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CHAPTER I

INTRODUCTION

Clays are widely used in catalytic reactions including those for organic
synthesis, chemical evolution and environmental problems. Reactions of organic
molecules on clay minerals have been mvestigated from various aspects. Their
acidities as both Brgnsted..and Lew;s types have been exploited for catalytic
applications. Such clays~areemployed to catalyze a sequence of acid-catalyzed
reactions. Clays and medified clays are used to catalyze various types of organic
reactions such as hydrogenation dehydrdgénation, Michael addition, carbene addition
and insertion, allylation, alkylation, acylétion, condensation, aldol formation, imine
synthesis, diazotization;synthesis of hetef_o_qyp_les, oxidation of alcohols, epoxidation,
esterification, cyclization, rearrangemerj‘gl;i_sbmerization and several more [1].
Moreover, good enantioselectivity and ste'réb_;selectivity are achieved using chiral
organic compounds and chir,alﬁ_complexes_?i_n_tﬂ'e_r(_:alated between clay layers. These
reactions are more efficient, with greater selectivity, under milder conditions, better
yields, shorter reactioh times, easy reusability and recovery of the catalysts [2,3].
Moreover, the work-up'and purification procedures are_simple as the catalyst can be
filtered or centrifuged out fram the reactionamixture.

Clays are the most dnteresting microporous and/or mesoporous materials in
terms of properties and availability. Clay surfaces show modulable electrostatic fields
and elegtric charges,as, resultsof their tonic structures [4,5]. Pillared interlayered clays
(PILCs) 'are microporous materials obtained by exchanged cations and polyoxocations
bulk in organic into the interlayer of swellable clay, leading to the intercalated clays.
The intercalated clays are calcined, the polyoxocations are transformed into pillars,
thus leading to the pillared solids. Inorganic oxide-pillared are formed with a
permanent separation between the silicate layers. The microporous structure of
pillared with high surface area and high thermal stability is obtained. Both Brgnsted

and Lewis acid sites are present. A variety of pore dimensions and catalytic activities



are obtained by different types of pillared clays. Pillared interlayered clays are very
efficient catalysts in various applications such as reduction of pollutants, synthesis of
fine chemicals and acid catalyzed reactions [6,7] because of pillared interlayered clays
have higher thermal stability, surface area and pore volume than those of the raw
clays. Organic reactions under acid catalysis can be taken place very efficiently using
pillared interlayered clays catalysts. In this thesis, the use of synthesized clays (iron
oxide-pillared clays and metal chloride-impregnated aluminium oxide-pillared clays)
for acid-catalyzed reaction (the conversion-Qi“€poxides to acetonides, Friedel-Crafts
acylation and isomerization-reaction) ‘has been-focused. There is no report on the
utilization of iron oxide-pillared-clays and metal chloride-impregnated aluminium
oxide-pillared clays as Catalystsfor thesq‘ reactions. This research concerns with a new
and efficient procedure for.the preparatiop of acetonides from epoxides, isomerization
of a-pinene and Friedel-Crafts acylation:ca}_talyzed by iron oxide-pillared clays and

metal chloride-impregnated aluminium o><;[de’-pillared clays under mild conditions.




CHAPTER Il

CLAY CATALYSTS

21 Clay

Clay minerals are. crystalline “hydrous aluminosilicates, classified as
phyllosilicate, or layered-silicate structures. They occur abundantly in nature. The
unique properties of clays include high surface area, high sorption, reversible ion-
exchange and high acidityTheir acidities as both Brgnsted and Lewis types have also
been exploited for catalytig’applications. Many organic reactions use clays as efficient
heterogeneous catalysts. For exampte, modified smectite clays could be used as
highly selective catalyst in organic tfé;_nsformations and green chemistry with
excellent yield, high regio=and stereoselecfiVi'fy. The advantage of clay catalysts over
homogeneous catalysts can be clearty seen"%%t,‘t_h_«_a work up step by simple filtration. In
addition, it is easy to recover and reusable the Jﬁeterogeneous catalysts, hence a large
reduction in the generation of wasteful products [8]:

2.2 The structure of clay minerals

Clay minerals posses a layered structure, and their suspension in aqueous
solution contains particles'with the average, diameter ‘©0f about,2 um [9]. The layered
units are constructed from the combination of two basic types of layers, a sheet of
edge-linked octahedra and-a sheet, of corner,linked tetrahedras, Phyllasilicate minerals
have layered structures composing of*aluminum’ octahedral and ‘silica tetrahedral
sheets. The tetrahedral and octahedral sheets are held together by sharing apical

oxygen atoms [10].

2.2.1 Basic units
2.2.1.1 Tetrahedral sheets
In tetrahedral sheet consists of tetrahedral units. The dominant cation is Si**

(Si0,), but frequently substituted by AI** and occasionally by Fe**. This sheet extends



infinitely in two dimensions by three corners of each tetrahedral share oxygen atoms
with three other tetrahedral units to form hexagonal network (Fig 2.1).

® Si*

O Oxygen

\}
— 4
w2 o
Figure 2.1 A single tetr

arranged in

® AP or Mg?
> , ; , O o SO O Oxygen
) ¢ o v
FRIANNIUUARINYIAY
Figure 2.2 A single octahedral unit (a) and a sheet structure of octahedral unit

arranged in a hexagonal network (b).

2.2.2 The combination of basic sheets

The combinations of basic sheets of clays could be divided into 2 categories:



2.2.2.1 The 1:1 layered type (T:O)
This combination of one tetrahedral sheet (T) and one octahedral sheet (O) is
one unit of clay layer. The oxygen atoms at the edge of tetrahedral sheet are pointed

to the octahedral sheet and held together with sharing those atoms (Fig 2.3).

.

Figure 2.3 Structure ofd:1 layered type (EF = tetrahedral sheet, O = octahedral sheet).

Y
Kaolinite is common in 1—:1;Iayere_d'iype of clay and has the chemical formula
Al;Si,05(0OH),. It consists of an octahedréll@i-coordinated layer of aluminum ions and
a layer of tetrahedrally coordinated silicon a;orf"i‘s in 1:1 structure. Kaolinite layers are

held together by Van der Waals forces. The thickness of each clay layer is about 7 A
which gives rise to a éb#%pending@haracteﬂsﬂeﬂaydjffraction peak of about 7 A.

2.2.2.2 The 2:1 layered type (T:O:T)

A 2:1 layer of claysminerals is constituted of two silica tetrahedral layers with
one alumina octahedral layer. This comhbination makes| a,tetrahedral-octahedral-
tetrahedral (T:O:T) sandwich. The assembly makes a T:O:T sandwich layers such as
smectite | clay minerals; Bentanite,  montmorilonite "and-hectoriie ‘are the common

smectite‘clay minerals. The simplest members of this group are shown in Fig 2.4.



le AP* or occasionally Fe**

or occasionally Mn®*, Fe?*

i the tetrahedral or octahedral sheet

Figure 2.5 Structure of smectite clay.



The important ability of the smectite clay is the adsorption of a large amount
of water molecules between the layers, causing the volume of the minerals increase.
Thus, the smectites are expanding clays with the basal spacing of 10 to 20 A. The
common  smectite is  montmorillonite  with an ideal formula of
(2Ca,Na)(Al,Mg,Fe)(Si,Al)sO2(0OH)s.nH,O. Smectite clays normally occur as
extremely small crystals (less than 1 um). The repeating distance between the clay-
layer is called the basal spacing, dgoi. This. value is easily identified by X-ray

diffraction technique.

2.3.1 Bentonite clay

Montmorillonite«iS the main constituent of bentonite (typically 80-90 wt%).
The remaining impurities in‘benionite clay are generally found as quartz, feldspar,
crystobalite, and humic acids. Mo@t}horillonite has an ideal formula of
(Sig)(Al4-xMgx)O20(0OH),Ax.NH,O “(where, A IS a monovalent or divalent cation),
which Mg/Al substitution in the octahedralrsheet gives the clay layer negative charged
[12].

2.3.2 Hectorite clay e

The octahedral sheet of hectorite éoﬁtains Mg®" which is different from
bentonite. Hectorite _has Li/Mg substitution in the octahedral sheet, resulting to
negatively charged layers. The general chemical formula of hectorite is
(Sig)(Mgs-xLix)O20(OH)sANH,0 (where A is,a monovalent or divalent cation) [12].

2.3.3 Taeniolite clay

Thé General. chémicalformulatof tagniolite)is (Sig) (MYs4Ltix)O20(F)4Ax.NH,0,
(where A is a monovalent or divalent cation). The structure of taeniolite contains F
which is different from bentonite and has the excess of the bivalent ions (Ca**, Mg?*,
Ba?*, Be?* and Pb®" impurities). The crystal structure of taeniolite is a pack consisting
of three layers of close cubic packing of F~ anion and O anions [13].



2.4  Properties of clay
2.4.1 lon exchange

Clay minerals have the ability to adsorb and exchange cations from external
solution. In general, the ideal neutral structure is disrupted by introduction of charged
imbalance into the clay sheets. The two main causes of charged imbalance are (i)
isomorphous substitution of cations by lower valent ions, such as the substitution of
aluminum cation for silicon in the tetrahedral layer, magnesium for aluminum and
lithium for magnesium cations in the octahedral fayer, and (ii) crystal defects. Leading
to, the clay layers have an-overall negative charge-which is balanced by adsorption of
metal cations into the interlayer.of the clay minerals. These balance cations can be
readily replaced by other cations.in aqueous solution. The ion exchange is great and
important property of clay” minesals. In the application of clay mineralogy, it is
important because the matuge of the exchangeable 1on may influence substantially the
physical properties of the'material [8] " :

In swellable clay minerals such as'-"éhTéctites clay, the cations in interlayer of
clays can be exchanged with other catlonS"’from external aqueous solutions. When a
solution of a metal cation is used to exchaage the interlayer cations of clay, it was
observed that the smaller the §izé and the hlghEr the.charge of the exchange cations,
the more powerfull thatﬂ:aﬂon—at—rep}acing theinterlayer exchangeable cations.
Similarly the ease of‘re'placement of interlayer cations foltltows the reverse trend. The

following series can be constructed:

M’ ks M << H20+ rK' = NH4+ <Mt <™

v

increasing, exchange power

(decreasing ease of exchange)
Scheme 2.1 The exchange properties of cations with clays.

The cation exchange capacity is called CEC. CEC is often measured by uptake
and release of ammonium ions from 1 M ammonium acetate solution, although other
cations are sometimes used in place of NH;". CEC is usually measured in

milliequivalents per 100 gram of dried clay. Smectites clays have relatively high



concentration of exchangeable interlayer cations therefore they have the high cation
exchange capacities around 50-270 meqg/100 g [14].

