaldehyde and butanone. For this reason, the selectivity to the MPV product
decreased. When the yield was calculated in terms of the number of moles of product m™
h™', the addition of lithium did not improve the performance of the MgO. This indicates
that the basic strength of the catalyst does not improve this reaction and that having a

high surface area material is much more important.
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Figure 3.12 Comparison of the conversion and selectivity for the MPV reaction over
MgO-CBC and MgO-CC, compared with their Li-doped counterparts; (A) MgO-CBC,
(®) Li/MgO-CBC, () MgO-CC, (@) Li/MgO-CC; Solid symbols refer to conversion,

open symbols refer to selectivity.

Table 3.4 BET surface area of 2 wt % Li/MgO.

Catalyst Support Sget (m* g'l)
Li/MgO-CBC MgO-CBC 164
Li/MgO-CC MgO-CC 186
Li/MgO-0X MgO-0X 158
Li/MgO-COH MgO-COH 174
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3.4 Conclusions

Magnesium oxide with high surface area (229~312 m® g') was prepared by the thermal
decomposition of various precursors including (MgCO3)sMg(OH),, Mg(OH),, MgCO3
and MgC,04. The high area MgO displayed exceptionally high catalytic activity for the
liquid phase Meerwein-Ponndorf-Verley (MPV) reaction of benzaldehyde with different
alcohols. The effect of the calcination temperature and precursor source on the catalytic
activity and morphology of MgO has been investigated in detail. It was found that the
optimum calcination temperature was 450 °C leading to the highest surface area material
which is the key controlling parameter for the catalytic activity of MgO for the MPV
reaction. Lithium doped magnesium oxide was also studied, but resulted in lower
conversion and selectivity than pure MgO, caused by a decrease in the surface area of the
doped material. The high area MgO catalyst could be reused without loss of catalyst

activity.
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Chapter 4 Michael addition and Knoevenagel condensation

Chapter 4

High surface area MgQO as a highly effective

heterogeneous base catalyst for Michael addition and

Knoevenagel condensation reactions

4.1 Introduction

We have found that magnesium oxide with a high surface area can be produced
(Chapter 3) and in this chapter, MgO was systematically investigated as a solid base
catalyst for Michael additions and Knoevenagel condensations, reactions which are

commonly used for the manufacture of fine chemicals.

The particular versions of the Michael addition studied was the addition of active
methylene compounds, alcohols and thiols to a,B-unsaturated carbonyl compounds, a
useful strategy for the construction of carbon-carbon bonds (Scheme 4.1). The
mechanism for such Michael additions involves the formation of an anion from the
active methylene compound, conjugate addition of this to the a,B-unsaturated carbonyl
compound and finally, product protonation.' The Knoevenagel condensation (Scheme
4.2) of active methlyene compounds and aldehydes is one of the most popular methods
of synthesizing functionalized alkenes. Basic catalysts can generate significant amounts
of carbanions from the active methylene compounds, which can then attack a carbonyl

group to give a condensed product.?
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Scheme 4.2

Base-catalyzed Michael additions and Knoevenagel condensations have been
extensively studied in homogeneous systems,>* but very few studies have employed
heterogeneous catalysts.5 To date the heterogeneous catalysts studied have shown either
low activity or have been prepared in a complex way®’ and to the best of our
knowledge, there are no reported studies, systematically dealing with the activity of
MgO in such Michael additions, especially which examine facts such as: the catalyst
preparation method, the reaction condition and, most important, the interaction between
MgO and the substrate. In homogeneous base-catalyzed systems, the reaction rate
increase with the pKa value (acid value) of the substrate and the basic strength of the
catalyst. In the heterogeneous base-catalyzed system, there have been no studies which
have systematically investigated the relationship between the acid value of the substrate
and the activity of MgO. This will be critical for preparing a successful solid basic

catalyst.
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In this chapter we investigate a high area form of magnesium oxide as a catalyst for a
number of different Michael additions and Knoevenagel condensations and it was
found to be very active and reusable. It was found that the activity of MgO, to a large
extent, depended upon the solvent and the structure of substrate. The effect of substrate
acidity in the heterogeneous system over MgO is different from homogeneous base-
catalyzed systems. This discovery may be very helpful for future studies of other metal
oxide catalysts. Furthermore, we propose mechanisms for these reactions, over the

magnesium oxide catalyst. The activity of CaO was also investigated.

4.2 Experimental
The MgO catalysts used in this study were obtained by calcination of the precursors
commercially available (MgCO3)sMg(OH),, or rehydrated Mg(OH), at 450 °C for 2

hours. The heating ramp used in all cases was 10 °C/min.

CaO was prepared as follows. Commercially available Ca(OH), (10 g) was calcined at
600 °C for 3 h. Distilled H,O (50 ml) was slowly added to the CaO. The resulting
mixture was stirred for 2 h to make sure that CaO completely reacted with H,O, then
filtered, dried in oven, finally calcined at different temperature (200 °C ~ 800 °C) in

static air for 2 h at the ramp of 10 °C min.

4.2.1 Michael addition

The reactions were carried out in a standard round bottom glass flask equipped with a

vertical condenser at room temperature under vigorous stirring. Reactions were
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performed with 2 mmol of acceptor and 2 mmol of donor using 0.2 g of catalyst in 2 ml

toluene or 5 ml acetonitrile at room temperature for the specified time.

4.2.2 Knoevenagel condensation

The reactions were carried out in a standard round bottom glass flask equipped with a
vertical condenser at room temperature under N, atmosphere and vigorous stirring.
Reactions were performed with 2 mmol of acceptor and 2 mmol of donor using 0.05 g
of MgO catalyst in 2 ml DMF or 5 ml methanol at room temperature for the specified

time.

Samples were taken periodically and injected off-line into a GC equipped with a DB-5
capillary column and an FID detector. The yield of product was compared with 'H-
NMR. The identification of the products was carried out using a Perkin-Elmer

Turbomass GC-MS and 'H-NMR.

4.3 Results and discussion

4.3.1 Results obtained for the Michael addition reaction

Figure 4.1 presents the variation of the conversion of the chalcone and diethyl malonate
after 30 minutes of reaction, as a function of the calcination temperature. Calcination of
the catalyst below 400 °C, leads to very low conversion. For calcination temperatures
between 400-500 °C, the conversion reached maximum values. When the catalyst was
calcined above 500 °C, the activity of MgO decreased with increasing calcination

temperatures. For the MgO-ROH prepared from rehydrated Mg(OH),, the results are

98



Chapter 4 Michael addition and Knoevenagel condensation

consistent with changes in the surface area of the catalyst, which varies with calcination
temperature, following a similar trend to the conversion (Figure 4.1). For the MgO-
CBC prepared from (MgCO3)sMg(OH),, the results are also consistent with changes in
the surface area of the catalyst, except when the calcination temperature is 500 °C. The
surface area of MgO-CBC at 500 °C is 206 m*.g”, and 288 m>-g” at 450 °C. Although
the surface area is different for the two calcination temperatures, the activity is similar.
This implies that the surface area may not be the only factor which determines the
activity of MgO-CBC. The calcination temperature may affect the activity of the
number of active base sites and the strength of the basic sites, which requires further

study of the structure of MgO-CBC.
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Figure 4.1  The effect of the calcination temperature on the activity of MgO for the
Michael addition between chalcone and diethyl malonate, (M) (MgCO3);Mg(OH),, (®)
Rehydrated Mg(OH),; full symbols — conversion, open symbols — BET surface area.
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Table 4.1 Michael additions catalysed by MgO catalyst

Entry Acceptor Donor Solvent Time  Yields
(h) (o)
2 93
2° 95
e Diethyl 2b 95
I
1 /C=C\—C Toluene
ok malonate 48° 75
6° 96
8° 95
0.5 88
ﬁ Ethyl
2 Q—C=C—C@ Toluene
H \H cyanoacetate Complex
€
mixtures
0
Dimethyl ! 73
3 Toluene
malonate 10 90
(o]
4 [ ptoluenethiol ~ Toluene 0.5 100
CHs —————C——0CH,
(o]
5 O:——!—CH; Malononitrile Toluene 1 13
T’ 1.5 88
6 @—:—c@ Malononitrile ~ Acetonitrile
24 88

*HDT-F®, * HDT-'BuO®, © Using potassium tert-butoxide on xonotlite as catalyst7,

YHDT-OH’, ® Ba(OH),:1-1.5H,0".
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Results of the Michael addition reactions are presented in Table 4.1. The conversion
was calculated by the decrease in the amount of the o,B-unsaturated carbonyl
compound. The MgO was found to be an efficient and selective catalyst for 1,4-
addition to chalcone. The MgO was found to be more active compared with other
catalysts reported in the literature such as HDT-F, HDT-'BuO, HDT-OH, barium
hydroxide and xonotlite, or in examples of similar activity, it was prepared using a

much simpler procedure.

Table 4.2 Effect of the donor using chalcone as the acceptor

Entry Donor pKa® Solvent Time  Yields
(h) (%)
1 p-toluenethiol 10.3 Toluene 0.5 17
2 2,4-pentanedione 13.3 Toluene 0.5 (36) 0 (0)
3 5,5-dimethyl-1,3- 11.2 DMSO 0.521) 7(90)
cyclohexanedione

4 Ethyl acetoacetate 14.3 Toluene 0.521 0(
5 Nitromethane 17.2 Toluene 0.5 7
6 Malononitrile 11.1 Acetonitrile 0.5 80
7 Ethyl cyanoacetate 13.1 Toluene 0.5 88
8 Diethyl malonate 16.4 Toluene 0.5 69

% in DMSO

The activity of the catalyst was obtained for a number of different donor species (Table
4.2). The results show that the Michael additions were not affected by the pKa value of
the nucleophile. Theoretically, the lower the pKa value of the donor, the easier to

abstract the proton and, therefore, form the carbanion and perhaps the Michael adduct.
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Several structurally diverse nucleophiles such as malononitrile (Table 4.2, entry 5, pKa
= 11.1), ethyl cyanoacetate (Table 4.2, entry 6, pKa = 13.1) and diethyl malonate
(Table 4.2, entry 7, pKa = 16.4) underwent clean and remarkably fast Michael additions
to chalcone by this procedure (Scheme 4.1). However, 2,4-pentanedione (Table 4.2,
entry 2, pKa = 13.3) and ethyl acetoacetate (Table 4.2, entry 3, pKa = 14.3), which are
more acidic than diethyl malonate did not undergo fast Michael addition. In the case of
2,4-pentanedione, no conversion was obtained after the reaction had been running for

36 h. This low activity can be ascribed to the formation of a cis-enol 2b (Scheme 4.4).

R
>=>- R R R R
(0] R' —_— M E—————— )\/&
\H ...... 0/ 0 0 HO o
1b 1a
Scheme 4.3

R R' Y \r
M +Mg0 =/
o o —Mg—o—Mg—o——Mg—o—

2a

2b

Scheme 4.4
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Figure4.2 The effect of 2,4-pentanedione on the Michael addition between
chalcone and Diethyl malonate. (M) no 2,4-pentanedione, (@) 2,4-pentanedione were
added 10 minutes after running, (A) 2,4-pentanedione were added 10 minutes before

the addition of Diethyl malonate.

In general, 1,3-dicarbonyl compounds, which include B-diketones and B-keto-esters,
may exist in three tautomeric forms: the diketo form 1a, the cis-enolic form 1b, and the
trans-enolic form 1c (Scheme 4.3)."' Open-chain 1,3-dicarbonyl compounds are
observed in the trans-enolic form only in rare cases. In solution, such compounds
enolize practically exclusively to the cis-enolic form 1b, which is stabilized by intra-

molecular hydrogen bonding.

When MgO was added to the solution of 2,4-pentanedione, the new cis-enol 2b, which
is stabilized by the intra-molecular Mg-O bond, was presumably formed (Scheme

4.4)." This cis-enol is so strongly adsorbed onto the catalyst surface that the active site
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is blocked and the activity stops. To confirm this, three reactions between diethyl
malonate and chalcone were conducted as shown in Figure 4.2. For the reaction
conducted without 2,4-pentanedione, the conversion increased steadily with time,
however, when 2,4-pentanedione was added after running for 10min, the conversion
stopped and if the 2,4-pentanedione was added before the reaction began, the reaction

rate decreased dramatically.

In contrast, cyclic 1,3-dicarbonyl compounds, e.g. 5,5-dimethyl-1,3-cyclohexanedione
3a (Scheme 4.5), can only exist as frans-enols 3b (Scheme 4.5) and intra-molecular
hydrogen bonding is not possible. When MgO was added in the solution of 5,5-
dimethyl-1,3-cyclohexanedione, the cis-enol with an intra-molecular Mg-O bond is
therefore impossible. As predicted, it was found that the product of Michael addition
with 5,5-dimethyl-1,3-cyclohexanedione (Table 4.2, entry 3 ) can be obtained with high
conversion. The activity of nitromethane can be ascribed to the nitro < aci- nitro

tautomerism'? and low pKa value (Table 4.2, entry 5).