2.4.2 Swelling

Many clay minerals have also the swelling ability. Clay minerals can adsorb
molecule of water into the interlayer of clay, which cause the clay swelling. For
efficient swelling, the released energy must be sufficient to overcome the attractive
forces between the adjacent layers, such as.laiice.energy and hydrogen bonding from
layer solvation. In aqueous-selution, hydroxyl-greups on octahedral layers of clays
forms strong hydrogen bonds.wiin water [14]. The interlayer separations of extent of

clay swelling can be measured by using E)ower X-ray diffraction.

4

2.4.3 Acidity of clays
Acidity of clays (Brgnsted and i;eWis acidity) is an important property of

— =

clays. Clay catalysts are widgly, used as"ijqxatqusts In organic reaction. Their acidic
properties and catalytic activity depend orif;hg exchanged cations. Clay minerals have
both Bransted and Lewis acidity.The interlayer cations into the interlayer of the clays

lead to the acidity. Some of these cations (é‘,gj-.-.’Al:’l") dissociate their coordinated water

molecule to produce acidic proton (Brgnsted acidity). Bé_ing coordinated between an
organic compound t'o"ﬂcation, the cation is an electron pair acceptor and can act as

Lewis acid catalyst [8}+ s

2.5 Intercalation

Intercalation is the insertion«©f molecules.er cations into the interlayer of clay
and consequently the layered structure still remains. Intercalation’compound is proven
by the XRD pattern, which must unambiguously show an increase in the spacing

between adjacent layers, i.e. an increase in the basal spacing [15].

2.6 Pillaring
Pillaring is the process using the intercalation procedure of pillaring agents

into interlayer space of clays by cation exchange, resulting to a pillared compound or
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a pillared layered solid, which are high thermal stability and stable microporous
and/or mesoporous materials with the preservation of a parent layer structure [15].

2.7  Pillaring agent
The pillaring agents are any guest compounds which could be intercalated
between interlayer of clays [15].

2.8  Pillared clay

Pillared interlayered-elays (PILCs) are-mieroporous materials obtained by
exchanged cations and polyoxecations bulk in organic molecule into the interlayer of
swellable clay, leading to_the intercalattfd clays. The intercalated clays are calcined,
the polyoxocations are" transformed. into_ pillars, thus leading to the pillared solids.
Inorganic oxide-pillared arg formed W|th—a permanent separation between the silicate
layers. The microporoussstructure of pllla+ed with high surface area and high thermal
stability is obtained. Both/Lewis and Brmfsted acid sites are present. The nature of
clay (montmorillonite, hectorite, taeniolite étc) and the nature of intercalating cations
species (polycations based on SI4+ ZES —_'Elf‘*j" Al’*, cr¥, Fe** or Ca*, etc) have
possibility affected on the propertles of the' pﬂlared solids [16]. A variety of pore
dimensions and cataiiﬂ&acﬁvﬁies—ar&obtaiﬂeekbrdﬁereht types of pillared clays.
Pillared interlayeredélays are very efficient catalysts in"r.\’/erious applications such as
reduction of poIIutant‘s-, synthesis of fine chemicals and acid catalyzed reactions
because of pillared interlayered claysthave:highersurfacearea, thermal stability and
pore volume than those of the raw Clays. Organic reactions under acid catalysis could
be taken place very. efficiently using pillared interlayered. clays catalysts. Scheme 2.2

shows the examplelof pillarediclay-compounds [17].
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. o

Pillars —

Scheme 2.2 Diagram for the preparation df'pillared clay compounds (cross section).

2.9  Impregnation =

Impregnation. is theriethiod for making a heterogeneous catalyst. Usually, a
support or carrier is-a-porous-material-will-be-in-eontacted with a solution of
compounds that little"group are held onto the support. The impregnation method
requires less equipment since the forming steps, filtering and washing are needless.

Scheme 2.3 shawsithe example of impregnated pillared-clay, [18].



12

Pillared clay

Support —

Scheme 2.3 Diagram for the preparation ofim‘pregnated pillared clay (cross section).
2.10 Characterization of claysand clay;ea{élysts
2.10.1 Powder X-ray diffraction (XRD)

X-ray diffraction—(XRD)—1s—an—tmportant — instrumental technique for
characterization and identification of crystalline materials. A collimated beam of
nearly monochromatic is a type of X-rays beam in this technique. X-rays beam is
directed onto the flatisurface, of a thin dayerofiground materials causing the diffracted
X-ray to specific. angles. The additional information from XRD data can be analyzed
for the degree of crystallinity of the minerals present, determined.the proportion of the
different: minerals™present,! the ‘structural state of the minerals‘and’ the degree of
hydration for minerals [10]. Fig 2.6 shows a monochromatic beam of X-ray incident
on the surface of crystal at an angle 6. The scattered intensity can be measured as a
function of scattering angle 26. An X-ray diffraction measurement the angle of
incidence and detection was scanned. The X-ray diffraction pattern which is the
characteristic for the sample material was obtained by plotting of the intensity of
detected X-rays as a function of angle. The resulting XRD pattern efficiently

determines the different phases present in the sample.
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Figure 2.6 Diffraction of X-ray-by-regular planes of atoms.

Using this method, Bragg’s. daw is able to determine the interplanar spacing of the
samples, from diffraction{qak aceording to Bragg angle.

ni =T)'2,p| sing
Where n = 4 dniinteger of’_brder of the diffracted beam
A = Waveiéngth Eif"ltle X-ray

247k
d = a distance between adjacent planes of atoms (d-spacing)
0

Lo b e, .
.= amangle betweenthe incident beam and the scattering

Y Patey |
anes v |
-

R E

2.10.2 Nitrogen adsoFbtion-desorption isotherm

The Nyadsorption method ds jan important @nalysistechnique and widely used
to measurement the physical properties of porous materials such as the specific
surface.area, pore diameter, pore size distribution* and pore.volume of a variety of
different solid materials. '‘An adsorgtion isotherm€an be.descrilbed the adsorption of
gas by porous materials. IUPAC classifying gas adsorption isotherms and pore sized
have been suggested that indicate the relationship between adsorption and porosity.
The types of adsorption isotherms are shown in Fig 2.7. The adsorption isotherms are
divided the six types. The six types of isotherms are microporous materials [type 1],
nonporous materials or macroporous materials [types Il, 111, and VI] and mesoporous
materials [types IV and V] [19].
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7 Jhe types of adsorption isotherms.
Adsorption |sot ms" are descrrbed as shown in Table 2.1 based on the

strength of the interactio between the ample surface and gas adsorbate, and the
existence or absence of

Ll
.J" o
~f

Table 2.1 Features of adsorptlon lsotherms

Type = %;tu res
Interaction between sample gu;fa;ee and 9as, Porosity
:;a adsorbate ?_j
I | Relatively'strong i} Micropores
] Relatively strong Nonporous
I Weak Nonporous
v Relatively strong Mesopore
\ Weak Micropores or
Mesopore
VI Relatively strong sample surface has an even Nonporous
distribution of energy

The IUPAC classification of pore types is shown in Table 2.2. The use of
nitrogen adsorption/desorption isotherm can be measured the pore size distribution.

The classification of pore types according to their sizes are divided the three types: (1)
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the macropores have pores diameter about 50 nm, (2) the mesopores have pore
diameter between 2 nm and 50 nm and (3) the micropores have pores diameter not

exceeding about 2 nm [20].

Table 2.2 IUPAC classification of pores

Pore Type Pore diameter (nm)
Micropore Upto2
Mesopore 2to 50
Macropore 3 S50toup

The most widely Used technique to measure the surface area is BET method
1
(Brunauer, Emmett and*Teller A(BET)). Thus, analogously to the Langmuir isotherm
obtains the BET isotherm: ’ '

:{,
1 = 1. G—1 P

W4 /P) =i 2%6 e &)

el A4
el

WhereW = Weight of nitr:é')fg""éﬁ‘a?dsorbed: at a given P/Pg
W, 'if=—weigh¥e#ga&tegw&menelayer coverage
c = a constants that is related to the heat of adsorption.
P - the equilibrium pressure

Po the,saturation:pressure

The cguantity .af -itroger adsorbed wasolstained by 2y required of linear
relationship between P/Py and " 1/W[(P/Po)-1]. The quantity of nitrogen adsorbed in the
monolayer of the slope and intercept of isotherm was used to calculate the surface
area. The intercept was taken as zero or a small positive value for a single point

method. The surface area could be calculated from the slope of BET plot [20].

2.10.3 Temperature programmed desorption (TPD) of ammonia
Temperature programmed desorption of ammonia is the most important and

widely used technique to measure the acidic properties (weak acid sites and strong
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acid sites) of mesoporous materials. In various solid acid catalysts, the equilibrium
between the gaseous and adsorbed ammonia can control desorption of ammonia. The
acid-site concentration can be given by the amount of ammonia desorbing above some
characteristic temperature. The heats of adsorption can be calculated by the peak
desorption temperature. The acidity of pillared interlayered clays (iron oxide-pillared
clays) samples has been measured by adsorption-desorption of ammonia. It is well
known that desorption temperature of the'ammonia molecule can be related to the
strength of acidity of the materials tested. The®ond formed between the acid site and
the ammonia is broken by-an-energy supply. Fhus;-the maximum temperature in the
NH;3 desorption process IS a_guakitative indication of the strength of the acid sites. It
has been reported that'in the'NH;<TPD ane or more broad peaks of desorption at 150-
400°C can be observed |21}

Principle of thesmeasurement 4

TPD is the method t©0 measure Jthe status of physical adsorption and
chemisorptions. It can be @btained by meaé'ur‘ing desorption of the decomposition of
adsorption molecules from the surface wh'rfe‘g:ontinually heated. TPD can determine
the number of desorption peaks (iype of ads:or;;ftfion active sites) from the spectrum of
desorbed molecules;. desorption temperatdré"'(?ibtivation energy of desorption), and
volume of desorption-(number of adsorption active Sites):

Method of the measurement

Adsorption of probe molecules to the sample is generally done by pulse
injection method, ‘voldmetric ‘methad’ tinder ‘thé wactuum; o flow method. For the
probe molecules; NH3 can be used to measure the volume and distribution of acidic
points..In order-to measure, basic.points,,CO, can.be used. Also, chemisorptions gases
(CO, Hj, ‘hydrocarbon, ‘etc.)” canbe*used to ‘obtain “the information about the
characteristics of adsorption during the reaction.

Although the condition of measurement varies the ambient pressure,
desorption measurement can be basically done by heating under the carrier gas flow.
Desorbed gas can be detected by Thermal Conductivity Detector (TCD) or mass
analyzer (Q-mass) [21].
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2.10.4 Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

The ICP is a type of plasma source. The energy of plasma source is supplied
by electromagnetic induction as shown in Fig 2.8. The plasma can be created by the
argon gas. The sample is nebulized within the nebulizer. The nebulizer is introduced
directly inside the plasma flame and break up into their several atoms. The plasma
torch is composed of a coil of the RF (radio frequency) generator (essentially 1-5 kW
at 27 MHz) and three concentric quariz 'tupes. An extreme magnetic field from the
radio frequency generator is turned on WHerrjbe plasma torch is turned on. The
plasma can be created by.the-argon gas which-it fIE)wing through is ignited (a Tesla
unit) and ionized in thos& ficldsTHe sta'ible high temperature plasma can be generated

by the results of the Wollisiohs of create ions, the argon atoms and free

electrons [22]. J /7%

) :) &
’ 4
¥ oy

iSsion region ‘&

(o

Ll
A P Fa
—— ;i;!’:’;Plasma

.

Magnetic field

Argon tangential flow

Sample flow

Figure 2.8 A typical plasma source [23].

ICP-OES is an emission spectroscopy (emission spectrophotometric)
technique to select a single wavelength specific light for elemental analysis. ICP-OES
spectroscopy used an ICP to produce excited atoms. When electrons of element are

excited, they adsorb energy then when they return to ground state, each electrons of
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element will emit electromagnetic radiation energy at multiple wavelength
characteristic of a particular element. The concentration of the element within the
sample is obtained from the intensity of this electromagnetic radiation emission.
Therefore the analyst could compare quantify concentration and composition of the
element of the sample with reference standard by determining their intensities and
determining emitted electromagnetic radiation energy wavelengths of the sample.

2.11 Literature reviews on clay catalysis

Many organic reactions use clays as efficient heterogeneous catalysts. The
acidities as both Brgnsted and-Lewis types of clay catalysts have also been exploited
for catalytic applications. Clay.catalysts are gaining importance for organic reactions
due to its advantagesstich as better yield and selectivity, easy work-up (separation of
the catalyst simply by filtration or centrift;lgation), easy reusability and recovery of the
catalysts, mild reaction gonditions anc shéftér reaction times. The variety of reactions
were successfully performed on €lay ca@élysts including substitution, elimination,
addition, oxidation-reduction, rearrangemén’t;,_ Diels-Alder reaction, ring opening
reaction, esterification, dehydration, Frie@iﬁlif&rafts reactions, condensation, and
isomerization [14,24]. P

Reaction of aicohols with ketones and aldehydes

The reaction of-alcohols to carbonyl compounds-eatalyzed by montmorillonite
clays can be easily carried“out, The montmorillonite K10 clay could be catalyzed the
reaction of homoallyl alcohols with ‘aldehydes to lead hemiacetal intermediates. The
Prins-type cyclization products are’ obtained by, intramoleculag transformation of

hemiacetal intermediates [24].

OH
/E\ . j.l\ KSF-clay J\/\ oH longer time ﬁ
R OH H Rl CH2C|2, heat R O/<R1 R 0 Rl

OH Clay 0
o+ Oroeas O
OH benzene, heat o)
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Oxidation-reduction reaction

The both synthesized Claycop and Clayfen K-10 clay supported iron(lll)
nitrate or copper(ll) nitrate reagent were oxidizing agents for thio-compounds and
alcohols [24].

OH 0]

. Clayfen aor Clayco i
R—(;—Rl : yeop R-C-R!

H hexane, reflux

Clayfen or Clayco
Ar—CH,0H Y P . Ar-CHO

hexane, reflux

Clayfen or Claycop

R-8H -~ R-S—S-R

solvent_, it

Formylation of phenols

Phenols could be formylated by théfyeaction of phenol with formaldehyde
using KSF clay catalyst and Et;N-i tolune at 100°C for 4 h [24].

OH OH O

R KSF-clay, Et;N R CH
+ CH,0

toluene, 100°C, 4 h
R =E

Ether formation

The reaction of.olefin and alcohol using AIP*

sexchanged - montmorillonite as a
catalyst Ih n-hexane to prepare unsymmetrical ethers were carried out. In the case of
primary alcohols, the yields of product were good but secondary alcohols gave low

yields. The tertiary alcohols did not yield to ethers [14].

1
R} R®  AIR*-montmorillonite B

ROH + )~ R—0—C—CH,R?
R? n-hexane, 95°C R?
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Addition reaction

The reaction of thiol and hydrogen sulfide with alkenes catalyzed by AI**-

exchanged montmorillonite affording the corresponding dialkyl sulfides in good to
high yields [14].

Al3*-montmorillonite

RCH=CH, + R!SH RCH—CHj

0 |
200°C Lo

A microwave assisted” montmorillonite K10 clay could be catalyzed the
addition of aniline derivatives to cinnamaldehyde via Michael addition as the first step
of a domino process involving.cyclization in the second step followed by dehydration
and oxidation in the final step to delivel_;‘quinolines. Reactions were completed and
provided good to high yieldsand selectivit_iéé in short period of times. The reaction is
carried out under solvent-frée ‘condition and with. the assistance of microwave
radiation [25]. -1

y
1 | ; 1 4

RQ b j/Rél MontmorilloniteK10 RmR

R? NH, = RS MW, 90°C R? N RS

Condensation reaction

The chiral diphenylbis(oxazoline)-Cu?*.camplex immabilizéd on laponite clay
has proved to be ‘an effective’ catalyst in bringing about-Mukaiyama aldol reaction
between 2-(trimethylsilyloxy)furan and a-ketoesters to give the aldols syn and anti
isomers with the anti-isomers as major products [26].
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@)
m . Meom

B-carbolines were efficiently prepared.py the condensation of tryptamines and
aromatic aldehydes dispersed-in-combined 10% Pd/C/K10 catalyst under microwave
irradiation. The result showed" that the condensation of tryptamines and aromatic
aldehydes dispersed in"comipined 10% PEJl/C/KlO catalyst under microwave irradiation
method at 130°C to furnishethe'corresponding B-carbolines in good to excellent yields
and 100% selectivity [27]. - :

Rl
@(C ooy LI
4 130°c;r21§ 45 min H
o s O

i CHO
NH, PA/C/K10/MWL. O O
130°C, 2-10 min
80L06% O
R2
RL NH, ©HC R
\ INHz PA/C/IK10/MW O O
N * 130°C, 40-55 min H
H
70-83% OO

cHO O O
+ 130°C, 5-9 min
N OCH, '

89-95% OQ

OCH,

g
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Diels-Alder reaction

The Diels-Alder reaction was carried out by using Fe**-exchanged
montmorillonite and Cr®*-exchanged montmorillonite clay as catalysts under very
mild conditions. The study of endo:exo ratio was important and useful for this
reaction. It was observed that the ratio of endo to exo could be operated by varying
the exchanged metal cations [24].

@ . K{ CH3Clp-22°C, 20 it . 0
o)

: O

|
Fe>*smonimorillonite K10 . 9 ; 1 (97% yield)
Cr3#vermiculite \ 4 2.5 . 1 (47% yield)

Montmorillonite K10; filtrol-24, pg}r’;')_p_h_illite and bentonite clays were used as
catalysts to bring about Diels-Alder additiéh"l_‘éf 1,4-naphthoquinone and N-phenyl
maleimide. Filtrol-24 performed the best' under- this -condition. Further, when
montmorillonite K10-and-bentonite-were-modifted dy tmpregnating with AICl3, ZnCl,
and FeCls, the resulting modified K10 and bentonite catélysts performed as well as
filtrol-24 [28]. '

O 0
”‘O WA S
o) -~
R! / R2 O
0L
R2" ™S00 o
| "N-Ph
| "N-Ph
R2 O

@)
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Esterification
The reaction of olefinic compound and carboxylic acid affording the
corresponding ester product was performed in the presence of acid-activated

montmorillonite clay.

H*-montmorillonite
HsC-COOH + H,C=CH, H3C-COOCH,CH,

The tosyl or sulfonyl-esiers could be prepared in high yields by refluxing
alcohols with sulfonic _acids” in| dichloromethane using Fe®*'-exchanged

montmorillonite as a catalyst |24} ,

Montmorillonite

" R_O_SOZR]' + Hzo
CH3Cl,, reflux

R-OH + R¥S0.H

Ee¥*_montmorillonite
CH,Cly, reflux

RY (CH»)—CH,OH + TSOH
OH

RY(CHZ)n—CHZOTs
OH

| el

The esterification of methyl alcohol with mandelic acid was catalyzed by
montmorillonite K10-supported dodecatungstophospheric acid (DTP/K10) and its
cesium salt (Cs-DTP/K10)affording_the ‘¢orresponding _methyl mandelate in high

yield. Methyl mandelate was used inartificial flavaring and perfumes industries [29].

OH OH

WOH Cs-DTP/K10 WOCH3
+ CH3OH -~
O 120°C O

Hydroxybenzophenones is used in pharmaceutical industries and precursor for

fine chemical. The esterification of benzoic acid with phenol, followed by the Fries
rearrangement affording the corresponding hydroxybenzophenones in a one-pot
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synthesis were carried out by using montmorillonite K10 supported cesium

dodecatungstophosphoric acid as a catalyst under solvent-free conditions [30].

OH COOH

CO-0O OH O @)
slshiNg .
+ -, +
120°C HO

Isomerization reaction

The isomerization-of-allyl alcehols of the-pinene series and their epoxides
using askanite-bentonite  clay” (calcined at 110°C) as a catalyst in intra- and
intermolecular reactions were: studied. Treatment of (+)-trans-pinocarveol with
askanite-bentonite at room.tempgrature led to the formation of isomeric allyl alcohol
(-)-myrtenol (1), and the dimeric ether (2), selectively. In contrast, the (+)-trans-
pinocarveol gives Wagner-Meerwein reéi[r:singement product (3), under homogeny
eous acidic conditions, due to proto‘nation‘ic-if the exocyclic double bond. On the other
hand, when (-)-myrtenol ‘was ~Kkept oh{ﬂ‘__t_liy at room temperature for 1 h,

(+)-trans-pinocarveol and the rearranged pfodh}:ts (4) and (5) were obtained [31].

o el

OH
OH | Askanite-bentonite O\m
CH,Cl,, RT, 3h ¥
1 2

) T5% eonversion
(+)-trans-Pinocarveol

HX
X, OH
3
OH OH OH
Askanite-bentonite é OH
CH,Cl,, RT, 1 h - i '
(-)-Myrtenol N
1 4 5
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A similar treatment of the pinocarpeol epoxide (6) and myrtenol epoxide (7) of
these two allyl alcohols on askanite-bentonite clay yielded slightly differing results,
though the two epoxides were visualized to give the same intermediate (A). The
pinocarpeol epoxide yielded, among other unidentified products, the a,B-unsaturated
ketone (8) and the monocyclic keto alcohol (9). Myrtenol epoxide produced the
aromatic alcohol 4-isopropylbenzyl alcohol (5) and the hydroxy aldehyde (9) [31].