HsC CHs HaC CH,

3a 3b
Scheme 4.5
When methyl crotonate was used as acceptor, high conversion was obtained only with
p-toluenethiol (Table 4.3). Compared with chalcone, the charge of methyl crotonate at
the B-postion is less positive. Since the same MgO catalyst and reaction conditions

were used for these reactions, the proton-abstracting ability of the MgO did not change.
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Therefore, it can be proposed that proton abstraction is not the crucial step, hence, the
lower electrophilicity of the acceptor crotonate is probably the key factor preventing

reaction.

Table 4.3 Effect of the donor with methyl crotonate as the acceptor®

Entry Donor pKa" Time (h)  Yields (%)
1 p-toluenethiol 10.3 0.5 44
2 2,4-pentanedione 13.3 0.5 0
3 Ethyl acetoacetate 14.2 0.5 0
4 Nitromethane 17.2 0.5 0
5 Malononitrile 11.1 0.5 0
6 Ethyl cyanoacetate 13.1 0.5 0
7 Dimethyl malonate 16.4 0.5 0
8 Methanol 29 0.5 0

# Reactions were performed in 10 ml of solvent.
®in DMSO

One of the most important parameters for the success of the planned reaction is the
selection of a suitable solvent (Table 4.4). When chloroform or methanol was used as
solvent, the MgO was inactive but high conversion could be obtained using hexane as
solvent. Chloroform is an aprotic and acidic solvent with high electrophilicity. It tends
to coordinate strongly with anions, and consequently the attack of an anion onto a,B-
unsaturated carbonyl compounds was blocked. Methanol is an acid and protic solvent,
which stabilizes both anions and cations. Hexane is non-polar, essentially non-
solvating, does not undergo auto-ionization and plays a minimal role in the reaction.
However, the solubility of the product in hexane is low, which may enhance the

reaction rate.
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Table 4.4 Solvent effects for the Michael addition®

Acceptor Donor Solvent pKa Polarity Time (h) Yields (%)

Chloroform 4.1 2 no
Methanol 16 5.1 2 low

Ethyl acetate 25 4.4 2 50

Diethyl
Chalcone Acetonitrile 25 5.8 2 50
malonate

Toluene 40 24 2 66

Hexane 48 0 2 80

DMSO 30 7.2 2 8

? Reactions were performed in 10 ml of solvent.

Ethyl acetate, acetonitrile and toluene are aprotic and basic solvents, which tend to
coordinate strongly with cations. This should result in an increased basicity of the solid
base, MgO. In the case of toluene high conversions can be obtained and although the
highest conversions were obtained with hexane, toluene was selected as the solvent for

the Michael additions because of the toxicity of hexane.

In addition, the volume of the solvent used in the reaction affected the activity of the
MgO. For the Michael additions between chalcone and diethyl malonate, 1 ml toluene
per mmol of reactant gave rise to 93% conversion in 2 h, while 66% conversion was
obtained for 5 ml toluene per mmol of reactant. This may point to the reaction rate

being affected by the reactant concentration.

We also attempted to reuse the catalyst by a variety of methods (Table 4.5). Direct

reuse of the catalyst (Table 4.5, entry 2) led to a greater than 50% decrease in activity
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while the treatments indicated also resulted in lower conversions (Table 4.5, entry 3,4).
This phenomenon probably arose because the reactant and product were not
completely

desorbed from the MgO and therefore, the active sites were blocked. However, we
found that by washing MgO with toluene and then refluxing in water before
calcinations, the catalyst could be recovered and reactivated (Table 4.5, entry 5). The
activity and surface area for the freshly prepared and the reused catalyst are almost the
same. It should be noted that the catalytic activity also decreased when the calcined
catalyst was allowed to stand in air for a few hours before use, but such a loss of
activity was not observed when the catalyst was stored in a dessicator over molecular

sieves for one month.

Table 4.5 Michael addition between chalcone and diethyl malonate using fresh MgO

and reused MgO
Entry Catalyst SBET Time Yields (%)
(m*/g) (min)
1 MgO (1% use) 288 30 54
2 MgO*® (2nd use) ~ 30 25
3 MgO® (2nd use) 239 30 34
4 MgO° (2nd use) 165 30 32
5 MgO® (2nd use) 287 30 50

? MgO was washed 3 times with toluene. The MgO was separated from toluene by
centrifugation.

®MgO was washed with toluene before calcination.

° MgO was refluxed in toluene, filtered, washed with toluene and dried at 110°C. The

MgO was then refluxed in water before calcination.

4 MgO was washed with toluene, then refluxed in water before calcination.
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In order to study the effect of water in the solvent, three reactions were carried out. One
reaction was carried out in a dry solvent (CH3CN) and the other two in a solvent with
2% H,0 and 2% D,O added respectively. Figure 4.3 shows that the effect of both H,O
and D,O had on the reaction causing the rate to decrease initially; however, neither
influence the overall yield of the reaction. Considering that the content of water in
common solvents is less than 0.3%, for these reactions with MgO as catalyst solvents

can be used directly without drying.

100
80 b
604 =

40

Conversion/%
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Figure 4.3 The effect of H,O on the reaction between chalcone and malononitrile. (l)
dry conditions, (A) 0.2 ml H,0 added to the reaction mixture, (@) 0.2 ml D,0 added to

the reaction mixture.

NMR and MS showed that D,0 did not exchange proton with malononitrile, but did so
with the reactant chalcone and product. It can be deduced that the Michael addition is

an irreversible process, otherwise some of the malononitrile protons would have

exchanged with the deuterium from D,0.
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Since hydrogen of H,0 is replaceed by its isotope deuterium, the kinetic isotope effect
deserved to be considered. The kinetic isotope effect is a variation in the reaction rate
of a chemical reaction when an atom in one of the reactants is replaced by one of its
isotopes. An isotopic substitution will greatly modify the reaction rate when the
isotopic replacement is in a chemical bond that is broken or formed. In such a case, the
rate change is termed a primary isotope effect. When the substitution is not involved in
the bond that is breaking or forming, one may still observe a smaller rate change,
termed a secondary isotope effect. In this study, the substitution of hydrogen for
deuterium does not change reaction rate (Figure 4.3). The conversion in the presence of
H,0 is similar to that in D,O. The main reason may be that H,O is not the reactant of

the Michael addition.

4.3.2 Results obtained for the Knoevenagel condensation

reaction

Knoevenagel condensations involving aromatic carbonyl compounds with (a)
malononitrile and (b) ethyl cyanoacetate (Scheme 4.2) as the active methylene
compound were carried out at room temperature with MgO as catalyst and the results
are reported in Table 4.6. The aromatic aldehydes readily condensed with
malononitrile, while with ethyl cyanoacetate, the reaction was slightly slower. This may
be attributed to the fact that abstraction of a proton from the active methylene group of
ethyl cyanoacetate was relatively more difficult due to its lower acidity. As can be seen

from Table 4.6, all reactions proceeded selectively to the dehydrated products without
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any side reactions. The rate of reaction is high and was generally equal or better than

those reported in the literature (Table 4.7).

Table 4.6 The Knoevenagel condensation of aldehydes with ethyl cyanoacetate and

malononitrile.
R R’
Time Conversions Selectivity
Entry R R’ Solvent
>0 < (min) (%) %)
H CN
30 100
1 Ph CN methanol 100
S 94
2 Ph CO,Et DMF 30 97 100
3 @\ CN  DMF 30 100 100
o
4 ©\ CO,Et DMF 30 99.9 100
o
5 /l\/ CN DMF 60 99 100
6 /L/ CO,Et DMF 60 80 100
7 —_— CN DMF 30 88 100
8 — COEt DMF 30 76 100
9 -cCsHo- CN DMF 60 97 100
10 -cCsHjo- CO,Et DMF 60 23 100
\
11 CN DMF 120 50 57
X

12 CO,Et DMF 60 50 57
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Table 4.7 Comparison yields of MgO with different heterogeneous catalysts for the

Knoevenagel condensation between benzaldehyde and malononitrile.

Catalyst Catalyst Reaction Time Conversions Yields
amount condition (min) (%) (%)
(8)
MgO (this work) 0.05 r.t., 2mmol, 5 94
1.5ml methanol 30 100
MgO* 4 r.t., 10mmol 5 94
HDT" " 5 wt% 60°C 60 54
MgO® 13 5 wt% 60°C 60 62
NiAl HTc® !¢ 0.05 60°C 30 97
HDT-OH 0.05 rt,2mmol, 10ml 60 100
toluene
HDT-'Bu ¢ 0.05  rt,2mmol, 10ml 10 99
DMF
HDT-F® 0.035  rt,lmmol,Sml 15 100
DMF
Zeolite 7 50 wt% r.t., 1:1.3,MeCN 720 78
Resin '® 0.1 r.t, 10mmol, Sml 300 92
benzene
KF/ALO; ¥ 150 80
FAP/BTEAC/water 125 rt., 4 98
b20 1.5 mmol:2 mmol
ZnCl," 2! 0.136  100°C, 10mmol 10 91
Aminosilica * 0.25 r.t., 20mmol, 240 99
25ml solvent
AIPO,/ALO; "% 1.5 r.t., 10mmol 15 80
Na,Ca,P,0; % 0.04 r.t., 1.5mmol, 7 94
1.6ml CH;0H
Xenotlite® 0.1 r.t., 10mmol 1440 81

? Commercially available MgO.

® Reaction carried out in the absence of solvent.
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An attempt was made to check the reusability of the catalyst in the following manner.
The reaction was performed as usual for 30 minutes, then the stirring was stopped and
the reaction mixture was put in a centrifuge for 10 minutes. After the supernatant was
separated from the catalyst, DMF was added and the mixture stirred, centrifuged, and
separated a second time. Fresh reactants and solvent were added to the residual catalyst
and the reaction performed under identical conditions as before. As can be seen in
Table 4.8, the activity and selectivity of the catalyst was found to be almost the same.
The washing and relocation may result in some loss of catalyst, which probably
explains why the conversion using the recovered MgO was slightly lower than in the

case of fresh MgO.

The Knoevenagel condensation produces a large amount of water as a by-product.
When one molar reactant reacted, one molar of water will be produced. However the
reaction rate is very quick in the presence of MgO (Table 4.6). Furthermore, MgO
catalyst can be reused. Therefore, water does not appear to affect the activity of the

prepared MgO catalysts during the studied Knoevenagel condensation.

Table 4.8 The Knoevenagel condensation between benzaldehyde and ethyl

cyanoacetate with fresh MgO and reused MgO

Catalyst Time (min) Conversions (%)  Selectivity (%)
MgO (1st use) 30 94 100
MgO (2nduse) 30 90 100

Methanol is a good solvent for the reaction between benzaldehyde and malononitrile

(Table 4.9, entry 1). However, for the reaction between benzaldehyde and with ethyl
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cyanoacetate, MgO show no activity when methanol is the solvent; in contrast DMF is

found to be a good solvent with a high yield obtained after only 30 minutes.

Table 4.9 The effect of solvent on the Knoevenagel condensation reaction

Entry R R’ Solvent Catalyst Time Conversion Selectivity

amount (min) (%) (%)
Methanol
1 Ph CN 0.05¢g 30 100 100
(1.6ml)
DMF
0.05g, 30 94 100
(1.6ml)
DMF 0.05 30 77 100
(5ml) 0 30 30 66
DMF
0.05 30 69 100
(10ml)
2 Ph CO,Et
Toluene 0.05¢ 30 17
100
(1.6ml) 0.2¢g 30 60
Toluene
0.05 30 0
(10ml)
Methanol
0.05 30 0
(1.6ml)

Solvent volumes again affected the activity of MgO. When 0.8 ml of toluene per mmol
of reactant was used, it gave 17% conversion in 30 minutes, while no conversion was
observed when 5 ml of toluene per mmol of reactant was employed. Similar results
were obtained when DMF was used as solvent, with 0.8 ml of DMF per mmol of
reactant resulting in higher conversion than when 5 ml of DMF per mmol of reactant
was used. We can conclude that the higher the concentration of substrate, the higher the

reaction rate. It should also be noted that the selectivity to the adduct of the
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Knoevenagel condensation (Table 4.9, entry 2) was almost 100% in the presence of

MgO, but only 66% in the absence of MgO.