=0
~OH  Askanite-bentonite o 0
L= (e)
CH,Cl,«RFTh OH
6 8 9 OH
OH -OH
’, A
29 Askanite-bentonite 4 _0
+% HO
CH,CI#RT{1 i v
7

Prenylated phenolic compounds, such™ as prenylated xanthones have been
synthesized hydroxyxanthones-(i0a=c)-with-prenyi-bromide in chloroform solution
catalyzed by montmorilionite K10 clay and montmorillonite K10 clay under
microwave irradiation. The reaction of prenyl bromide with 10a took just 20 minutes
to give about:'86% ryieldy ofthe final dihydropyran-product. The other two
hydroxyxanthones (10b) and (10C) gave mixtures of products because two ortho-

positions are.available for.cyclization in the prenyi ether intermediates [32].
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O OH O OH
CH3 )\L Montmorillonite. K10 O O CHg
+
9) OH Br CHC|3, MW, 20 min (0) (0)

10a

O OH

O OH
)\L Montmorillonite. K10 O O
+ - +
0 OH Br CHClz,MW, 20 min 0 0

10b
0
‘\)Jt‘\ /H\ Montmorillonite. K10 O O
+
OH CHCI3, MW 20 min o) o)
7 0

| el

Rearrangemeént-reaction

The rearrangément reactions have been perfor'rrned using modified clay
catalysts. For example, pinacol-pinacolone rearrangement is a method for converting
a 1,2-diol to a-carbonyl compound; The«reaction: oftertiary:1,2-glycols have been
performed in high yields in the presence of acid-treated montmorillonite clay [24].

QHOH H*-montmorillonite PhO PhO
Me—C-C-Me Me— C C-Ph + Me- c C-Me
PhPh benzene, heat Me 5h

For example, the isomerizations of a-pinene to camphene have been

performed in high yields on acid-treated montmorillonite clay.
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H*-montmorillonite 67? +

Petroleum cracking is an important industrial application in petrochemical

(minor)

processing. Pillared clays could be used in this process. These catalysts were more
stable at high temperature. Catalytic' reforming, the isomerization of n-alkanes to
branches chain, the conversion of synthesis-gasto.hydrocarbons and the conversion of
methanol to alkanes have-been carried-out by using-metal exchange montmorillonite
and pillared clays as catalysts.

|

c,to-c, Nb CaosH"smontmorillonite

_—

C4-to-C;  iso-alkanes
v (60% yield)
CH4OH AP dmahtmaritlonite, 4

Bo02G - Al

C,-t0-C, alkanes

i

sl SEEE -
CO + 2H, Co montmorlllonlte__:_ Cs-t0-Cy, alkanes and alkenes

1759C

FriedeI-Crafts: reaction (electrophilic aromatic subsﬁtution)

The Friedel-Crafts alkylation of cresols with suitable alkylating agents was
catalyzed by montmorilloniteaK10 as ja catalystaffording +the corresponding three
sesquiterpenes, glvirol, Curcuphenol and sesquichemaenol [33].
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OH OH CH,
© . Br Montmorillonite K10 N
| 200°C, 5 h | |
CH,

CHg OH
OH OH CH,
B Montmorillonite K10
+ r +
HsC | 200°C,5'h H5;C | HO |
OH OH CHj,

_—

O
[ Montmorillonite K10
+ 0 B ) +
! 200°C, 5 h
CH3 o CHs X0 OH o

v

From these literature reviews, clay'-;éatalysts have been reported as an efficient
catalyst in the acid catalyzed reactions. Th'é_{tmportance in the acid catalyzed reaction
involved the use of Bronsted and Lewis aé:td‘.’l_‘irhe development of a more efficient
heterogeneous catalyst for the acid catalyz;e’fd"'-hés‘ been an.important goal for organic
synthesis and industrial-pemt-of-view:-Although-there fiave been some investigation
on the use of modified clays (iron oxide-pillared Ciays and metal chloride-
impregnated aluminium oxide-pillared clays) for acid catalyzed reactions
(isomerization/reactionrof cispineng, the conversion of epoxides to acetonides and the
Friedel-Crafts agylation). There is no report on the utilization of iron oxide-pillared
clays and metal.chloride-impregnated.aluminium-oxide-pillared clays as catalysts for

these reactions.

2.12  The goal of this research
The aims of this research can be summarized as follows:
1. To synthesize the efficient iron oxide-pillared clays and metal chloride-
impregnated aluminium oxide-pillared clays catalysts for the acid catalyzed
reactions (the conversion of epoxides to acetonides, Friedel-Crafts acylation

and isomerization).
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2. To study the optimum conditions for the acid catalyzed reactions (the
conversion of epoxides to acetonides, Friedel-Crafts acylation and
isomerization) and the selected iron oxide-pillared clays and metal chloride-
impregnated aluminium oxide-pillared clays as catalysts.

3. To apply the optimum conditions for
- The conversion of epoxides to acetonides was conducted using selected

epoxides and carbonyl cempounds.
- Friedel-Crafts acylation was seleeted Using aromatic compounds and acid

chlorides

2.13  Experimental
2.13.1 Instrument, apparatus and analytical measurement
2.13.1.1 Centrifuge —
The purification of clays and the (‘;_oiiection of the synthesized catalysts were

#

processed by centaur 2, Sanyo 'centrifugé-.-' The purification of clays is aimed for

removing quartz and other impurities. =i

2.13.1.2 Oven and furnace s

Raw clays and-at-synthesized catalysts-were dried in a Memmert UM-500
oven at 100°C. The calcination was performed on a carbolite RHF 1600 muffle
furnace in air. Calcination of assynthetic clays catalysts was conducted in order to
convert metal precursors in, the) interlayer:ofi clays intormetal oxides. The heating
program used far, the calCination of Synthesized catalysts is shown in Scheme 2.4.

360°C,5h

2°C/min
120°C, 2 h

2°C/min

room temperature

Scheme 2.4 The heating program used for the calcination of synthesized catalysts.
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2.13.1.3 X-ray diffractometer (XRD)

The XRD patterns and consequence the basal spacings of catalysts (raw clays,
synthetic clays catalysts) were determined using a Rigaku, Dmax 2200/utima+ X-ray
powder diffractometer (XRD) with a monochromater and Cu K, radiation (40 Kv, 30
mA). The 2-theta angle was ranged from 2 to 30 degree with scan speed of
3 degree/min and scan step of 0.02 degree. The scattering slit, divergent slit and

receiving slit were fixed at 0.5 degree, 0.5 degree and 0.15 mm, respectively.

2.13.1.4Nitrogen adsorptien/desorption (Brunauer-Emmett-Teller method, BET)
The BET specific sucface.area of raw clays and all synthesized catalysts were
measured by the Quantachreme Autosorlg-l nitrogen adsorptometer.
2.13.1.5 Temperature Programmed Desorptlon (TPD) of Ammonia
The NH3-TPD ofiraw clays and all’synthesmed catalysts were measured by the
BEL Japan, BELCAT. %

£y
X/

2.13.1.6 Inductively coupled plasma optle&]remlssmn spectroscopy (ICP-OES)
The amount of iron in the iron OX|de pillared clays were analyzed using the

Perkin Elmer PLASMA—lee&mdueﬂvely-couple piasma- optlcal emission (ICP-OES)

spectrometer at the ‘Sgientific and Technological Research Equipment Centre of

Chulalongkorn Unlversny

2.13.2 Starting,materials
2.13.2.1.Clays

Clays (bentonite,! hectorite” and taeniolite) were. used>as’.a raw material.
Bentonite was kindly supported by Cernic International Co., Ltd. Hectorite was kindly
supported by Volclay Siam Limited. Taeniolite was kindly supported by Professor
Shogo Shimazu at Chiba University, Japan. The compositions of bentonite, hectorite

and taeniolite are summarized in Table 2.3
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Table 2.3 Bentonite, hectorite and taeniolite compositions

Bentonite® Hectorite” Taeniolite®

SiO; 63.60 61.78 57.93
Al,O3 17.60 1.58 0.55
MgO - 20.32 20.40
K>0O 0.50 0.33 10.61

F - - 9.00
Fe,03 3.10 da? 3 0.40
CaO 3.00 4 10.07 0.36
Na,O 3.40 2.80 0.05
Li.0 ; -[ - 3.30
FeO p 4 \ 0.38
Rb,0O < 5y - 0.14
MnO . oo™ WA 0.11
TiO, oy EEer B\, 0.11

)
* information from Cernic International Co., Lid.
252

® information from Volclay Siam L}mited. T
© Geochemistry International, 2009, 47, 831-834.

2.13.2.2 Chemicals

Sodium hydroxide (Merck, reagent grade)

Iron (1) chlaride anhydrous (Riedel-de 'Hagn)

Aluminium (I11) chloride hexahydrate (Ajax Finechemical, AR grade)
Cerium.(l11).chloride heptahydrate(Aldrich, AR grade)
Gadoliniun (111Y chloride-hexahydrate (Aldrich,'AR grade)
Neodynium (I11) chloride hexahydrate (Aldrich, AR grade)
Ytterbium (I11) chloride hexahydrate (Aldrich, AR grade)
Dysprosium (I11) chloride hexahydrate (Aldrich, AR grade)
Lanthanum (111) chloride hydrate (Fluka, AR grade)

10. Hydrochloric acid (Merck, analysis grade)

© © N o g B~ w D P

11. Hydrofluoric acid (Merck, analysis grade)
12. Nitric acid (Merck, analysis grade)
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2.13.3 Homoionic clays
Homoionic clays were prepared by purification and then ion exchange

following the previous work by Kanjanaboonmalert [34].

2.13.3.1 Purification of bentonite

Bentonite was purified by fractionated sedimentation. 30 g of Bentonite were
dispersed in 1,000 mL of deionized water under vigorous stirring at room temperature
for 3 h. The colloid bentonite was collected.and separated from quartz sediments by
centrifugation. The colloid elay-was centrifugéd-at4,000 rpm and dried at 100°C. The

purified bentonite was characterized by XRD technique.

2.13.3.2 Na-ion exchange )

Na-clays (Na-benionite,/Na-hectorite and Na-taeniolite) were prepared by
cation exchange. Na<ions/were inte?calgted between the clay layers. The purified
bentonite, raw hectoritesor Li-taeniokite was suspended in 5 M NaOH with the ratio of
clay to Na-solution as 1 g 50 miL for day at room temperature. Then the products
were washed with deionized Water until hyd_ro)glde anions were eliminated, and then
the products were collected by centnfugattO‘n The above process was repeated three

times for Na- exchanged bentonite and Na- exchanged taeniolite, five times for

Na-exchanged hectonte The Na-exchanged clays were Ccharacterized using XRD
technique.

2.13.4 Synthesis of metal oxide-pillared clays
2.13.4.1 Synthesis of iron oxide-pillared clays

Iron foxide<pillared clays: (Fepillared clays): were| synthasized according to
Kanjanaboonmalert [34] by intercalation of iron precursors, following by calcinations
at high temperature. Na-clays were dispersed in deionized water (10% w/w) by
vigorous stirring for 1 day at room temperature. Then 1 M FeCls solution, by the ratio
of Fe*" to clay of 10 meq per gram, was slowly added in the suspended Na-clay under
stirring at room temperature for 24 h. The products were collected by centrifugation
and then washed with deionized water until chloride ions were eliminated. The

as-synthesized products, Fe-intercalated bentonite (as-BFe), Fe-intercalated hectorite
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(as-HFe) and Fe-intercalated taeniolite (as-TFe) were dried at 100°C for 24 h,
followed by calcined at 300°C for 5 h in a muffle furnace. For denotion, B, Hand T
are bentonite, hectorite and taeniolite, respectively. The calcined products obtained
were designated as BFe-PLC HFe-PLC and TFe-PLC. The obtained products were
characterized using XRD technique.