Table 4.10 The effect of the donor on the Knoevenagel condensation with

benzaldehyde
Entry Donor pKa* Time ( h) Conversions
(“o)
1 2,4-pentanedione 13.3 0.5 0
2 Ethyl 14.2 0.5 0
acetoacetate
3 Nitromethane 17.2 0.5 0
4 Malononitrile 11.1 0.5 100
5 Ethyl 13.1 0.5 97
cyanoacetate
6 Dimethyl 16.4 0.5 0
malonate
?in DMSO

Of the seven substrates tested, only malononitrile and ethyl cyanoacetate resulted in
high conversion (Table 4.10) and the other substrates gave rise to no Knoevenagel
condensation product. The formation of enol forms can explain the lack of reactivity of
2,4-pentanedione and ethyl acetoacetate, whereas the activity of nitromethane can be

ascribed to nitro <> aci-nitro tautomerism'? and its low pKa value.
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Knoevenagel condensation

Scheme 4.6

Michael addition

Scheme 4.7

The effect of the donor on the reaction may be used to determine the reaction

mechanism. Scheme 4.6 has been proposed by Moison'* as the mechanism for the

Knoevenagel condensation. The mechanism for the Michael addition (Scheme 4.7)

based on what that generally accepted. The intermediate (Scheme 4.6 and 4.7) can be

confirmed by the effect of the enol form. The formation of the intermediate needs the

interaction between acid sites (Mg”") and acceptor, the conjugated basic sites and anion

formed from methylene compounds. The formation of cis-enols between the open-chain

1,3-dicarbonyl compounds and the Mg®* active site stops the attack of acceptor on the

Mg?* active site, thus formation of intermediate.
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4.4 Activity of CaO

To determine the influence of the calcination temperature on the catalytic activity of the
CaO samples, Ca(OH), was calcined at different temperatures between 100 °C and 600
°C and then tested as a catalyst for the reaction of chalcone and diethyl malonate.
Figure 4.4 shows the conversion after 30 min reaction as a function of the calcination
temperature. These results show that CaO calcined at 400 °C was the most active
catalyst. When the calcination temperature was >400 °C, conversion decreased with

increasing the calcinations temeperature.

30
25-
20 .
15

104

Conversion/%

1 ' i v J v i M ] T ! ' '
200 300 400 500 600 700 860

Calcination temeperature/°C

Figure 4.4 Effect of the calcination temperature on the activity of catalyst CaO for the

Michael addition between chalcone and dimethyl malonate; ruuning time: 30min.

TGA shows the temperatures at which the Ca(OH), precursors decompose when heated
in a controlled environment (Figure 4.5). Water is removed from the precursors
between 350 ~ 460 °C. The thermal pre-treatment resulted in a change in the XRD

pattern, caused by the removal of H,O from the starting material (Figure 4.6). The
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Chapter 4 Michael addition and Knoevenagel condensation

diffraction patterns of the samples heated at temperatures < 400 °C were different from
that of CaQ, while samples activated at temperature > 400 °C displayed diffraction
reflections characteristic of CaO, which became, as expected, more crystalline with

increasing calcination temperature.
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Figure 4.5 TGA and DTG curves of Ca(OH),.
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The changes observed in the XRD patterns (Figures 4.6) coincided with a change in the
catalytic activity (Figure 4.4). Calcinations < 400 °C did not lead to the formation of
CaO, and, consequently, the catalytic activity was very low. The best catalytic
performance was obtained for calcination temperatures at 400 °C, when the XRD
patterns showed a poorly crystalline CaO together with a little higher surface area and
pore radius than CaO materials calcined at higher temperature (Figure 4.4 and 4.6 and
Table 4.11). The increase in calcination temperature led to a decrease in catalyst
activity as the CaO became more crystalline and the BET surface area and pore radius
decreased. It is clear that the crystallite size, surface area and pore radius, plays a key
role in determining the catalytic activity, as the highest activity of the catalyst was

obtained when the surface area of the catalyst and pore radius was at a maximum.
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Figure 4.6 The powder X-ray diffraction patterns of materials obtained by calcinning
Ca(OH), at different temperatures; (a) 100 °C, (b) 200 °C, (c) 300 °C, (d) 400 °C, (e)

500 °C, (£) 600 °C.
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Table 4.11 Textural properties of the CaO prepared from rehydration Ca(OH),

Calcination

Sper (m?/g) Va (cm’*/g)® rp (A)°
temperature
300 °C 24 0.0429 52
400 °C 45 0.0955 52
500 °C 34 0.073 52
600 °C 35 0.0661 52
700 °C 26 0.0411 52
800 °C 21 0.0303 12

2 Pore volume, ° Mean pore radius

The activity of CaO was compared with MgO for the Michael addition between
chalcone and diethyl malonate (Table 4.12). The conversion of reaction in the presence
of CaO was half of that MgO when same weight of catalyst (0.2 g) was used. With the
consideration of CaO which has lower surface area and larger molar molecular weight
than MgO, the activity of same surface area (0.28 g) and molar CaO (0.67 g) was
determined. When the catalyst amount of CaO increased from 0.2 g to 0.67g, the
conversion did not improved. This implies that the reaction rate was under diffusion
control when the catalyst amount was above 0.2 g. Since the activity of same surface
area (0.28 g) and molar CaO (0.67 g) to MgO is less than that of MgO, MgO was more
active than CaO.

Table 4.12 Comparison of activity between MgO and CaO for the Michael addition of
Chalcone and Diethyl malonate

Catalyst Amount(g) Sget (m*/g) Conversion (%)
MgO 0.2 288 50
0.2 45 26
CaO 0.28°
0.67°

* Same mole with MgO, ° Same surface area with MgO
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4.5 Conclusions

A simple preparation method for MgO producing a catalyst that exhibits a high activity
for base catalysed reactions is described. The experimental results showed that an
optimal calcination temperature in the range 400~500 °C gives poorly crystalline, high
surface area MgO that can be regenerated by washing and then reused. The catalytic
activity of the MgO for both Michael additions and Knoevenagel condensation was
found to compare favorably with previous studies using more complicated and
expensive catalysts. Indeed, the simplicity of the preparation and the ease of
reactivation after use may offer sufficient compensation to make MgO the base catalyst
of choice even if slightly better yields can be obtained with alternative catalysts. It was
found that the activity of MgO did not increase with the acidity of all the substrates, in
contrast to many homogeneous systems. The enol formation and solvent affect the
activity of MgO. The activity of MgO was compared with CaO. It was found that MgO

show higher activity than CaO.
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Chapter 5 Synthesis of B-keto 1,3-dithianes

Chapter 35

Svynthesis of B-keto-1,3-dithianes in the Presence of MgO

5.1 Introduction

B-keto-1,3-dithianes 2 are highly functionalized three-carbon units which are of much
importance as potentially useful synthetic intermediates.' For example, the 1,3-dithiane
substituent may, if desired, be hydrolyzed to a carbonyl group or converted into a
methylene group by reductive desulfurization.? Alkylation with this three-carbon unit

has also been utilized in several syntheses.?

S
—_—
R, % MgO M
R, R, Ry
1 2
a) R; =Me; R, =Ph DR, =EO;R,=H
b)R1=Ph;R2=Ph g)R1=MeO;R2=H

c)R; =H; R, =CsHy; h) R; = EtO; R, = Me
d)R;=Me;R,=SMe; 1) R;=MeO; R, =Ph
C)R1=MC;R2=H

Scheme 5.1
There are a number of methods available for the generation of -keto-1,3-dithianes 2.
Procedures reported for the preparation of these compounds include a-alkylation of

carbonyl compounds with 1,3-dithiane or its derivatives,>* nucleophilic addition of 1,3-

dithiane to epoxides followed by oxidation,’ conjugate reduction of a-oxo ketene dithio
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acetals,” and double Michael addition of 1,3-propanedithiol to a, B-acetylenic ketones 1
(Scheme 5.1).6 However, their synthesis is homogeneous and in most cases
complicated; certainly, most of the existing procedures are not especially

environmentally friendly.

In recent years, there has been increasing emphasis on the use and design of
environmentally friendly solid acid and base catalysts to reduce the amount of toxic
waste and by-products arising from chemical processes prompted by stringent
environmental protection laws.” Hence, reusable heterogeneous catalysts will have a

distinct advantage if they can match the performance of homogeneous catalysts.

However, to date, there is only one report about synthesising -keto-1,3-dithianes 2 by
Michael additions through the use of heterogeneous catalysts,® in which alumina was
used as a solid basic catalyst. The alumina was readily reused; however, a large amount
of alumina (7 equivalents) was used. There has been no other report of using a
heterogeneous basic catalyst to synthesis B-keto-1,3-dithianes 2. Magnesium oxide
(MgO) is a typical basic oxide (Hammet constant H- = +26.0)° and has the lowest
solubility among the alkaline earth oxides (MgO, BaO, CaO and SrO) and so can
potentially be reused as it will not be lost due to leaching into the reaction mixture.
Furthermore, MgO is inexpensive and easily obtained so that it could be applied in
large scale manufacture. In view of our success in using MgO as a basic catalyst in both
Knoevenagel and especially Michael additions, it appeared that this catalyst might be
useful for triggering the “double” Michael addition of 1,3-dithianes to propargylic

carbonyl systems to give f-keto-1,3-dithianes 2. In this chapter, the synthesis of B-keto-
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1,3-dithianes 2 was studied with this inexpensive and easily obtained heterogeneous

base catalyst (Scheme 5.1).

5.2 Experimental section

The catalysts used in this study were obtained by calcination of the precursors at 450
°C in static air for 2 hours (see Table 5.3 for precursor details), except MgO-AD and
MgO-RIB. MgO-AD was the commercially available MgO from Aldrich. MgO-RIB
was obtained by igniting Mg ribbon in air. The heating ramp used in all cases was 10

°C/min.

MgO (2.5 equiv. or 1.0 equiv.) was added in one portion to a stirred solution of a
propargylic carbonyl compound (1 mmol) and propane-1,3-dithiol (1 mmol) in THF (2
ml) at 0 °C (ice-water was used for cooling to avoid a rise in temperature). The cooling
bath was then removed and the mixture stirred at ambient temperature. In order to
follow the progress of the reaction, samples (about 0.5 ml) were withdrawn from the
reactor at specified times by syringe. Then the needle connected to the syringe was
removed and substituted by a syringe- driven filter. The catalyst was separated from the
sample by pushing the solution through the syringe driven filter. The filtrate was
divided into two parts. One part was directly injected into GC or GC-MS. The other
part was evaporated and the residue analysed by 'H-NMR and *C-NMR using CDCl;
as solvent. The conversion and selectivity were determined by this combination of GC
and '"H-NMR data. In this chapter, the GC program used was: column temperature was
from 60 °C holding 2 min. to 250 °C holding 10 min with ramp (10 °C/min) and

Iml/min flow rate of carrier gas. Injection temperature was at 250 °C.
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5.3 Results and Discussion

A series of substrates have been tested using MgO as the catalyst. After reaction, the
solution was filtered to remove the catalyst and solvent was evaporated. No further
purification was performed. The results (Table 5.1) showed that MgO is a very active
catalyst for the synthesis of B-keto-1,3-dithianes. Substrates (la-g) underwent clean
additions with propane-1,3-dithiol by this procedure to give the corresponding B-keto-
1,3-dithiane derivatives. The experimental procedure is very simple. The reactions are

fast, and the conversions and selectivities are good.

Ley et al. proposed the mechanism for the double conjugate addition of dithiols to
propargylic carbonyl systems to generate B-keto-1,3-dithianes 2 in the presence of
NaOMe. Based on the reference and our result, one mechanism was suggested for this
reaction in the presence of MgO (Scheme 5.2). Addition of a dithiol into the ynone
initially involves mono-deprotonation followed by addition to the ynone 1 (Scheme
5.1). After proton transfer occurs, both cis and trans isomers 4 of the a,B-unsaturated
carbonyl intermediate are formed from the allenic-enolate intermediate 3. The o.,p-
unsaturated carbonyl 4 are themselves substrates for a second conjugate addition, now
an intramolecular reaction, which gives the desired B-keto-1,3-dithianes 2 (path a).
However, this second addition competes with the reaction of substrate 5 with another
molecules of ynone to give dimeric side products 8 (path b), which are observed in

some cascs.

Very little amount of o,B-unsaturated carbonyl 4 was found in the '"H NMR spectrum
of 2f and 2g (Figure AS5.16 and AS5.20), which support the mechanism proposed

(Scheme 5.2). However, the reactions with 1a-e as substrates were so completed that no
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o,B-unsaturated carbonyl 4 was found. This suggested that esters 1f ethyl propiolate

and 1g methyl propiolate were less active than carbonyls 1a-e.
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Scheme 5.2 Proposed mechanism for the formation of B-keto-1,3-dithianes.
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Table 5.1 Synthesis of B-Keto-1,3-dithianes 2 in the presence of MgO-CBC

Entry Substrate Time (h) Catalyst Product Yield (%)
1a 2a
MgO (1.0
1 )Ol\ 0.5 equiv.) 98
Me X <i
A
Ph 24 NaOMe )(’ S e Ph 82
7 Ref. 6,10
1b 2b
0
2 Ph)\ 1 MgO /ﬁ\f 90"
Ph Ph Ph
Ref. 11
1c 2c
3 & 3 MgO /I(J)\;z 98
5H11 H CsH"
Ref. 12
1d 2d
4 Mej\ 1 MgO 95
SiMe, " Sitte,
le 2e
5 Mej\ 16 e/ﬁ\;z 90°
H M H
Ref. 4a
1f 2f
0 4 MgO A 95
H NaOMe (1.3 a
4 equiv) Et H 84
Ref. 6,10
1g 2g
7 Mnoj\ 2 MgO 85
. M H
Ref. 13

“Ref” refers to papers in which are recorded full characterisation data for this
compound, all of which matches those found in the present work.

? Reference 6;

®base on 'H NMR data and weight.
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Both substrates 1f ethyl propiolate and 1g methyl propiolate have the group RO
connected to C=0 and 1a-e do not. Two other substrates 1h ethyl-2-butynoate and 1i
methyl phenylpropiolate, with the group RO, were tested and resulted in low yields
(Table 5.2). Yields of 60~70% were obtained with 1h ethyl-2-butynoate as substrate,
and 30% yield for 1i methyl phenylpropiolate. The by-products for these two substrates
were the dimeric side products 8."° An increased production of side products can be
explained by the structural differences of the substrates. The major structure difference
of 1h ethyl-2-butynoate and 1i methyl phenylpropiolate from 1f ethyl propiolate and 1g
methyl propiolate is that R? was Me or Ph for 1h and1i, H for both 1f and 1g. Me or Ph
results in more steric hindrance than H, which makes it difficult for the a,p-unsaturated
carbonyl 5 to undergo an intra-molecular reaction. This gives the desired p-keto-1,3-
dithianes 2 (Scheme 5.2, path a); However, for the substrate 5 to react with another
molecule of ynoate to give dimeric side products 8 (Scheme 5.2, path b) is more

favourable.

o)
Me % R

Scheme 5.3 Scheme 5.4

In summary, it is clear that the ynones are more reactive than the corresponding esters,
the ynoates. Me has a slight positive inductive effect, which slightly reduces the
electron withdrawing power of carbonyl (Scheme 5.3). In the case of MeO, stronger
resonance (+ve mesomeric) can occur, which causes a much greater reduction in
electron withdrawal by the C=O. Therefore, the reaction rate is slower and there is

therefore, more opportunity for other reactions to occur (Scheme 5.4).
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Table 5.2 Dithiol additions tolh and 1i in the presence of MgO-CBC

- Entry Substrate Time Catalyst Product Yield *
(h) (%)
1 1h 4 MgO 2h 60~70

A

I
Eto/\ Eto/ﬁ\izMe
e
1i

Ref. 14~16
2 4 MgO 2i 30
MPO/K eo/ﬁ\ii
Ph M Ph

Ref. 17

“Ref” refers to papers in which are recorded full characterisation data for this
compound, all of which matches those found in the present work.
“base on 'H NMR data and weight.

Table 5.3 Dithiol additions to 4-phenyl-3-butyn-2-one 1a in the presence of MgO (1.0

equiv.) for 1h

Entry Precursors Sper (m* g'l) Yield (%)
MgO-RIB Mg ribbon 10 20
MgO-AD MgO (Aldrich) 25 0
MgO-CAD MgO (Aldrich) 25 66
MgO-COH  Mg(OH), (Fluka) 65 98
MgO-ROH  Mg(OH), (Fluka)

calcined at 600 °C for 2h,

reflux in H,O for 3h, 277 98

then dried in oven.
MgO-CBC  (MgCOs3);Mg(OH),

(Fluka) 288 98
MgO-0X MgC,04 312 98
MgO-CC MgCQ3 (Acros 229 08

Organics)

The activity of MgO is higher or comparable with that of the previously published
homogeneous base catalyst NaOMe (Table 5.1, entry 1).° When 1a was tested as
substrate and MgO as the catalyst, 98% yield was reached in 0.5 h, while for the

homogeneous base catalyst NaOMe, 24 h were needed to obtain these high yields
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although this time may not have been optimised. Furthermore, as far as the catalyst
amount is concerned, MgO catalyst amount (1.0 equiv.) is less than that of the
homogeneous base catalyst NaOMe (2.5 equiv.). For 1f as substrate (Table 5.1, entry
6), the reaction rate was quicker when MgO was used as catalyst than the homogeneous

base catalyst NaOMe.

However, a stoichiometric equivalent amount of MgO was used for the studied
reactions. The amount of MgO is so high that we can not formally assign the term
catalyst. Therefore, the amount of MgO needs to be optimized to ensure that the

reaction can proceed catalytically.

The effect of the MgO preparation method was also investigated (Table 5.3). MgO-
COH, MgO-ROH, MgO-CBC, MgO-OX and MgO-CC were active in the reaction
studied. When 2.5 equivalents of MgO were used, all the types of MgO, except MgO-
RIB and MgO-AD, can catalyze the reaction to 98% yield within 1h. When 1.0
equivalent MgO was used, MgO-RIB, MgO-AD and MgO-CAD were less active than
the others. The low activity of MgO-RIB and MgO-AD may be attributed to the fact
that these two catalysts were not degassed before testing. The conversion increased

from 0 to 66% when MgO-AD was transformed to MgO-CAD.

5.4 Conclusions
This is the first report of synthesising B-keto-1,3-dithianes 2 by Michael additions
through the use of heterogeneous basic catalyst MgO. It was proved that the activity of

MgO is higher than the previously published homogeneous catalyst NaOMe in some

reactions.
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Chapter 6

Transesterification of vegetable oil to biodiesel with
MgO as catalyst

6.1 Introduction

Since traditional fossil fuel resources are limited and greenhouse gas emissions are
becoming a greater concern, research is now being directed towards the use of
alternative renewable fuels that are capable of fulfilling an increasing energy demand.'
Vegetable oils are a renewable and potentially inexhaustible source of energy with an
energetic content close to diesel fuel. The use of vegetable oils as alternative fuels has
been around for 100 years when Rudolph Diesel, the inventor of the diesel engine, first
tested peanut oil in his compression ignition engine.> However, due to cheap petroleum
products, such non-conventional fuels never took off. With recent increases in
petroleum prices and uncertainties concerning petroleum availability, there is renewed
interest in vegetable oil fuels for diesel engines. The use of vegetable oils as an
alternative renewable fuel competing with petroleum was proposed in the beginning of

1980s.>

Although vegetable oils occupy a prominent position in the development of alternative
fuels, there have been many problems associated with using it directly in a diesel
engine. Two of the problems are the high viscosity (about 11-17 times higher than
diesel fuel) and lower volatilities of vegetable oils, which causes the formation of

deposits in engines due to incomplete combustion and incorrect vaporization
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characteristics. Different ways have been considered to reduce the high viscosity of

vegetable oils:

e Dilution of 25 parts of vegetable oil with 75 parts of diesel fuel,

e Microemulsions with short chain alcohols such as ethanol or methanol,

e Thermal decomposition, which produces alkanes, alkenes, carboxylic acids and
aromatic compounds,

e Catalytic cracking, which produces alkanes, cycloalkanes and alkylbenzenes, and

e Transesterification with methanol or ethanol.

Among the many ways and procedures to convert vegetable oil into a diesel-like fuel,
transesterification process was found to be the most viable oil modification process.*

This is an attractive alternative (or extender) to petrodiesel fuel due to well-known
advantages:5 (i) lower dependence on foreign crude oil, (ii) renewable resource, (iii)
limitation on greenhouse gas emissions because of the closed CO; cycle, (iv) lower
combustion emission profile (especially SOx),® (v) potential improvement of rural
economies, (vi) biodegradability, (vii) use without engine modifications, (viii) good
engine performance, (ix) improved combustion because of its oxygen content, (x) low
toxicity, and finally (xi) ability to be blended in any proportion with regular petroleum-

based diesel fuel.

Vegetable oils and animal fats are comprised of complex mixtures of triglycerides and
other minor components, such as free fatty acids (FFAs), gums, waxes, etc.
Triglycerides are esters of glycerol with three chains of aliphatic or olefinic FFAs of
variable length (12-24 carbons). Triglycerides must be converted to simple esters to

achieve desirable flow properties and combustion characteristics for use in diesel
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engines.” Biodiesel has been produced by transesterification of triglyceride (VOs) to
methyl esters with methanol in the presence of catalysts as illustrated by reaction
scheme 6.1. In transesterification, the triglyceride in vegetable oil reacts with an alcohol
to form a mixture of glycerol and fatty acid esters, called biodiesel. Complete
conversion of the triglyceride involves three consecutive reactions with monoglyceride
and diglyceride intermediates (Scheme 6.2). There are different processes that can be
applied to synthesize biodiesel: (i) base-catalyzed transesterification,® (ii) acid-
catalyzed transesterification,’ (iii) integrated acid-catalyzed pre-esterification of FFAs
and base-catalyzed transterification,'® (iv) enzyme-catalyzed transesterification,'' (v)
pyrolysis,® and (vi) supercritical alcohol transesterification.> At present, the most
common way to produce biodiesel is to transesterify triglyceride in vegetable oil or
animal fats with an alcohol in the presence of an alkali or acid catalyst.">

o

0

OH
/IL 0
(o] R +3
+ 3 OH ————— /u\
(o] R

OH

R=C4-C2

Triglyceride Glycerol Methyl esters
Scheme 6.1

Triglyceride + MeOH Diglyceride + MeOOR

Diglyceride + MeOH Monoglyceride + MeOOR

—

Monoglyceride + MeOH Glycerol + MeOOR

Scheme 6.2
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Conventional synthesis techniques rely on homogeneous catalysts. Base catalysis is
preferred to acid catalysed routes using sulphuric or sulfonic acids, which are more
corrosive with lower activities.'* Potassium hydroxide, sodium hydroxide, and their
carbonates, as well as sodium alkoxides such as NaOCH3;, are usually used as
homogeneous basic catalysts for this reaction.’>!” However removal of these catalysts
is technically difficult and brings extra cost to the final product. The production of
diesel from vegetable oil calls for an efficient solid catalyst to make the process fully

ecologically friendly.

Commercial homogeneous base-catalyzed transesterification of vegetable oil with
methanol was conducted at 60 °C and ambient pressure with a molar ratio of methanol
to triglyceride of 6:1 (this corresponds to two alcohols per ester group). Peterson et al.
has made attempts to use heterogeneous catalysts for the transesterification reactions,
which were conducted under the same reaction conditions to the homogeneous
catalysed system.18 In most of the experiments, the reaction proceeded at a relatively
slow rate. Due to the presence of heterogeneous catalysts, the reaction mixture
constitutes a three-phase system, oil-methanol-catalyst, which for diffusion reasons
inhibits the reaction. Nevertheless, the use of heterogeneous catalysts simplifies greatly
the technological process by facilitating the separation of the catalyst from the post

reaction mixture.

Efforts have been made to try and improve the mutual oil-methanol solubility for the
synthesis of biodiesel. Co-solvents, such as THF as well as hexane, can increase the
mutual oil-methanol solubility, and hence, the activity of the catalyst.'*?* Methanol-oil

ratio and reaction temperature are two variables that affect the activity of heterogeneous
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basic catalysts. Suppes et al. achieved conversion of 78% at 240 °C and >95% at 260
°C using calcium carbonate as a catalyst.2! At a high methanol to oil ratio of 275 and
22h of reaction time at methanol reflux, the cesium-exchanged NaX faujasites gave a
conversion of 70%, whereas 34% conversion was obtained by using hydrotalcite.?? In
addition to the above catalysts, several other heterogeneous base catalysts have been
developed to catalyze the tranesterification of vegetable oils to prepare biodiesel,
including alkali earth metal catalysts such as Mg0,%%?* Ba(OH),,"? Ca0'% as well as
Ca(OH)z,l9 zeolites,”’26 a zinc aluminium mixed oxide,27 Na/NaOH/y—Ale320 and

KF/ZnO.®

Magnesium oxide (MgO) is a typical basic oxide (Hammett constant, H- = +26.O)29 and
is inexpensive and easily obtained. In view of this, we consider that MgO has the
potential to be a reusable catalyst, and can be readily applied in large scale
manufacture. In this chapter, the effect of preparation and reaction conditions,
including: the methanol to oil ratio, the reaction temperature and the amount of catalyst,
on the activity of MgO was studied for the transesterification of vegetable oil. The
reuse of MgO was also studied. The results show that MgO made in a simple way can

be an active catalyst (Table 6.1, entry 11).

6.2 Experimental

6.2.1 Catalyst preparation

The catalysts prepared in Cardiff were obtained via the calcination of the commercially

available precursors (MgCO3)s-Mg(OH),, Mg(OH), (Fluka) and hydrotalcite in static air
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at different temperatures for 2 hours (see Chapter 2 for further details). The heating

ramp used in all cases was 10 °C/min.

The catalysts prepared by Johnson Matthey were obtained via the calcination of the
commercially available precursor (MgCO3)s-Mg(OH), (Alfa Aesar) in a flow of N, at

different temperatures for 2 hours. The heating ramp used in all cases was 4°C/min.