2.13.4.2 Synthesis of aluminium oxide-pillared clay

2 g of Na-montmoritlonite was dispersec_in 100 mL of deionized water under
stirring at room temperature-for-48 h=The Al-pillar-agent was prepared by adding
0.2 M NaOH to 0.2 M AiClgwith the ratio of OH/Al ' was 1.9 and stirring at room
temperature for 24 h. The Al-pillar dgent was then slowly added to the prepared clay
suspension with the ratio of Al/clay of.3.8 mol/kg. The mixture was stirred for at
room temperature 24 ha'/After that, the pr;ecipitates were collected by centrifugation at
4,000 rpm and washed with d.istilled;"}vax;/ater until. free of chloride ion. The
as-synthesized product, Al-intercalated _t?énte')nite was dried at 100°C for 24 h,
followed by calcined at 500°C fofhl h iﬁ{:éi_*mufﬂe furnace. The obtained products

el y

were characterized using XRD "t'éch-nique. =

1y =
gl

2.13.5 Synthesis of Netai-chioride-impregnated-aiuminitim oxide-pillared clays
Metal trichloride (LaCls, CeCls, NdCls, GdCls, DYCl; and YbCls) impregnated
aluminium oxide-pillaféd clays were synthesized by following the previous work of
Masaleh [35]. Themaluminium oxide-pillared clay wasimpregnated using a solution of
2% metal trichloride in“ethanol. The slurry mixture was dried at 60°C and calcined
with the rate, 5°C/min. and holding at,450°C for 4_.h..The products were named
(LaCls/Al-PLC, 'CeClsfAl-PLC, INdCIs/AI-RLC, GdCI3/AlI-PLCY DyCls/Al-PLC and
YbCIs/Al-PLC). The obtained products were characterized using XRD technique.

2.13.6 Sample preparation for ICP

The 0.0400 g of a calcined catalyst, placed in a 100 mL Teflon beaker, was
soaked with 10 mL concentrated HCI and subsequently with 10 mL of 48% HF in
order to remove silica in the form of volatile SiF, species. The mixture was heated but

not boiled to dryness on a hot plate. The removal of silica was repeated three times.
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Then, 10 mL of 6 M HCIl: 6 M HNO; mixtures in the ratio of 1:3 was added and
further heated to dryness. 5 mL of 6 M HCI was added and the mixture was warmed
for 5 min to complete dissolution. The solution was transferred to 50 mL
polypropylene volumetric flask and made up its volume by adding deionized water. If
the sample was not analyzed immediately, the solution was then transferred into a
plastic bottle with a treated cap underlined with a polypropylene seal.

2.14 Results and discussion
2.14.1 The characterization-of raw clays

Clay minerals (bentomite.and hectorite) and Synthetic clay (taeniolite) were
characterized by X-ray diffraction’ (XRD). This technique was used to investigate the
changes of clay strueture, emphasizingi_on.. a basal spacing and the intensity of dooa
reflection. —-

/

2.14.1.1 X-ray diffraction (XRD) . b é

The characteristic structures of gaw clays were characterized by XRD
technique. The analysis of thé- X-ray di@iétion patterns of raw bentonite, raw
hectorite and Li-taeniolite are.shown in Figs-*_Z-='9;-2nll.

Bentonite is:phyllosilicate-typed clay, generallyiic_ontaining montmorillonite

and impurities suchas calcite, quartz, feldspars, crystobalite and humic acids. Quartz
is the major impurity -of clay minerals that causes clays-having low surface area and
acidic site, which reduce the catalytic efficiency of clays. In_Fig 2.9, raw bentonite
shows the characteristic_peak of montmorillonite at.26 of 6°/and 19°, corresponding to
the 001 and 100 planes of montmorillonite, respectively [36]. The.doo: basal spacing
is 14.22,A. The peaks.at 29 of 22°, 24° and 27° werg assigned to quartz (SiO,). The
main impurity was quartz (SiO,), which gave the sharp peak at 26.7°.
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® @ montmorillonite

door=14.22 A
+ quartz +
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Figure 2.9  XRD patterps of raw" beﬁfonlte ( @ represents bentonite peaks and
+represents |mpur|ty qué‘u:tz peak)

In Fig 2.10, raw hectorlte sﬁows the characterlstlc peaks at 26 of 7° and 19°,

corresponding to the 001 and_ 100 planes:-respectlvely None of other crystalline

phases was presented;, The dom basal spacmg is 12.69 A

d001 =12.69 A

Relative Intensity

2-theta (degree)

Figure 2.10 XRD patterns of raw hectorite.
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In Fig 2.11, Li-taeniolite (synthetic clay) shows the characteristic peak at 20 of
6° corresponding to the 001 planes of taeniolite. None of other crystalline phases was
presented. The dgo; basal spacing is 12.17 A.

d001 =, 1244 A

Relative Intensity

" A A

0 5 g0+ < g 4] 20 25 30
2-theta (d’eg‘ree)

o

il

Figure 2.11 XRD patterns of Li-taeniolite.

2.14.2 The syntheéis;énd characterization of homoiohic;clays

Homoionic heétorite was prepared by 1on exchange method. Homoionic
bentonite was purified prior_to ion exchange; In the purification process, quartz and
other impurities were-removed from' bentonite by dispersion and centrifugation
process. The Na ions were intercalated between the clay layers in order to obtain
homoignic. clays that, were dsed as the Starting” materials for synthesis of the clay

catalysts:

2.14.2.1 The purification of bentonite

Mineral bentonite contains montmorillonite as main constituent and other
impurities. These impurities could be removed from bentonite by dispersion and
centrifugation processes. The quartz peak disappeared in purified bentonite collected
from the centrifugal speed of 4,000 rpm, suggesting quartz and other impurities were

removed from raw bentonite. Only montmorillonite was left in a solid residue and the
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residue was designated as montmorillonite. The X-ray diffraction patterns of raw
bentonite and montmorillonite (purified bentonite) are shown in Figure 2.12. The
quartz peak at 20 of 22° 24° and 27° disappeared in the XRD patterns of
montmorillonite. The structure of montmorillonite clay was still remained and the

(001) peak was found at the 20 of 7A, corresponding to the dgo; basal spacing of 12.37
A

[ @ montmorillonite
doo]_: 237 A + quartz

(6) montmorillonite

* ++ +

Relative Intensity

i E 14295 (a) raw bentonite

2-theta(degree)

Figure 2.12 XRD patterns of (a) raw material bentonite and (b) montmorillonite
(purified hentonite) obtained.at the centrifugal speed of 4,000 rpm
(@ represents the peaks of montmorillonite and 4~ represents impurity

quartz peak).

2.14.2.2 Na-ion exchange of clays

Layer structure of clays posses a net negative charge, which balanced with
interlayer cations, such as Na or K ions. The predominant exchangeable cation in the
clay swelling is sodium ion due to the large solvation energy (98 kcal/mol) [37] and
its small electrostatic interaction between monovalent cation and negatively charged

layer.
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X-ray diffraction of Na-montmorillonite

Na-ions were intercalated between the clay layers by ion-exchange process.
Montmorillonite were treated with 5 M NaOH for three times, and the obtained solid
was designated as Na-montmorillonite. The X-ray diffraction patterns of Na-
montmorillonite and montmorillonite are shown in Fig 2.13. The doo; basal spacing in
Na-montmorillonite is 15.39 A which is higher than that of the untreated
montmorillonite, suggesting Na' ions intercalate into the clay layers. As previously
mentioned that Na* ion has large solvatioh“€nergy, more water molecules were
solvated sodium interlayer-cationsy’ causing-~the larger d-spacing of Na-

montmorillonite.

dof #15.398

2

[72]

c

]

= —_—
® (b) Na-montmorillonite
E

D

0

ooy =12:3088 (@)montmorillonite
0 5 30 15 20 25 30

2-theta'(degree)

Figure 2:18 XRD patterns©f (a)- montmorillonite and Na-montmorillonite.

X-ray diffraction of Na-hectorite

Na-ions were intercalated between the clay layers by ion-exchange process.
Raw hectorite was treated with 5 M NaOH for five times, and the obtained solid was
designated as Na-hectorite. The X-ray diffraction patterns of Na-hectorite and raw
hectorite are shown in Fig 2.14. The doo; basal spacing in Na-hectorite is 15.33 A

which is higher than that of the untreated raw hectorite, suggesting Na* ions
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intercalate into the clay layers. As previously mentioned that Na* ions has large
solvation energy, more water molecules were solvated sodium interlayer cations,

causing the larger d-spacing of Na-hectorite.

dOOl =15.33 A

(b) Na-hectorite

Relative Intensity

Ugoh=12.69 A (a) hectorite

T T = TN L T 1

0 5 10+ "-; 15 20 25 30

2-theta (degree)

s
Figure 2.14 XRD pattern’s:of (a) raw hectorite and (b) Na-hectorite.

2.14.3 The synthesisiand cr{éi;écterizatioﬁ-;)»f_i;’on oxide-pillared clays (Fe-PLC)
and alumini'ufrﬁ oxide-pillared clay (AI-PLC)

Iron oxide—pilla}'red clays (such as iron oxide-pillared bentonite, iron oxide-
pillared hectorite and iron. oxide-pillared ,taeniolite) and aluminium oxide-pillared
bentonite weresynthesized by intercalation of iron.and aluminium precursors between
the clay layers, following by calcinations at high temperature. Iron oxide-pillared
bentonite (BFe-PLLC), firan, oxidexpillared heCtorite ((HFEePLC),viron oxide-pillared
taeniolite (TFe-PLC) and aluminium oxide-pillared bentonite (AI-PLC) were
successfully synthesized. BFe-PLC and HFe-PLC are red brown solids, and TFe-PLC

and Al-PLC are yellow brown solids

2.14.3.1 X-ray diffraction of iron oxide-pillared clays (Fe-PLC)
As-synthesized products (as-HFe, as-BFe and as-TFe), the products after
intercalation, were calcined at 300°C for 5 h. The X-ray diffraction patterns of Na-

montmorillonite and BFe-PLC are shown in Fig 2.15, the X-ray diffraction patterns of
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Na- hectorite and HFe-PLC are shown in Fig 2.16 and the X-ray diffraction patterns
of Li-taeniolite and TFe-PLC are shown in Fig 2.17. The doo1 basal spacing of BFe-
PLC and HFe-PLC were found as a broad peak and smaller d-spacing, compared
which those of Na-montmorillonite and Na-hectorite, respectively. During the process
of calcination, excess water molecules adsorbed between clay layers were removed
and iron precursors were converted to iron oxide at the calcined condition. In the case
of TFe-PLC, the dgo:1 basal spacing of TFe-PLC was found as a broad peak and higher
d-spacing, compared which.those of Li-taenuolite; because of iron precursors may

associated to produce iron-eligomers-that bigger-than iron oxide and enlarged d-

spacing.
i
d001 F 1539A \
v
g Cogr = 1,5,',23'& f..
fB =
E b ;!j",l
S T - (b) BFe-PLC
£ o~
e : Besus
(&) Na-montmorillonite
0 5 10 15 20 25 30

2-theta(degree)

Rigure 2.15 XRD patterns of (a)-Na-montmorillonite and(b) BFe-PLC.
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dgo; = 15.33A
-é‘ 001
[72]
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% d001= 1488A
! (b) HFe-PLC
- L —— i,
(@) Na-hectorite
0 5 10 15 20 25 30
2-theta (degree)
Figure 2.16 XRDpatterns of (@lea- hectorite and (b) HFe-PLC.
=
5
15
(]
=
3
Y i A
= dgor | 13:94 | dib) TRe-pLC
A A (a) Lli-taeniolitea |
0 5 10 15 20 25 30

2-theta (degree)

Figure 2.17 XRD patterns of (a) Li-taeniolite and (b) TFe-PLC.