6.2.2 Transesterification reaction

6.2.2.1 Reaction performed at 60 °C

The reactions are carried out in a standard round bottomed glass flask equipped with a
vertical condenser at 60 °C under vigorous stirring. Typical reactions were performed
with 1ml of vegetable oil (100% rapeseed oil; Fluka or Lidl) and 10ml of methanol
(molar ratio of methanol to vegetable oil of 250:1) using 0.06 g of catalyst (Calcination

temperature 450 °C) at 60 °C for the specified time.

The reaction products were analysed using the following procedure. The samples are
separated from catalyst by syringe filters and the methanol removed using a vacuum
pump. The obtained product is added to deuterated chloroform for 'H-NMR? since the
by-product glycerol is immiscible with chloroform and does not interfere with the

detection of biodiesel.
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6.2.2.2 Reaction performed at 200 °C at Johnson Matthey

The autoclave is loaded with 220 g (0.250 moles) of rapeseed oil (ex-Cargill) and 49 g
(1.5 moles) of dry methanol. To this is added 10 g catalyst. The autoclave is then sealed
and purged three times with nitrogen gas, after this the vessel is left with a 10 bar

pressure and the stirrer set to approximately 300 rpm.

The temperature is set to 200 °C and the time taken as zero when the temperature
reaches 200 °C. The heating rate is 5 °C/min. In total the reaction run for 15 minutes
after which time the heat is turned off. The reactor is cooled down to room temperature
by a water bath. It takes about 20 min to make the reactor temperature below 100 °C,

and 1h to room temperature.

The resulting product consisted of two layers that are separated in a separating funnel
and the lower (glycerol) layer discarded. The biodiesel product layer is diluted to
exactly 500 ml in a volumetric flask with HPLC grade THF and then 10 ml of this

solution was pipetted and then diluted to 100ml in a second volumetric flask.

Three filtered and undiluted samples from this second flask were analysed by HPLC.

6.2.2.3 Reaction performed at 200 °C in Cardiff University

The autoclave is loaded with 27.3 g (0.03 moles) of rape seed oil and 7.3 ml (0.18
moles) of methanol. To this is added 1.33 g catalyst. The autoclave is then sealed and
purged three times with Helium gas, after this the vessel is left with a 10 bar or 50 bar

internal pressure and the stirrer set to approximately 1000 rpm.
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The temperature is set to 200 °C and time is taken as zero once the temperature reached
200 °C. The heating rate is 5 °C/min. In total the reaction ran for 15 minutes after
which time the heating is turned off and the autoclave quickly cools in an ice water
bath.

The reaction products are analysed using the following procedure. The samples are
separated from catalyst and glycerol by centrifuge. The glycerol could be separated
because it is insoluble in the esters and has a much higher density. Then methanol is
removed using a vacuum pump and the obtained product added to deuterated
chloroform for 'H-NMR to determine the yield to methyl ester. The degree of

transesterification achieved is calculated by comparison with reference samples.>

6.2.3 Analytical monitoring of biodiesel production

Various analytical methods have been developed for analyzing mixtures containing
fatty acid esters and mono-, di-, and tri-glycerides obtained by the transesterification of
vegetable oils, such as TLC,** GC,** HPLC,* GPC,*” '"H NMR* and NIR*. In this
study, '"H NMR and HPLC have been used to analyse the transesterification reactions.

HPLC is calibrated by referral to standard samples and provides more accurate results

than NMR.

6.2.3.1 '"H NMR analysis™

The signal due to methylene protons adjacent to the ester group in triglycerides appears
at 2.3 ppm and after reaction the methoxy protons of the methyl esters appear at 3.7

ppm (Figure 6.1, 6.2, 6.3 and 6.4). Gelbard ef al. have reported a method using the
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areas of the signals of methylene and methoxy protons to monitor the yield of
transesterification.

A simple equation is given by the authors:

)x 100%

2
Yield = v
Where 4, , is the area of the signal corresponding to the protons of the methyl esters

(the strong singlet); and 4, , is the area of the signal corresponding to the protons of

the methylene protons. The factors 2 and 3 are derived from the fact that the methylene
carbon possesses two protons and the alcohol (methanol derived) carbon has three

attached protons.

—O0—CH

—O—CH

CH,—(CH,)x —(CH =CH—CH,),—(CH,),— CH,——C— O0—CH,
23t || 4.1-4.4

0—CH,
3.7(s)

CH;—(CH,),—(CH==CH—CH,),—(CH,),—— CH,
2.3(tr)

O=—0

Figure 6.1 Assignment of chemical shifts of protons in transesterification reactions.
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6.2.3.2 High performance liquid chromatography analysis

HPLC can determine the content of each compound in the mixture of fatty acid esters
and mono-, di-, and tri-glycerides. This means that the conversion and selectivity of the
reaction can be obtained by this method, which is an improvement on '"H NMR that can
only determine the yield the reaction. As shown in Figure 6.5, the larger the molecular
weight of the chemicals, the longer the retention time of the compounds. The retention
time of fatty acid esters and mono-, di-, and tri-glycerides are found to be 31.70 min.,

30.65 min., 28.71 min., and 27.65 min, respectively.
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Figure 6.5 HPLC result example.
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6.3 Results and Discussion

6.3.1 Reaction performed at 60 °C

When a small amount of catalyst was used the maximum product yield could not be
reached. However, increasing the amount of catalyst lead to the slurry (mixture of
catalyst and reactants) becoming too viscous, giving rise to a problem of mixing and a
demand of higher power consumption for adequate stirring. To avoid this kind of
problem, an optimum amount of catalyst loading is determined. As shown in Figure
6.6, the yield increase with increasing the catalyst loading weight up to 0.06 g.
However, the yield does not increase when the catalyst loading weight is above 0.06 g.
Getting the reactants to and from the catalyst becomes the rate determining step (mass
transport limitation) which is why adding more catalyst doesn’t have an effect.

Therefore, the optimum catalyst loading amount is found to be 0.06 g in this system.

60-
50 -
40

30 -

Yield/%

201

104

L T

000 002 004 006 008 010
Catalyst loading weight/g

Figure 6.6 Effect of the amount of catalyst on the biodiesel production conversion

Reaction condition: methanol/VO molar ration 250:1, reaction temperature 60 °C,

reaction time 1h.
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The experimental results detailing the influence of the methanol:oil molar ratio on oil
conversion are reported in Figure 6.7. It is shown that the reaction cannot operate in the
presence of MgO when the methanol:oil ratio is too low. When the methanol:oil molar
ratio is ' 6:1, almost no conversion is obtained as methanol and vegetable oil are
immiscible.” The conversion increases with increasing methanol:oil molar ratio, and
reaches a maximum when the ratio is above 200. This phenomenon is not only due to
the weaker solubilization of the oil in methanol. By contrast, glycerol could act as a

poison since, once formed, it precipitates readily, whereas it is soluble in methanol/oil

ratios over 30.

60 .
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40 -

Yield/%
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204

50 100 150 200 250 300
The methanol-to-oil molar ratio

Figure 6.7 Effect of methanol:oil ratio. Reaction condition: reaction temperature 60 °C,

reaction time 1h.

To overcome the mixing problem, an appropriate co-solvent n-hexane (hexane:oil ratio
5:1) is introduced to the reaction running at 60 °C with 6:1 methanol:oil molar ratio in
the presence of MgO. For both of these two reactions, yield < 1% is obtained after

running 3h. Therefore, co-solvent n-hexane does not improve the yield for reaction

running at 60 °C.
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The 100% rapeseed oil from Fluka (£20 per litre) is far more expensive than the 100%
rapeseed oil from a supermarket (£0.60 pre litre), for example Lidl or Tesco. In order to
know the effect of vegetable oil from different manufacturers, the activity of oil from
Fluka and supermarket is tested (Figure 6.8). As shown in Figure 6.8, the oil conversion
increases with time, 94% is reached after running for 4h. The oil from Lidl and Fluka
shows similar activity. This means that biodiesel can be synthesised with the ordinary

vegetable oil from supermarket using MgO as catalyst.

100

—s— Fluka oil
—e— | idl oil
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Figure 6.8 Effects of the reaction time on the conversion to methyl esters. Reaction
condition: methanol/VO molar ration 250:1, reaction temperature 60 °C.

The influence of reaction temperature has been investigated (Figure 6.9). The
temperature was actually the flask temperature. The conversion increases with
temperature up to 60 °C (oil bath temperature). Above 60 °C, there is no apparent
increase of conversion. Since the boiling point is 64 °C, the bath oil temperature >
60°C, at which methanol refluxes, does not affect the actual reaction temperature. It

explains why the yield does not change when the bath oil temperature is above 60 °C.
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Calcined commercially available (Aldrich) and laboratory made hydrotalcite
(Mg¥"AP**=3:1) is studied for the synthesis of biodiesel (Figure 6.10). Calcined
laboratory made hydrotalcite show similar activity to MgO (Figure 6.8). Both of those
result in 90% under the running condition. However, < 5% yield is obtained when
calcined commercially available hydrotalcite is used as catalyst. The difference of
activity between the commercially available and laboratory made hydrotalcite may be
ascribed to the difference of their structure. Further work is needed to investigate the

structure difference between commercially available and laboratory made hydrotalcite.

704
60: .
501
0]

304 s

Yield/%

201
104

04

T v T M ) v T M i v T

20 ' 30 40 50 60 70 80
Bath oil temperature/°C

Figure 6.9 Effects of reaction temperature on the conversion to methyl esters.
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1001

Yield%

Calcined Hydrotalcite

Figure 6.10 Activity of calcined hydrotalcite (Calcination temperature 450 °C).
Reaction condition: methanol/VO molar ration 250:1, reaction temperature 60 °C,
reaction time 3h. (i) Calcined laboratory made hydrotalcite, (ii) Calcined commercially

available hydrotalcite

Because vegetable oils and alcohols usually contain water, the influence of the presence
of water on MgO has been investigated. In order to investigate the effect of H,O, wet
methanol (80% methanol/20% H,0 by volume) has been used to make biodiesel with
vegetable oil in the presence of MgO. Compared to the 90% conversion obtained with
pure methanol, almost no conversion is found after 3h reaction with the wet methanol.
The low conversion could result from the fact that the presence of a large amount HO
could deactivate MgO for the reaction running at 60 °C. Serio et al. has tested the effect
of water in the biodiesel synthesis under 200 °C. They reported that the activity of MgO
was not affected by the presence of an excess of water (water concentration 10
000ppm).” However, the activity of the catalyst used in IFP technology is strongly

reduced by the presence of water and a water concentration of < 1000 — 1500 ppm must

be used.*?
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Figure 6.11 Influence of calcination temperature, surface area and pore size

distribution: (a) Yield and surface area versus calcination temperature, (b) Yield and

pore radius versus calcination temperature. Reaction conditions: 200 °C for 15min in

the presence of catalyst. (@) Yield, (M) BET surface area, (A) Mean pore radius.
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Table 6.1 Textual structure of MgO-CBC obtained from (MgCQO3)4-Mg(OH), (Fluka)®
Surface

Calcination T Va [0.7ads] Va [0.98des] rp (A)*

0 Area 3,-1yb 3,-1yb

('O 2 1 (em’g™) (em’g™)

(m°g"™)

350 13 0.01 0.06 108
400 53 0.04 0.11 50
450 292 0.21 0.32 25
550 213 0.21 0.33 34
600 166 0.19 0.30 38
650 110 0.13 0.27 51
700 72 0.11 0.26 76
750 51 0.05 0.24 99
800 17 0.01 0.08 110

? Perpormed at a Micromeritics ASAP 2400 from Johnson Matthey
® Pore Volume
° Average Pore Radius

6.3.2 Reaction performed at 200 'C

Since MgO showed low activity for reaction running at 60 °C and low methanol oil
ratio, the activity of MgO was tested at 200 °C and a low methanol:oil ratio (6:1 or
12:1). The reaction has been running at Cardiff University and Johnson Matthey
concurrently. The difference in the running conditions used was; catalysts were
calcined in static air at Cardiff University and in N, at Johnson Matthey; the product

was analysed using NMR at Cardiff University and HPLC at Johnson Matthey.

6.3.2.1 Results obtained at Cardiff University

Figure 6.11 presents the variation of the yield of transesterification of vegetable oil to
biodiesel after 15 minutes of reaction, as a function of the calcination temperature.
Calcination of the catalyst below 400 °C, leads to low yield, whereas for calcination

temperatures between 550 and 700 °C, the conversion reaches maximum values. When
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catalyst is calcined above 750 °C, activity of MgO decreases with increasing
calcination temperatures.