2.14.3.2 X-ray diffraction of aluminium oxide-pillared bentonite (Al-PLC)
The XRD patterns of Al-PLC and Na-montmorillonite are shown in Fig 2.18.
The dgos basal spacing of AI-PLC was found as a broad peak with the high intensity at
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16.36 A. The 26 peak of Al-PLC was shifted slightly to the left as compared to that of
Na-montmorillonite, indicating that the sodium ions within the layer of
montmorillonite were exchanged by aluminium polyoxocations. The aluminium
polyoxocations [Al1304(OH).s (H20):2]"* [38], prepared by adding 0.2 M NaOH to
0.2 M AICI; with the ratio of OH/AI was 1.9, intercalated into the clay layer and were
converted to the aluminium oxide-pillars during calcinations process. The
transformation of aluminium polyoxocations. into rigid aluminium oxide-pillars,
tightly bound to the clay layer, increased the. diSordering within interlayer spacing of

clay structure, resulting to.the-broader peak with-lewer intensity.

ddoy® I639A, 4
2 doog = 1636 A (b) AI-PLC
[¢D] I
=
ke
4 (@) Na-montmorillonite
0 5 10 15 20 25 30

2-theta (degree)

Figure22.18 XRD patterns of (a) Na-montmarillonite and (b) Al-PLC.

2.14.4/The tsynthesist and= characterization ofl /metalchloride-impregnated

aluminium oxide-pillared clay

The XRD patterns of metal chloride (LaCls, CeCls, NdCl;, GdCls, YbCI; and
DyCl3) impregnated aluminium oxide-pillared clay (LaCls/Al-PLC, CeCls/Al-PLC,
NdClIs/Al-PLC, GdCI3/Al-PLC, YbCIs/Al-PLC and DyCls/Al-PLC) are compared as
presented in Fig 2.19. The do basal spacings of metal chloride-impregnated
aluminium oxide-pillared clay (MCls/Al-PLC) are about 14-15 A which are a little bit
lower than that of AI-PLC, but the doo; peaks are a lot broader, indicating that the

recalcination process caused the pillared structure collapse slightly and the
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impregnation of metal chloride increased the disordering between the interlayer
spacing of clay.

%m =1454 A Ao (f)DYCL/AI-PLC
WBA e M) SICHALPLC

dggr= 13:99 A m
Wm Tlasoh AL (O CeClL/ALPLC
Wl H 1425A N\ ﬁwm
dgof='16.36 ;&* A (8) AI-PLC

wah b

Relative Intensity

0 5 10 fs ? 20 25 30
* 2-theta (degree)
i =¥ /N
Figure 2.19 XRD patterns‘of (&) Al-PLC, (b) LaCls/Al-PLC, (c) CeCIy/Al-PLC, (d)
NdCls/Al-PLC, (&) GdCls/AI-PLEC, (f) DyCly/Al-PLC and (g) YbCIs/Al-
PLC. . :

N

2.14.5 Temperature Programmed Desorption (TPD)-

The most widely used procedure for‘the determination of the acidity of porous
materials is |NH3-TRD' analysis..  The total’ amount of ¢ acidity (mmol/g) of
montmorillonite, raw hectorite, Li-taeniolite, BFe-PLC, HFe-PLG; TFe-PLC, Al-PLC
and metal ‘chloride-impregnated  aluminium ' oxide-pillared’ clay - (LaCls/Al-PLC,
CeClI3/AI-PLC, NdCI3/Al-PLC, GdCIz/Al-PLC, YbCI3/AI-PLC and DyCls/Al-PLC)
are compared in Table 2.4.
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Table 2.4 The total amount of acidity of clay catalysts

Entry Samples acidity (mmol/g) Total amount of

weak strong acidity

acid sites acid sites (mmol/g)
1 Montmorillonite 0.14 1.12 1.26
2 BFe-PLC 0.62 3.11 3.73
3 Raw hectorite 0.04 0.51 0.55
4 HFe-PLC 0.73 1.43 2.16
5 Raw taeniolite 0.43 - 0.43
6 TFe-PLC 0.61 0.91 1.52
7 Al-PLC 043} 1.24 1.67
8 LaCls/Al-PLC .72 & 1.45 2.17
9 CeCl3/Al-PLC 0893 _ 247 3.06
10 NdCIz/Al-PLC 0;60 ’ | 2.90 3.50
11 GdClIs/Al-PLC =045 1.38 1.83
12 DyCly/Al-PLC g.65 ’{’-j; _ 1.47 2.12
13 YbC/AI-PLC 656 141 197

Table 2.4 shows the acidity of all clays catalysts: In the case of iron oxide-
pillared clays group, rthe acidity of iron oxide-pillared clays is higher than raw clays.
BFe-PLC exhibited the highest acidity followed by HFe-PLC, TFe-PLC,
montmorillonite, raw hectorite and raw; taeniolite, respectively. The total numbers of
acidic sites were 3.73 mmol/g for BFe-PLC, 2.16 mmol/g for HFe-PLC and 1.52
mmol/g- for~TFe-RLC, The .acidic ,character~of-pillared clays-derives from either
Brensted or Lewis'site."Weak"acid'site appears to ‘e ‘assoetated with-the coordination
of water molecule with iron in pillars, while strong acid site is attributed from the
Fe,Os in pillars. The nature and strength of acid site were related to the types of clays
and pillared species. From these results, it could be concluded that type of clays
affects on the acidity of synthesized catalysts. The pillaring process enhanced the
acidity in iron oxide-pillared clays compared to that of the raw clays.

In the case of aluminium oxide-pillared bentonite (Al-PLC), higher acidity

could be measured than that of montmorillonite. All metal chloride-impregnated
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aluminium oxide-pillared bentonite (LaCls/Al-PLC, GdCls/Al-PLC, DyClIs/Al-PLC,
YbCls/Al-PLC, CeCl3/Al-PLC and NdCIs/AlI-PLC) exhibited higher acidity than
pristine montmorillonite and AI-PLC. The total number of acidic sites was 3.50
mmol/ g for NdCI3/Al-PLC which is the highest among metal chloride-impregnated
catalysts. This indicated that type of metal chlorides greatly affected on the acidity of
synthesized clays catalysts [39].

2.14.6 Nitrogen adsorption-desorption (Brunauer-Emmett-Teller method, BET)
The BET specificsurface area of montmoritionite, raw hectorite, Li-taeniolite,

BFe-PLC, HFe-PLC, TFe-PLC, Al-PLC, LaCls/Al-PLC, CeCls/AI-PLC, NdCIs/Al-

PLC, GdCI3/Al-PLC, YbClgfAl-PLC andl DyCls/Al-PLC are compared in Table 2.5.

.

Table 2.5 The BET specifig'surface area of clay catalysts

Entry Samples " BET specific surface area (m?/g)
1 Montmofillorite — =+ = 65.05
F S
2 BFg-PLC"" —T 155.52
b [ 2220

3 Raw hectorite — 57.11
4 HFe-PLC ~ 12230
5 - Raw taeniofite 7' 3.53

6 | TFe-PLLC ' 20.33
7  Fe)0; " 10.28
8 AlSPLC 145.70
9 LaCls/Al-PLC 117.40
10 NdCls/Al-RLC 127.25
11 CeCly/Al-RPLC 122.40
12 GdCls/Al-PLC 121.10
13 DyCls/Al-PLC 113.50
14 YbCI3/Al-PLC 121.60

Table 2.5 shows the BET specific surface area of all clays catalysts (raw clays
and synthesized clays). In the case of iron oxide-pillared clays group, the nitrogen

adsorption-desorption isotherms are the distorted reversible type IV isotherm,
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indicating that Fe,Os; in calcined samples converted clay-layered structure
(2-dimensional structure) to mesoporous structure (3-dimensional structure).
Therefore, the BET specific surface areas of BFe-PLC and Al-PLC, HFe-PLC and
TFe-PLC were higher than those of montmorillonite, raw hectorite and raw taeniolite,
respectively. The pore size distribution of iron oxide-pillared clays except TFe-PLC
from BJH analysis was in the range of 50 to 70 A. In the case of TFe-PLC, the pore
size distribution from BJH analysis was i1 the range of 130 to 140 A, Therefore, all
could be indicated as mesoperous materials (a.diameter of 20-500 A).

Aluminium oxide-pillared-clays'displayed-higher specific surface area (m%/g)
than that of montmorilionite, Fhencrease of surface area related to the increase of the
dooy basal spacing from 12,37 to'16.36 A. Aluminium oxide pillars popped up the clay
gallery height and allewed more access (;f nitrogen probe molecules. Furthermore, the
clay-layered structures (2-dimensional %tructure) was  converted to mesoporous
structure (3-dimensional structure)- by co;ﬁ_nécting the adjacent aluminosilicate layers
with the aluminium oxide pillarsin the int‘t?-r-layered region. This result also confirmed
the XRD results that Al,O3 in the prepared"_%_igminium oxide-pillared clay distributed
inside the interlayer of montmeritonite ﬁhéi‘éad of aggregated outside the clay
structure. If Al,O3was presented as a bulk Kléb‘g'dutside the clay structure, the surface
area would be similar—to—or-iower-than-that-of -mentmorillonite because Al,O;
possesses a dense structure. i

All metal chloride-impregnated aluminium oxide-pillared bentonite (LaCls/Al-
PLC, CeCl3/Al=PLLC} NACI3/AlsPLG, (GdCls/AIHPLC DyClsfAl-PLC and YbCIs/Al-
PLC) showed higher specific surface area than montmorillonite but lower than Al-
PLC. The pore.size distribution of all. metal chloride-impregnated aluminium oxide-
pillared bentonite from'BJH analysiswas in the fange of-50 to370 A indicating the
mesoporous material. This could be explained that metal trichloride (MCls3) deposited
on the pore wall of the aluminium oxide-pillared clay and occupied the void in

mesoporous structure, resulting to the decrease in specific surface area.
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2.14.7 Determination of iron contents

The iron content was also analyzed by inductively coupled plasma-optical
emission spectroscopy. The total amount of acidity (mmol/g) of montmorillonite, raw
hectorite, taeniolite, BFe-PLC, HFe-PLC and TFe-PLC are compared in Table 2.6.