The results are not consistent with changes observed in the surface area of the catalyst,
which varies with calcination temperature (Figure 6.11, a; table 6.1). From the BET
surface area results, the largest surface area is found when the calcination temperature
is 450 °C. The surface area decreases with increasing the calcination temperature.
However, the highest ester yield is found when the calcination temperature is between
550 °C to 700 °C. The low activity of MgO calcined at 350 °C, 400 °C, 750 °C and 800
°C may be ascribed to its low surface area. However, the activity of MgO calcined at
450 °C is lower than that calcined at 550 °C, which can not be explained by the lower
surface area since the surface area of MgO calcined at 450 °C (292 ng'l) is higher than
that at 550 °C (213 m%g™). It implies that for the biodiesel reaction the yield does not
only depend on the surface area of the catalysts. This phenomenon was different from
the reactions, using smaller reactants, such as Michael addition (Figure 4.1) and MPV
reduction (Figure 3.1), for which the activity of MgO is consistent with changes in the

surface area.

In contrast to the pore radius r, and pore volume Va of each material calcined at
different temperatures, we find that the pore size and pore volume changes as the
calcination temperature increases until 800 °C where, the pores collapsed (Figure 6.12,
b; table 6.1). At calcination temperature 350 °C, the pore radius 1, is 108 A. The pore
radius r, decreases to 25 A with calcination temperature increasing to 450 °C. Above
450 °C, the pore radius r, increases to 108 A with increasing the calcination
temperature. The pore radius r, at calcination temperature 350 'C mainly comes from

the pores among the particles of the precursor (MgCO;3)4-Mg(OH),. Above 400 °C, a
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large amount of pores with lower radius are formed, caused by the removal of CO, and
H,O from the precursor. Above 550 °C, rearrangement of surface and bulk atoms also
occurs in addition to desorption of CO, and H,O, which is evidenced by a decrease in

the surface area and pore volume, and an increase in the pore radius.
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Figure 6.12 Yield of triglyceride to methyl esters versus calcination temperature for
two methanol oil ratios: (a) 6:1, (b) 12:1. Reaction condition: 200 °C for 15min in the
presence of catalyst (Johnson Matthey).
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The pore radius 1, of MgO calcined at 550 °C is 34 A, which is higher than that
calcined at 450 °C (25 A). The lower pore radius r, can explain the low activity of MgO
calcined at 450 °C. However, this is not true, since MgO calcined at 750 °C and 800

°C, which show lower activity than calcined at 550 °C, have higher pore radius r;.

Since the texual structure in the surface area, pore radius and pore volume can not
explain the activity of MgO, which change with calcination temperature, other
structural factors may affect the activity of MgO. Amoung them are the number and
basic strength of basic sites. As the calcination temperature increases, the molecules
covering the surfaces are successively desorbed according to the strength of the
interaction with the surface sites. The molecules weakly interacting with the surfaces
are desorbed at lower calcination temperatures, and those strongly interacting desorb at
higher temperatures. The sites that appeared on the surface by calcination at low
temperatures are suggested to be different from those that appeared at high
temperatures. If simple desorption of molecules occurs during pretreatment, the basic
sites that appeared at high temperatures should be strong. However, rearrangement of
surface and bulk atoms also occurs during calcination in addition to the desorption of

the molecules, which results in a decrease of the of number of basic sites.> ?

Coluccia and Tench proposed a surface model for MgO.*® There exist several Mg-O ion
pairs of different coordination numbers. Ion pairs of low co-ordination numbers exist at
corners, edges, or high Miller index surfaces of the (100) plane. Different basic sites
generated by increasing the calcination temperature appear to correspond to the ion
pairs of different coordination numbers. However, the correspondence between the

catalytically active sites for different reaction types and the co-ordination number of the
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ion pairs is not definite yet. Among the ion pairs of different co-ordination numbers, the
ion pair of 3-fold Mg®* - 3 fold O* is the most reactive and adsorbs carbon dioxide
most strongly. To reveal the ion pair Mg**3. — 0%, the highest calcination temperature
is required. At the same time, the ion pair Mgz’}c - 02'3c is the most unstable. The
Mg®*3. and 0%, tend to rearrange easily at high temperature. The appearance of such
highly unsaturated sites by the removal of carbon dioxide and the elimination by the
surface atom rearrangement compete. Such competition results in the activity maxima

as the pre-treatment temperature is increased.

Therefore, for the synthesis of biodiesel, number and basic strength of basic sites decide
the activity of MgO. Below calcination temperature 400 °C , the number and basic
strength of basic sites is low, which lead to the low activity. At 450 °C, the number of
basic sites may be high because of the high surface area, but the basic strength is low.
Between 550 °C and 700 °C, the number and basic strength of basic sites is high
enough to result in high activity. Above 750 °C, the number of basic sites is low, which
result in low activity. Accordingly the yields of the reactions increased until the
calcination temperature reached 550 °C and dropped dramatically when the calcination

temperature is above 750 °C.

6.3.2.2 Results obtained at Johnson Matthey

The activity of materials obtained by calcining the commercially available
(MgCO3)4Mg(OH), (Alfa Aesar) in a flow of N, at 350, 450 and 600 °C for 2h has
been tested under at 200 °C with a methanol:oil ratio (6:1 and 12:1) for 15min. The
mass balance and yield of biodiesel and intermediates are shown in appendix two

(Table A6.1 to A6.8).
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The surface area, pore volume and pore radius results are shown in table 6.2. The
surface area changes with calcination temperature which was measured at 21 m’g” at
350 °C, 142 m%g™ at 450 °C, and 117 m’g" at 600 °C. The pore volume and pore radius
also change with calcination temperature. Pore radius is 80 A at 350 °C, 36 A at 450
°C, and 61 A at 600 °C. The trend of surface area and pore radius with calcination
temperature are similar to MgO calcined in static air (Table 6.2). However, the absolute
value of the surface area is lower than that prepared in static air. The surface area is 142
m?g”! calcined at 450 °C in flowing N,, but 292 m?g” in static air. The difference of
surface area result from the ramp, 4 °C/min in flowing N, and 10 °C/min in static air.
Ramp 4 °C/min will result in longer time reaching to the calcination temperature than
Ramp 10 °C/min. The longer time will decrease the surface area and increase the pore

radius. The reason for this has been explained in section 6.3.2.1.

Table 6.2 Textual structure of MgO-CBC obtained from (MgCO3)sMg(OH), (Alfa
Aesar)?

Calcination T Surface Va [0.7ads] Va [0.98des] Tp A)*
‘0 Area (cm’gh)® (em’ghHP®
(m’g™)
350 21 0.02 0.08 80
450 142 0.13 0.25 36
600 117 0.12 0.35 61

? Perpormed at a Micromeritics ASAP 2400 from Johnson Matthey
® Pore Volume
¢ Average Pore Radius

158



Chapter 6 Synthesis of biodiesel

Figure 6.12 presents the variation of the conversion and yield of transesterification of
vegetable oil to biodiesel after 15 minutes of reaction, as a function of the calcination
temperature and methanol:oil ratio. It was found that the relationship between
calcination temperature and activity are similar for materials calcined in N, and air
(Figure 6.11, a). For example, the MgO prepared at 600 °C both under N, and air
resulted in 80% yield. Furthermore, the conversion and yield increased with increasing

calcination temperature, reaching a maximum at 600 °C (Figure 6.12).
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Figure 6.13 Activity of materials obtained by calcining MgC,04 under N, and air

for the transesterification of vegetable oil to biodiesel. *!

The activity of MgO is affected not only by the preparation condition but also the
precursors. Wang et al. have studied the activity of MgO produced from MgC,04
(Figure 6.13).4! They found that the activity of MgO was affected by the calcination
temperature and the calcination atmosphere. The yields of the reaction catalysed by the
samples calcined under N, are much lower than the ones calcined under air, which

indicates that the two types of samples calcined under air and N; are not the same
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materials. Activity of MgO prepared from commercially available Mg(OH), is also

studied (Figure 6.14). The activity of MgO calcined at 600 °C is higher than 450 °C.

The trend is similar to that of MgO from commercially available (MgCO3)4-Mg(OH)s.

Yield/%

Calcination temperature/°C

Figure 6.14 Activity of materials obtained by calcining commercially available

Mg(OH),: (i) 450 °C and (ii) 600 °C

The methanol:oil ratio of 12:1 resulted in a higher yield and conversation than 6:1
(Figure 6.12). For example, an 82% yield is obtained for a methanol:oil ratio of 12:1
(Figure 6.12, b), while a 68% yield is obtained with a methanol:oil ratio of 6:1 under
the same reaction conditions (Figure 6.12, a). This can be explained by the fact that
glycerol could act as a poison since, once formed, it precipitates readily at a

methanol:oil ratio of 6:1, whereas it is more soluble when the methanol:oil ratio was

12:1.
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Table 6.3 Comparison of activity between MgO and other reported heterogeneous

basic catalysts.
Reaction = Methanol Co-
Entry  Catalyst Conversion  Selectivity Yield Ref
T :oil solvent
. A variety of 60 °C 6:1 low 8
catalysts
Zeolitesand 60 ~150 6:1 40~100%, 24~96%,
2 metal °C 24h 26
catalysts
Na/NaOH 60 °C 9:1 n- 90%, 2h
3 on alumina hexane 20
Cs- Methanol  275:1 70%, 96%, 22h;
exchanged reflux 22h; 98%, MgO.
NaX 34%,
4 faujasites; hydrotalcite; 22
commercial * MgO,
hydratalcite; 65%.
MgO
s KNO;/ALO Methanol  15:1 87%, 7Th Not 14
3 reflux available
Calcined Methanol 15:1 67%, 9h Not
6 Hydrotalcite reflux available 30
; KF/ZnO Methanol 10:1 87%, 9h Not 28
reflux available
Calcium 240 °C 10:1 78%, 18min  Not
8 carbonate available 21
rock
None 280 °C 24:1 Super- 98%,
critical 10min
9 31
MeOH
and CO,
None 350 °C 42:1 Super- 96%, 400
10 critical s 32
MeOH
. MgO 60 °C 250:1 90%, 3h
200 °C 12:1 99%,15min 80%

? Selectivity data was not available
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MgO show high activity with 99% conversion and an 82% yield obtained within 15
minutes (Appendix two, table A6.8). Without a catalyst, the conversion (15%) and
yield (2%) is very low (Appendix two, table A6.5). Compared with references (Table
6.3), MgO show high activity. Furthermore, MgO was prepared in a simple way.
Although no catalyst was needed under supercritical condition, the special alloy such as
Hastelloy was required for the reaction vessel (Table 6.3, entry 9 and 10). Additionally,
the biodiesel produced was thermally deteriorated. Therefore, MgO is an efficient

catalyst for the synthesis of biodiesel.

6.4 Reuse of MgO

In industry, heterogeneous catalysts are expected to be used for a long time without
leaching in a continuous reactor, i.e. fixed bed. The following experiments are an

investigation and simple simulation of the industrial process of catalyst recycling.

The recycling reactions were carried out under the same conditions as mentioned

before, with reaction temperatures of 60 °C and 200 °C.

For the reaction run at 60 °C, MgO recycling was studied in the following way. The
reactions were performed with 1 ml of vegetable oil and 10 ml of methanol (molar ratio
of methanol to vegetable oil 250:1) using 0.06 g of catalyst at 60 °C. After running for
3h, the MgO was separated from solution using a centrifuge. The recovered MgO was
washed using methanol (5 ml), chloroform (5 ml) and methanol (5 ml) respectively
three times. The reason that methanol and chloroform were used for washing is that the
glycerol is miscible with methanol but not chloroform; the oil and product is miscible
with chloroform not methanol. It was found that chloroform would deactivate the MgO,

so methanol was used for washing again after chloroform. After the MgO was washed,
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the same amount of oil and methanol was added and the reaction was run under the
same conditions as the first run. It was found that the conversion of oil decreased from

90% (1 run) to 1% (2" run). The loss could result from the presence of glycerol or

chloroform.

For the reaction run at 200 °C, the reaction conditions were as follows. The autoclave
was loaded with 27.3 g (0.03 moles) of rapeseed oil and 14.6 ml (0.36 moles) of
methanol. To this was added 1.33 g catalyst and the reaction run for 15 min at 200 °C.

MgO recycling was studied in two ways. After running, the solution was separated
from the catalyst. As the products are very viscous and the catalyst cannot be separated
by being left to stand for a few hours or even over night, the catalyst was separated

from the product by filtration. The remaining catalyst was washed by THF (5 ml) and

MeOH (5 ml) for three times.

Yield/%

i ii iii iv
Reused times

Figure 6.15 Reuse of MgO: (i) 1* use, (ii) 2™ use, (iii) 3™ use and (iv) 4™ use.