Table 2.6 The iron contents in clays sample

Entry Samples W1t% of Fe content®
1 Montmerillonite 3.49
2 BFe-PLC v 10.14
3 Heciorite 0.95
4 HEE=PIEC \ 9.54
5 Taeniglite -y <5 & 0.35
6 TEE-PLC » 4.22

[a] The iron content was@nalyzed by, |CP.€’._ ﬁ

' £
Table 2.6 shows the iron 'Contents'{hfirpn oxide-pillared clay catalysts in all
type of clays. The iron content was aiso analyzed by ICP. The iron content in iron

oxide-pillared bentonite was 10.14 Wt%, Which is the highest among iron oxide-

pillared clay. (= —

2.15 Conclusion

Iron oxidepillaréd clays|(BFe-PLC, HFe-PLC, TFe-PLC and AI-PLC) were
synthesized by intercalation method, followed by calcination at 300°C for 5 h. Metal
chloride-impregnated aluminium.-oxide-pillared bentaenites (L-aCls/Al-PLC, CeCls/Al-
PLC, NdCIz/AI*PLC, “GdCI5/AI-PLC;" DyCls/Al-PLC “and ' YbCIls/Al-PLC) were
synthesized by the impregnation method of metal chloride (LaCls, CeCls, NdCls,
GdCl3, YbCI; and DyCls) on Al-PLC, followed by calcination at 450°C for 4 h. In the
case of metal oxide-pillared clays, the dgo; basal spacings of BFe-PLC, HFe-PLC,
TFe-PLC and AI-PLC were 15.23, 14.88, 13.94 and 16.36 A, respectively, whereas
the doox spacings of all metal chloride-impregnated aluminium oxide-pillared
bentonites are about 14-15 A. The layered characteristics of clay starting materials

still remained in all obtained clay catalysts. The nitrogen adsorption-desorption
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isotherms of all synthesized clays catalysts revealed the type IV isotherm, indicating
their micro-mesoporous structure. The BET specific surface area of BFe-PLC, HFe-
PLC, TFe-PLC were higher than montmorillonite, raw hectorite and Li-taeniolite
respectively, and the BET specific surface area of LaCls/Al-PLC, CeCls/Al-PLC,
NdCI3/Al-PLC, GdCIs/Al-PLC, DyCls/Al-PLC and YbCIs/AlI-PLC showed higher
than montmorillonite but lower than AI-PLC. The acidity of BFe-PLC showed the
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CHAPTER I

FRIEDEL-CRAFTS ACYLATION BY CLAY CATALYSTS

3.1  Introduction

Fundamentally, the mest important and-efficient procedure for synthesizing
aryl ketones is Friedel-Crafis acylation by-reacting aromatic compounds with
acylating agents (acid chierides, esters, acid anhydrides or carboxylic acids). Aryl
ketones are valuable iniermediaies for the production of fine chemical in cosmetics,
pharmaceuticals, colorants, perfumery cl_hemicals, agrochemicals and other chemical
industries. For instance, 4-methoxybenzopﬁenone, a precursor for antioxidant used in
alkylated resins, oil painis, cosmetics and valuable perfumery intermediate could be
prepared from Friedel-Crafts acylation’fq_f .anisole with benzoyl chloride using
homogeneous catalysts [40]. ¥ b

Friedel-Craft acylation‘is an electrophilic aromatic substitution of aromatic
compounds with acylating agent-catalyzed: t;y‘_acid catalyst. However, common used
homogeneous catalysts such as AICls BF;, FeCls, TiCl; and SnCl, and protic acid
(such as HF, H,SO,) posses several problems including Righ refluxing temperature,
highly moisture sensitivity, the use of toxic and expensive catalysts, long reaction
time, difficulty of separatiof-from the reaction products. Therefore, there is a need to
find newer catalysts for Friedel-Crafts acylation./.lnorganic solid acid catalysts are
gaining importance for organic redctions due te. the advantage,of heterogeneous
catalysts such as better, yield and selectivity, easy wark-up! (separation of the catalyst
simply by filtration or centrifugation), easy reusability and recovery of the catalysts,
mild reaction conditions and shorter reaction times. The solid acid catalysts such as
zeolite [41], heteropoly acid [42], sulfated zirconia [43], and clay minerals [44] have
been reported on their catalytic efficiencies in Friedel-Crafts acylation.
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3.1.1 Literature review on Friedel-Crafts acylation

Friedel-Crafts acylation is typically more popular method than others for
preparation of aryl ketones since the synthesis of aryl ketones using organometallic
reagents sometimes suffers from drawback such as competition between nucleophilic
addition and nucleophilic substitution and difficulty of separation and purification
[45]. Friedel-Crafts acylation is affected by the formation of active electrophilic
carbon (acylium ion). The reactive acylium ion is generated from an acid anhydride,
acyl halide or carboxylic acid catalyzed by Lewis acid such as AICI;. The carbonyl
group in aryl ketone is polarized(5") and is attacked-directly to the aromatic ring. The
aryl ketone is deactivated relative to the starting material (aromatic compound) and
the further reaction given.a‘polyacylated derivative. It is not a major problem since
acylium ion is less reaCtivehan aromatic compound.

The general reaction was simply formulated using aromatic compound, AICl;
and acid chloride. Theselegctraphilic ard"mgitic substitution of acetyl chloride with

benzene catalyzed by AlICIswould furnish ai‘c'etbphenone in good yields [46].

0
0 . AlCI,
O MR == ©)\

In 2000, Baudry and co-workers reported the use of uranyle salts as catalysts
for Friedel-Crafts acylation. The results showed that Friedel-Crafts benzoylation of
mesitylene with'benZoyl|chloride catalyzed-by 196°U0O;Clz\atreflux for 1 h affording
the corresponding mesityl phenylmethanone in high yield. The monoacylation and
bisacylation.products are obtained.in highyield.under.dry.air J47)-

0] O @] (0]
+ +
reflux, 1 h

In 2000, Hwang and co-workers reported the new route to synthesize aryl

ketones using a highly reactive benzoylating reagent produced by activating methyl

benzoate with trifluoromethanesulfonic acid (CF3SO3H). Benzophenone derivatives
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could be obtained in good to excellent yields. On the other hand, benzoic acid esters

were more reactive than aliphatic esters under the same conditions.
O 0]
Ph-R, 85°C, 0.5-8 h =

70-93%

The methyl benzoate-reacted ‘with benzene catalyzed by CF;SOzH under
reflux for three days giving benzophenone as a major product in 54% vyield [48].

0]

2
SR 5

54%

In 2001, Laidlawa and co-workers'-fétqd_ied Friedel-Crafts benzoylation using
Fe-exchanged zeolites and Zn-exehanged zé,eﬁ'ltias (mordenite, zeolite Y and H-ZSM-
5) as catalysts. Friedel-Crafts’benzoylation"c")'f'rthene with.benzoyl chloride could be
catalyzed by Zn- afg-Fe-exchanged zeoittes at £10°C for 24 h affording the
corresponding 4-methylbenzophenone in high conversion. All zeolites could be
catalyzed toluene benzoylation. In the case of zeolite Y, when using Fe-Na-Y as a
catalyst, the product selectivity: of 2-] 8+;14=methylbenzophenenes was 17, 3 and 80%,
respectively. The Fe-Na-Y™ was more active than Zn-Na-Y; however, the same

product.selectivity was.observed [49].

O CH, 0
cl Zn- and Fe- exchanged zeolites SN
+ | _CH3
110°C, 24 h Z

In 2002, Patil and co-workers reported the use of borate zirconia as a catalyst

for Friedel-Crafts benzoylation of anisole with benzoyl chloride in nitrobenzene at
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150°C for 22 h. The 91% conversion of anisole and the 93.6% selectivity to 4-

methoxybenzophenone were obtained [50].

0 OCHj O OCH;
©)‘\CI . © B,04/Zr0 ‘)K‘
nitrobenzene150°C, 22 h OCH,4
93.6% 6.9%

In 2002, Choudhary-and-Jana addressed-rriedel-Crafts acylation using Ga,O3
or In,O3 supported on SI-MCM-41 catalyst (Ga,Os/SI-MCM-41 and In,05/Si-MCM-
41) of toluene with benzoyl«chloride. Uq‘ing In,02/SI-MCM-41, the reaction time was
2.47 h which is less than 3.42 irwhen Ga;Qs/Si-MCM-41'was used [51].

_—
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In 2002, Duris and co-workers reported the use';of 1 mol% of neodymium

bis(trifluoromethylsttfonyl)amides named neodymium triffimidates (Nd(NTf,)3) as an
efficient catalyst for-Friedel-Crafts benzoylation of-diphenylether with benzoyl
chloride at 197°C for_4 h.»This reaction“gave a mixture of monosubstituted and
disubstituted produets in'thecratio af.mono/di = 20/30 [52].
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In 2003, Kawamura and co-workers reported the synthesis of aryl ketones
using rare-earth metal Lewis acids (Eu(NTf,)3) as an efficient catalyst for Friedel-
Crafts acylation of p-xylene with aliphatic and aromatic carboxylic acids at high
temperature. EU(NTTf,); revealed as the best catalyst for Friedel-Crafts acylation of

p-xylene with heptanoic acid in 78% yield [53].

O 15'mol% EU(NTf2)3

* /\/\)J\OH

<4 250°C

| 78%

1
In 2003, Sheemolsand co-_.workers addressed” Friedel-Crafts acylation of

toluene with acetic anhydgide |n nltrobenzene by various rare earth metal cations

exchanged zeolite 3 as eatalysts. The regjloselectlvny for the p-isomer product was

>95%. The order of catalyticiactivity of various rare earth metal cations exchanged
\ <)

zeolite B is La-p >H-B=Ce- >I_;)_y—’{§”>Eu—B§S}nj1‘-B ~Gd-B >Nd-B >Pr-p [54].

CH, vy P
O -0 Zeolite EN
M = B

N
+
HsC™ O= "CH3z  hitrobenzene HC F

CH

3 + CH3COOH

In 2004; Sawant! dand ‘co-workers ‘reparted: the ‘new ‘route to synthesize aryl
ketones using %2-tungstophosphoric acid supported on zirconia (TPA/ZrO;) as an
efficienty catalyst for FEriedel=Crafts benzoylation, of ~diphenyl~axide with benzoyl
chloride at'120°C for 3 h. TPA/ZrO, catalyst showed good catalytic-activity for this
reaction. The conversion of benzoyl chloride was 39.3% and the selectivity to
4-(benzoyl)-diphenyl oxide was 97.4% [55].