After that, the same amount of rapeseed oil and methanol was added. Then the reaction
was conducted under the same conditions as the first run. It was found that the yield of

biodiesel decreased from 76% (1% run) to 50% (2™ run).
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In order remove errors associated with the loss of MgO between runs caused by
filtering and washing, a second method was used. The exact yield (1% run) was obtained
under the above reaction conditions. Then a second run was conducted under the above
conditions except that a larger amount of MgO was used. The catalyst from this run
was filtered and washed, but the yield was discarded. After that, the solid was dried in
an oven overnight and re-calcined under the same conditions as the original catalysts
using exactly the same amount of catalyst. The catalyst was reused in the way for four
times (Figure 6.15). It was found that the yield decreased with increasing number of
reuses. The deactivation of the catalyst can be ascribed to structural changes in the
catalyst because the calcination time increased with increasing number of reuses, and
the surface area of MgO decrease with increasing calcination time (Chapter 3). The
problem of deactivation can be solved by re-hydration of MgO (chapter 4). In this way,
the surface area and structure of MgO can be reformed; hence the activity of MgO will

not decrease.

6.5 Conclusions

The reaction temperature used affected the activity of MgO, a higher yield was
obtained at 200 °C when compared to 60 °C. The methanol:oil ratio was found to be an
important variable influencing the yield. A methanol:oil ratio of 250:1 resulted in high
yield for the reaction temperature at 60 °C, but high yield can be obtained when

methanol oil ratio was 6:1 or 12:1 at 200 °C.

The preparation method and calcination temperature are found to have a strong

influence on the catalytic activity of MgO as catalysts for the transesterification of
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vegetable oil to biodiesel. A calcination temperature of 550 - 700 °C resulted in MgO
with high basic strength and basic sites, and hence, highest catalytic activity.
Calcination atmosphere has no strong effect on the activity of MgO prepared from

(MgCOs3)4-Mg(OH),, but affect the activity of MgO from MgC,04.

The reuse of MgO has been studied. Further work is needed to study the method

regenerating MgO.

Finally, MgO catalysts are more affected by the presence of water for reaction running

at 60 °C than 200 °C.
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Chapter 7

Conclusions and future work

We systematically studied the preparation method of magnesium oxide as cheap
heterogeneous basic catalysts, and find a very simple method to obtain MgO with high
surface area and high catalytic activity. Furthermore, the structure of MgO has been
characterized using many techniques, such as BET, TGA, XRD and SEM. In order to
investigate in detail the catalytic activity of the prepared MgO, four different liquid
phase reactions were chosen as model reactions. These were Meerwein-Pondorf-Verley
reaction, Michael addition, Knoevenagel condensation, transesterification of vegetable
oil to biodiesel and synthesis of B-Keto 1,3-dithianes. The reaction mechanism in the
presence of MgO, and the relationship between structure and activity of MgO has been
studied. It was found that the activity and structure of MgO can be affected by

precursors, preparation method and reaction conditions.

7.1 Structure of MgO

TGA shows the temperatures at which the MgO precursors decompose when heated in
a controlled environment. Water is removed from the precursors between 250 ~ 400 °C,
whereas carbon dioxide is lost between 325 ~ 550 °C. Thermal pre-treatment results in
a change in the XRD pattern, which is caused by the removal of CO, and H,0 from
starting materials. The diffraction patterns of the samples heated at temperatures < 375
°C are different from that of MgO, while samples calcined at temperatures > 400 °C
display diffraction reflections characteristic of MgO, which became, as expected, more

crystalline with increasing calcination temperature.
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The surface area of MgO is affected by the temperature and duration of calcination and
different precursors. Below 400 °C, the surface area is low. Above 400 °C until 500 °C,
high surface area is obtained. Surface area decreases with increasing calcination
temperature. Surface area also decreases with increasing calcination duration. For
example, surface area of MgO-CBC calcined at 600 °C decreases from 126 ng'l to 79
m’g” when duration increases from 2 h to 12 h. Another factor, which affects the
specific surface area, is the precursor. Specific surface area of MgO-COH (58 m’g™) is

far lower than that of MgO (229~312 m?g™) prepared from other precursors.

The pore radius r, and pore volume V, of each material calcined at different
temperatures changes as the calcination temperature increases until 800 °C, at which
point the pores collapsed. At a calcination temperature of 350 °C, the pore radius r, is
108 A. The pore radius r, decreased to 25 A with calcination temperature increasing to
450 °C. Above 450 °C, the pore radius r,increases to 108 A with increasing calcination
temperature. The pore radius r, at a calcination temperature of 350 °C mainly comes
from the pores among the particles of the precursor (MgCOj3)s-Mg(OH),. Above 400
°C, a large amount of pores with lower radius are formed, caused by the removal of
CO; and H;O from the precursor. Above 550 °C, rearrangement of surface and bulk
atoms also occurs in addition to desorption of CO, and H,0, which is evidenced by a
decrease in the surface area and pore volume, and an increase in the pore radius.

SEM images of MgO materials and precursors have been obtained. They reveal that the
size and morphology of the catalysts produced are very strongly influenced by the
morphology of the catalyst precursor, which is retained during the calcination

procedure.
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The number and basic strength of basic sites are affected by the calcination
temperature. As the calcination temperature increases, the molecules covering the
surfaces are successively desorbed according to the strength of the interaction with the
surface sites. The molecules weakly interacting with the surfaces are desorbed at lower
calcination temperature, and those strongly interacting desorbed at higher temperatures.
The sites that appear on the surface by calcination at low temperatures are suggested to
be different from those that appeared at high temperatures. If simple desorption of
molecules occurs during pretreatment, the basic sites that appeared at high temperatures
should be strong. However, rearrangement of surface and bulk atoms also occurs during
calcination in addition to the desorption of the molecules, which result in a decrease in

the number of basic sites.

7.2 Model reactions

7.2.1 MPYV reactions

Magnesium oxide with high surface area (229~312 m? g™!) was prepared by the thermal
decomposition of various precursors including (MgCO3)sMg(OH),;, Mg(OH),, MgCO3
and MgC,0;. The high area MgO displayed exceptionally high catalytic activity for the
liquid phase Meerwein-Ponndorf-Verley (MPV) reaction of benzaldehyde with
different alcohols. At the optimum condition, 99% conversion and 97% selectivity are
obtained within 1 h running time. The effect of calcination temperatures were studied, it
was found that the optimum calcination temperature was 450 °C which led to the
highest surface area material. This was the key controlling parameter for the catalytic

activity of MgO for the MPV reaction.
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Choice of precursor affected the activity of the MgO catalysts prepared. Besides MgO-
COH, other MgO show similar activity, which is higher than that of MgO-COH. The
low activity of MgO-COH is ascribed to its low surface area and preparation method.

The high area MgO catalyst could be reused without loss of catalyst activity.

The affect of different alcohol reactants were studied. The activity of MgO was found
to be influenced by the structure of the alcohols. For alcohols with same molecular
weight, the ability to donate hydrogen and form a six-member intermediate affected the

activity of MgO catalysts, which is discussed in Chapter 3.

Lithium doped magnesium oxide was also studied, but this modification resulted in
lower conversion and selectivity than pure MgO. This was caused by a decrease in the
surface area of the doped material and increase in the basic strength. It was found that
the basic strength of the catalyst did not influence this reaction and that having a high
surface area material was much more important. The addition of lithium to MgO caused
a loss of surface area compared with the unmodified MgO. And the decrease of
selectivity was as a result of the aldol condensation reaction being favoured and the
selectivity to the MPV product decreased. Since the MPV reaction can be catalysed by
solid base and acid catalyst and the increase in the basic strength will result in a
decrease of selectivity to MPV product.

It was observed that MgO catalysts rapidly deactivate if they were left exposed to the
atmosphere. The effect of CO, and H,O on the activity of MgO was studied. The results
showed that both CO, and H,O deactivated the MgO and in order to achieve a good
catalyst performance the MgO samples must be freshly calcined before use, or kept in a

sealed environment, away from the atmospheric moisture and CO,.
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7.2.2 Michael additions and Knoevenagel condensation

A simple preparation method for MgO producing a catalyst that exhibits a high activity
for base catalysed reactions is described. The experimental results showed that an
optimal calcination temperature in the range 400~500 °C gave poorly crystalline, high
surface area MgO that can be regenerated by washing and then reused. The catalytic
activity of the MgO for both Michael additions and Knoevenagel condensation was
found to compare favourably with previous studies using more complicated and
expensive catalysts. Indeed, the simplicity of the preparation and the ease of
reactivation after use may offer sufficient compensation to make MgO the base catalyst

of choice even if slightly better yields can be obtained with alternative catalysts.

It wad found that the activity of MgO did not increase with the acidity of all the
substrates, in contrast to many homogeneous systems. Enol formation and solvent
(pKa, concentration and structure) affected the activity of MgO. The effect of enol
formation has been systematically studied, which has led to the suggested reaction

mechanism in the presence of MgO.

Calcium oxide (CaO) can be prepared in a similar way to MgO. The activity of MgO
was compared with CaO with these reactions. It was found that MgO showed higher

activity when compared to CaO for these reactions.

7.2.3 Synthesis of p-Keto-1,3-Dithianes

This is the first report of the synthesis of B-keto-1,3-dithianes by Michael additions

through the use of heterogeneous basic catalyst such as MgO. It was proved that the
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activity of MgO was higher than the previously published homogeneous catalyst
NaOMe in a number of reactions. A yield of 98% was obtained within 0.5 h running

time in the presence of a prepared MgO catalyst.

The effect of the substrates structure has been investigated. Ynones are more active
than ynoates because ynoates have the group RO connected to C=O and Ynones do not,
but have Me. Me has a slight positive inductive effect, which slightly reduces the
electron withdrawing power of carbonyl. In the case of MeO, stronger resonance (+ve
mesomeric) can occur, which causes a much greater reduction in electron withdrawal
by the C=0. Therefore, the reaction rate is slower and there is more opportunity for the
formation of the intermediate (o.,B-unsaturated carbonyl 4 and dimeric side products 8).
Formation of the two intermediates was helpful to suggest a reaction mechanism in the

presence of MgO catalyst.

Precursor and preparation method have been shown to affect the activity of the MgO
catalyst. MgO-COH, MgO-ROH, MgO-CBC, MgO-0OX and MgO-CC are more active
in the reaction studied than MgO-RIB and MgO-AD. The low activity of MgO-RIB and

MgO-AD was suggested to be due to their low surface area.

7.2.4 Transesterification of vegetable oil to biodiesel

The reaction temperature used affected the activity of MgO, a higher yield was
obtained at 200 °C when compared to 60 °C. The methanol:oil ratio was found to be an
important variable influencing the yield. A methanol:oil ratio of 250:1 resulted in a

high yield for the reaction temperature at 60 °C, however, a high yield can be obtained
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when methanol oil ratio is 6:1 or 12:1 at 200 °C. A yield of 80% biodiesel can be
obtained at 200 °C in 15 minutes in the presence of a MgO catalyst. The activity of
MgO catalyst is high and the preparation method was simple, compared with the

reference catalysts (Table 6.3).

The preparation method and calcination temperature are found to have a strong
influence on the catalytic activity of MgO as catalysts for the transesterification of
vegetable oil to biodiesel. A calcination temperature range of 550 - 700 °C resulted in
an MgO with high number of basic sites with high strength and, and hence, highest
catalytic activity. The calcination atmosphere has no strong effect on the activity of
MgO prepared from (MgCO3)s-Mg(OH),, but was found to affect the activity of MgO
from MgC,04. The yields of the reaction catalysed by the samples from MgC;04
calcined under N, are much lower than the ones calcined under air. This indicated that

the two resulting samples are not the same materials.

The reuse of MgO has been studied. Further work is needed to study the method
regenerating MgO. MgO catalysts are more affected by the presence of water for

reaction running at 60 °C than 200 °C.

7.3 Future work

Further work is needed to study the relationship between activity of MgO and
calcination temperature. The activity maxima appear at different catalyst pre-treatment
temperatures for different reaction types: 450 °C for MPV reaction and Michael
additions; 550 - 700 °C for transesterification of vegetable oil to biodiesel. Different

basic sites generated by increasing the pre-treatment temperature appear to correspond
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to the ion pairs of different coordination numbers. However, the correspondence
between the catalytically active sites for different reaction types and the coordination

number of the ion pairs is not definite yet.

Further work is also needed to study the method regenerating MgO for
transesterification of vegetable oil to biodiesel. The studied MgO catalyst activation
procedure is at 600 °C, which cause the decrease of surface area. Regardless of the

recycle method, the activity of fresh MgO catalyst can not be regenerated.

As vegetable oils and alcohols commonly contain water, the influence of the presence
of water on MgO deserves further investigation. It was found that MgO catalysts were
more affected by the presence of water for reaction running at 60 °C than 200 °C.
Therefore, further work is needed to study the effect of water for the reaction,

transesterification of vegetable oil to biodiesel.
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Appendix One

Product analysis and characterization

AS.1 Product (2a) with 4-phenyl-3-butyn-2-one 1a as the substrate

Figure AS.1 gives the GC result with 1a as the substrate. For the blank reaction, only
the reactant peaks appear and no product was obtained. When the MgO was used as
catalyst, no reactant peak appeared and only product was obtained.Figure AS.2 and
Figure AS.3 showed the MS spectrum and '"H-NMR pattern of product characteristic of

2a.

AS.2 Product (2b) with diphenylpropynone (1b) as the substrate

The high boiling point of 2b made it impossible to determine the conversion by GC.
Therefore, the yield was calculated based on the '"H NMR data. Figure A5.4 shows the
'H-NMR pattern was characteristic of the product 2b. As shown in Figure A5.4, pure

2b was obtained almost no reactant left.

AS5.3 Product (2¢) with 2-octynal (1c) as the substrate

Figure AS.S gives the GC result with 1¢ as the substrate. For the blank reaction, only
the reactant peaks appear and no product was obtained. When the MgO was used as
catalyst, no reactant peak appeared and only product was observed.Figure AS5.6 and
Figure A5.7 show the MS spectrum and 'H-NMR pattern of product characteristic of

2c¢.

AS5.4 Product (2d) with 4-(trimethylsilyl)-3-butyn-2-one (1d) as the substrate
Figure A5.8 gives the GC result with 1d as the substrate. For the blank reaction, only

the reactant peaks appear and no product was obtained. When the MgO was used as
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catalyst, no reactant peak appeared and only product was obtained. Figure AS.9, Figure
A5.10 and Figure A5.11 showed the MS spectrum and 'H-NMR and >’C-NMR patterns

of product characteristic of 2d respectively.

AS.S Product (2¢) with 3-butyn-2-one (1e) as the substrate

After a solution of 1e and 2e were injected in the GC, there was no peak corresponding
to these observed. This may be ascribed to the fact that these two chemicals were
unstable at high temperature, since the injection temperature and column temperature
were high. Therefore, the yield was calculated based on the 'H NMR data. Figure
A5.12 and Figure AS5.13 show 'H-NMR and C-NMR patterns of product
characteristic of 2e. As shown in Figures A5.12 and AS.13, pure 2e was obtained and

almost no reactant was left.

AS.6 Product (2f) with ethyl propiolate (1f) as the substrate

Figure AS5.14 gives the GC result with 1f as the substrate. For the blank reaction, only
the reactant peaks appear and no product was obtained. When the MgO was used as
catalyst, no reactant peak appeared and only product was obtained.Figure AS5.15, Figure
A5.16 and Figure AS.17, respectively, show the MS spectrum, 'H-NMR and *C-NMR

patterns of the product characteristic of 2f.

AS.7 Product (2g) with methyl propiolate (1g) as the substrate

Figure AS.18 gives the GC result with 1g as the substrate. For the blank reaction, only
the reactant peaks appear and no product was obtained. When the MgO was used as
catalyst, no reactant peak appeared and only product was obtained.Figure AS5.19, Figure
A5.20 and Figure A5.21 show the MS spectrum, 'H-NMR and >C-NMR patterns of

product characteristic of 2g.
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Appendix 1 Product analysis and characterisation

AS.8 Product (2h) with ethyl-2-butynoate (1h) as the substrate

Figure A5.22 gives the GC result with 1h as the substrate. For the blank reaction, only
the reactant peaks appear and no product was obtained. When the MgO was used as
catalyst, no reactant peak appeared and only product was obtained. Figure AS.23,
Figure A5.24 and Figure AS5.25 showed the MS spectrum and '"H-NMR and “C-NMR

patterns of product characteristic of 2h respectively.
AS.9 Product (2i) with methyl phenylpropiolate (1i) as the substrate

Figure A5.26 and Figure A5.27 showed the "H-NMR and '*C-NMR patterns of product

characteristic of 2i respectively.
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Figure AS.1 GC result with 1a as the substrate: (1) blank; (2) with MgO-CBC catalyst.

Retention time 4.07: 1,3-propanedithiol; Retention time 9.21: 1a; Retention time 14.69:

2a.
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Appendix 1 Product analysis and characterisation
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Appendix 1 Product analysis and characterisation
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Figure AS5.5 GC result with 1c as the substrate: (1) blank; (2) with MgO-CBC catalyst.

Retention time 5.19: 1,3-propanedithiol; Retention time 6.73: 1¢; Retention time 18.90:

2c.
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Figure AS.8 GC result with 1d as the substrate: (1) blank; (2) with MgO-CBC catalyst.
Retention time 5.19: 1,3-propanedithiol; Retention time 4.57: 1d; Retention time 17.05:

2d.
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Product analysis and characterisation
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Product analysis and characterisation

Cucctat ¥ata Pacamttocs
e nlidlll
nm un

—_— 3emi.me>

—— 2es3.®3e

[ ] 1 }
02 - hequiaibion Pacamltees
fate_ wnm
lim u.R
i apill
Wl Smhill
st 13
" 16
N 195840 %t
n nx
n LU e
e CIRO] {]
[ i l
1 > ‘: A N
T | EAARRAREA T RARRARAAN | AARARAARS AASAARAAN  ARARBARAS RARRAARA RARARAAR N RAARARAALS

W
:

85

sl oy ¢

il @ o

)l |8 d n
o

Figure A5.12 'H-NMR pattern of 2e

190
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Product analysis and characterisation
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Figure AS.14 GC result with 1f as the substrate: (1) blank; (2) with MgO-CBC

catalyst.

Retention time 5.17: 1,3-propanedithiol; Retention time 15.59: 2f.
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Figure AS.18 GC result with 1g as the substrate: (1) blank; (2) with MgO-CBC

catalyst. Retention time 4.82: 1,3-propanedithiol; Retention time 14.03: 2g.
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Figure AS5.22 GC result with 1h as the substrate: (1) blank; (2) with MgO-CBC
catalyst. Retention time 4.68: ethyl-2-butynoate; retention time 5.17: 1,3-

propanedithiol; retention time 15.31: 2h.
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Appendix 2 HPLC results for biodiesel synthesis

Appendix Two
HPLC results for transesterification of vegetable oil to

biodiesel

Table A6.1

Reaction at 200 °C for 15mins — Blank; methanol:oil ratio (6:1)

Sample 1 Sample 2
Mass of triglyceride 172.250 173.875
Mass of diglyceride 30.925 31.250
Mass of monoglyceride 4,625 4.575
Mass of methyl ester 13.350 13.550
Moles of triglyceride 0.15972 0.19757
Moles of diglyceride 0.05009 0.05061
Moles of monoglyceride 0.01304 0.01290
Moles of methyl ester 0.04530 0.04598
Yield of triglyceride 78.24 78.98
Yield of diglyceride 13.35 13.49
Yield of monoglyceride 1.74 1.72
Yield of methyl ester 6.04 6.13
Mass balance 99.36 100.31
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Appendix 2 HPLC results for biodiesel synthesis

Table A6.2

Reaction at 200 °C for 15mins — catalyst *; methanol:oil ratio (6:1)

Sample 1 Sample 2
Mass of triglyceride 120.625 121.325
Mass of diglyceride 42.475 42.250
Mass of monoglyceride 11.025 10.925
Mass of methyl ester 33.650 33.650
Moles of triglyceride 0.13706 0.13786
Moles of diglyceride 0.06880 0.06843
Moles of monoglyceride 0.03108 0.03080
Moles of methyl ester 0.11418 0.11418
Yield of triglyceride 54.78 55.10
Yield of diglyceride 18.33 18.23
Yield of monoglyceride 4.14 4.10
Yield of methyl ester 15.21 15.21
Mass balance 92.47 92.65

* obtained by calcination of the precursors commercially available (MgCOs)sMg(OH),

(Alfa Aesar) in flow N, at 350 °C for 2 hours.
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Appendix 2 HPLC results for biodiesel synthesis

Table A6.3

Reaction at 200 °C for 15mins — catalyst *; methanol:oil ratio (6:1)

Sample 1 Sample 2

Mass of triglyceride 100.325 97.075
Mass of diglyceride 35.100 32.675
Mass of monoglyceride 12.750 13.500
Mass of methyl ester 63.225 64.100
Moles of triglyceride 0.114 0.1103
Moles of diglyceride 0.05685 0.05292
Moles of monoglyceride 0.03594 0.03806
Moles of methyl ester 0.2145 0.2175
Yield of triglyceride 45.55 44.08
Yield of diglyceride 15.15 14.10
Yield of monoglyceride 4.79 28.97
Yield of methyl ester 28.58 28.97
Mass balance 94.07 92.22

* obtained by calcination of the precursors commercially available (MgCO3)s Mg(OH),

(Alfa Aesar) in flow N at 450 °C for 2 hours.
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Appendix 2 HPLC results for biodiesel synthesis

Table A6.4

Reaction at 200 °C for 15mins — catalyst *; methanol:oil ratio (6:1)

Sample 1 Sample 2
Mass of triglyceride 12.550 12.375
Mass of diglyceride 16.650 18.925
Mass of monoglyceride 29.025 30.125
Mass of methyl ester 149.250 151.475
Moles of triglyceride 0.01426 0.01406
Moles of diglyceride 0.02697 0.03065
Moles of monoglyceride 0.08182 0.08492
Moles of methyl ester 0.50643 0.51398
Yield of triglyceride 5.70 5.62
Yield of diglyceride 7.19 8.17
Yield of monoglyceride 10.91 11.32
Yield of methyl ester 67.52 68.53
Mass balance 91.33 93.65

* obtained by calcination of the precursors commercially available (MgCO3)s- Mg(OH),

(Alfa Aesar) in flow N, at 600 °C for 2 hours.
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Appendix 2 HPLC results for biodiesel synthesis

Table A6.5

Reaction at 200 °C for 15mins — blank; methanol:oil ratio (12:1)

Sample 1 Sample 2
Mass of triglyceride 188.275 185.075
Mass of diglyceride 19.875 19.525
Mass of monoglyceride 0 0
Mass of methyl ester 5.350 5.400
Moles of triglyceride 0.21393 0.21029
Moles of diglyceride 0.03219 0.03162
Moles of monoglyceride 0 0
Moles of methyl ester 0.01815 0.01832
Yield of triglyceride 85.57 84.11
Yield of diglyceride 8.58 8.43
Yield of monoglyceride 0 0
Yield of methyl ester 2.42 2.44
Mass balance 96.57 94.99
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Appendix 2 HPLC results for biodiesel synthesis

Table A6.6

Reaction at 200 °C for 15mins — catalyst *; methanol:oil ratio (12:1)

Sample 1 Sample 2
Mass of triglyceride 55.200 54.875
Mass of diglyceride 42.700 42.425
Mass of monoglyceride 22.525 21.750
Mass of methyl ester 89.550 88.825
Moles of triglyceride 0.06272 0.06235
Moles of diglyceride 0.06916 0.06871
Moles of monoglyceride 0.06350 0.06131
Moles of methyl ester 0.30386 0.30140
Yield of triglyceride 25.06 2491
Yield of diglyceride 18.42 18.30
Yield of monoglyceride 8.46 8.17
Yield of methyl ester 40.47 40.14
Mass balance 92.40 91.52

* obtained by calcination of the precursors commercially available (MgCO3),-Mg(OH),

(Alfa Aesar) in flow N at 350 °C for 2 hours.
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Appendix 2 HPLC results for biodiesel synthesis

Table A6.7

Reaction at 200 °C for 15mins — catalyst *; methanol:oil ratio (12:1)

Sample 1 Sample 2
Mass of triglyceride 52.150 51.275
Mass of diglyceride 37.275 35.975
Mass of monoglyceride 20.275 20.150
Mass of methyl ester 102.500 101.050
Moles of triglyceride 0.05926 0.05826
Moles of diglyceride 0.06037 0.05827
Moles of monoglyceride 0.05716 0.05680
Moles of methyl ester 0.34780 0.34288
Yield of triglyceride 23.66 23.26
Yield of diglyceride 16.07 15.51
Yield of monoglyceride 7.61 7.56
Yield of methyl ester 46.29 45.63
Mass balance 93.63 91.97

* obtained by calcination of the precursors commercially available (MgCO;)s Mg(OH),

(Alfa Aesar) in flow N at 450 °C for 2 hours.
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Table A6.8

Reaction at 200 °C for 15mins — catalyst *; methanol:oil ratio (12:1)

Sample 1 Sample 2
Mass of triglyceride 1.925 1.950
Mass of diglyceride 2.525 2.800
Mass of monoglyceride 15.375 15.525
Mass of methyl ester 179.700 181.700
Moles of triglyceride 0.00219 0.00222
Moles of diglyceride 0.00409 0.00454
Moles of monoglyceride 0.04334 0.04377
Moles of methyl ester 0.60975 0.61654
Yield of triglyceride 0.87 0.89
Yield of diglyceride 1.09 1.21
Yield of monoglyceride 5.78 5.83
Yield of methyl ester 81.28 82.19
Mass balance 89.02 90.12

* obtained by calcination of the precursors commercially available (MgCO3)s Mg(OH),

(Alfa Aesar) in flow N; at 600 °C for 2 hours.
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