CeH=0C

TPA/ZrO,
@O©+ CgHsCOCI @- —@COCBHE, Qo
120°C, 3 h
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In 2004, Deutsch and co-workers reported the use of sulfated zirconia as a
catalyst for Friedel-Crafts benzoylation. Friedel-Crafts benzoylation of anisole with
benzoyl chloride was catalyzed by 0.2 g sulfated zirconia at 50°C for 3 h affording the
corresponding 4-methoxybenzophenone in high yield. The reactivity order of the
aromatics was anisole > mesitylene > 3-chloroanisole ~ m-xylene ~ 2-chloroanisole >
toluene [56].

0] OCH; 0]
©)J\CI . @ Sulfated zireonia
0

71%

In 2004, Melero and eo-workers-synthesized the arenesulfonic acid modified
mesostructured SBA-15 (Ar-SOzH) as an active catalyst for Friedel-Crafts acylation
of various aromatic compounds with ‘acetic anhydride. Friedel-Crafts benzoylation of
anisole with acetic anhydride catalyzed by {0.5 g of Ar-SOsH at 125°C for 3 h
afforded the corresponding p-methoxyacet(‘)b-ﬁepone in good yield and the selectivity
to p-methoxyacetophenone was higher than '9'5%_. As expected, when using pure silica
SBA-15, no product was observed [57]. p

OCH; 0“0  ArsO.H OCHs, OCHs
7 L . K
Q 1759C] 8 A “H{COC COCHj

In 2006, Gepalakrishnan-and. co-workers. reported ,that-microwave assisted

Friedel-Crafts acyiation ‘of arornatic*’compounds’ with “acetyl “chleride or benzoyl
chloride catalyzed by aluminium metal powder furnished the corresponding acylated
products in good to excellent yields. Moreover, the major product of this reaction was
p-isomer. The advantages of this procedure were short reaction time, simple operation
and environmentally friendly. Moreover, this catalyst could be reused and recovered

for several times [58].
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A ) Al metal powder (atomized) X Cl
L, + K

R R™ Cl MW, 160 W R

In 2006, Jana experimented Friedel-Crafts acylation using InCl; supported on
Si-MCM-41(InCl3/Si-MCM-41). The benzoylation of 2-methoxynaphthalene with
benzoyl chloride catalyzed by 20 wit% InCls/Si-MCM-41 at 80°C for 3 h affording the
corresponding 1-benzoyl-2-methoxylnaphihalent in high yield [59].

0 O OCH,

Gefi :
©)J\CI N 3/ 20Wt% InClg/Si-MCM-41 O O
. . 80°C,3h O

88%

In 2008, Yadav and Badure conducted‘the comparative study of Friedel-Crafts
acylation of 1,3-dibenzyloxybenzene with-‘i&cgtic anhydride by UDCaT-5 (modified
zirconia), sulfated zirconia,~ 20 vvt% Cs-DTP/K-10  (cesium  modified
dodecatungstophosphoric acid (DTP) on 'c:"iéyj{ amberlyst-36 (acidic ion exchange
resin) and Indion-130—(ien—exchange resin) affording the corresponding 3,5-di-
benzyloxyacetophenone. The catalytic result of 20 wt% Cs-DTP/K-10 showed the
highest selectivity and the catalyst could be reused for several times. The Cs-DTP/K-
10 showed the-best catalyst. The selectivity to 13j5+dibenzyloxyacetophenone of the
catalysts was inyorder of Cs-DTP/K=10 > Indion-130 > sulfated zirconia > amberlyst-
36 > UDCaT-5.[60].
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@-CHZO)ij\ OCH2©

Cs-DTP/K-10 | (CH5CO),0

+ CH,COOH

- G (e "h
In 2008, Tamilselvan ¢ é jorkers reported Friedel-Crafts acylation of

toluene, anisole and thioaniso WlitE

?" V2 riety of ¢ | chlorides catalyzed by cobalt(11)
oo '

acetylacetonate in nitromet

onditions affording the corresponding
D +m I jl
S ' Cl L
I

O
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nitromethane, 80-90° ?
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was occurred.
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Scheme 3.1 Proposed—mechanism ' for the cobal ) acetylacetonate catalyzed

3.1.2 Litera - tjwu I i ﬁafts reactions

In 200&%5&0%& reported moﬂe -exchange in K10 as a
catalyst. f iedel-C r ﬁj f.r r'ni i enyl chloride. The
reactio%ﬁeﬁiéﬁihﬁc 1%,%;1# ﬁﬂﬂ-ﬁﬂthmone [62].

% ‘
©\/?J\ . O\ Fe®*-exchange K10 /©\ w
+
Cl HO OH HO OH HO 0]

In 2001, Choudhary and co-workers reported the use of Ga-Mg hydrotalcite-

derived anionic clay as catalyst for Friedel-Crafts acylation (by benzoyl chloride) and
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benzylation (by benzyl chloride) and reactions with toluene and benzene in good to
excellent yields. Fresh hydrotalcite (basic anionic clay) showed no catalytic activity

for both Friedel-Crafts acylation and benzylation, even for a long period of time [63].

@) R O
Cl Ga-Mg hydrotalcite anionic clay X
+ i

In 2003, Yadav-and co-werkers synihiesized the cesium-substituted

dodecatungstophosphoric acid«(Cs: sHo sPW12040) supported on K10 clay for Friedel-
Crafts benzoylation. Friedel-Crafts ‘benzoylation of anisole with benzoyl chloride
catalyzed by 20 wt% Gs,sHosPWio04/K10 at 70°C for 2 h afforded the
corresponding 4-methoxybenzophenene +n high yield with 100% selectivity for the
formation of 4-methoxybenzophenone. Thls catalyst can be reused and recovered
several times [64]. :

wead A4

0 OCH, =~ 0
Y, 70°C, 2 h ' OCHj

In 2004, Choudhary and co-workers reported that montmorillonite K10 clay

supported InClgwas an efficient catalyst for,Friedei-Crafts acylation of phenols with a
variety of acyl ¢hlorides. For instance, Friedel-Crafts benzoylation of 2-naphthol with

benzoylchieside, yielded the target praduct 90% [65]:

0] OH O “OO
©)J\CI InCly/Montmorillonite K10 ©)‘\O
+

50°C, 30 min
90%

In 2004, Singh and Samant investigated Friedel-Crafts benzylation of benzene
with benzyl chloride by ion-exchanged montmorillonite K10, impregnated pillared

montmorillonite K10 and metal oxide pillared bentonite clays under milder
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conditions. The pillaring solutions of Al, Fe or Zr impregnated montmorillonite K10
were prepared and calcined at 120°C (K10-MPLS120) and 550°C (K10-MPLS550).
The results showed that impregnated pillared montmorillonite K10 was more active
than pillared bentonite and ion-exchanged montmorillonite K10. The K10-FePLS120
catalyst showed good selectivity and activity for this reaction [66].

CH,CI
sHel" . sRicias
+ +
- C 2
| 4.98.6% 1.4%

In 2008, Choudhary rfand Jha;’d ;eported the use of GaAlICl-grafted
montmorillonite K10 clay caialyst: for Friiéidel-Crafts benzoylation with naphthalene
affording the corresponding naphthalen—2-'y:i(ph_enyl)methanone in excellent yields. It
was observed that the catalyst Was highly stabré and no leaching of Al and Ga from
the catalyst during Friedel-Crafts"benzoylat'i'c")'ﬁ"r"éactions [67].

45 0
©)J\C| GaAICl,-grafted Mont.K10 O OO
+
80°C

3.2 _Scope.of this work

From'the literature reviews; homogeneous catalysts and’some heterogeneous
catalysts could be employed as good catalysts for Friedel-Crafts reaction. However,
the disadvantage of some catalysts is their toxicity and expensiveness, long reaction
time and difficulty in separation from the reaction products. The main features of this
research focused on the development of a new and efficient methodology for Friedel-
Crafts acylation using iron oxide-pillared clays and metal chloride-impregnated

aluminium oxide-pillared clay catalysts.
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3.3  Experimental
3.3.1 General procedure:

This section provides general information of general and/or specific reaction
conditions and spectral data for compounds along with a representative *H NMR. The
reactions were monitored by TLC on aluminium sheets precoated with silica gel
(Merck’s, Kieselgel 60 PFjs4). Buchi rotary evaporator connected to a vacuum pump
was used for removal of solvents.

Chromatography: Gas chromatographic..analysis was carried out on a
Shimadzu gas chromatography-instrument equipped-with a flame ionization detector
(FID) with N, as a carriec.@asand a 30-m long HP-5 column (0.25-mm outer
diameter, 0.25 um film thiekngss). Column chromatography was performed on silica
gel (Merck’s, kieselgel'60 G Art 7754 (70-230 mesh)).

'H-NMR specira were recorded__-*at 400 MHz on a Varian spectrometer.
Chemical shifts are repogted in ppm from %tgt?amethylsilane with the solvent residue of
CDCl; (7.26 ppm) 44

Chemicals: All solyents=in this "r:é_sgarch were purified according to the
procedures described in the standard methéﬂfil_fbgy except for reagents and solvents
that are reagent grade, o

1. anisole (Laboratery reagent)
benzoyl chloride (Sigma-Aldrich, 99%)
benzene (Carlo Erba)
toluene(Lab-Scan,reagentgrades)
1,3-dimethoxybenzene (Fluka Chemika, 98%)
1,4-dioxane.(Carlo.Erba)
ethyl acetate (Lab:Scan, reagent-grades)

1,2-dichloroethane (Laboratory reagent)

© © N o g &~ DN

dichloromethane (Lab-Scan, reagent grades)

[N
o

. acetonitrile (Merck, analysis grade)

-
-

. n-hexane (Lab-Scan, reagent grades)

=
N

. acetone (commercial grade)

[EY
w

. butyric acid (Fluka Chemika, analysis grade)

H
o~

. 4-ethylbenzoic acid (Fluka Chemika, analysis grade)
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15. acetic acid (Merck, analysis grade)

3.3.2 Syntheses
3.3.2.1 The general procedure for Friedel-Crafts acylation of anisole with
benzoyl chloride
A typical reaction: a mixture of anisole (1 mmol), benzoyl chloride (3 mmol)
and 1,4-dioxane (0.5 mL) was added to a round bottom flask with 30 wt% of catalyst
to anisole, connected with a condenser for refluxing. The solution was continuous
stirred for desired time and-temperature. After the-specific time or the reaction was
finished, the catalyst was simply.filtered out of the mixture, and washed the product
out with EtOAc. The solvent was evapo‘lrated to dryness under reduced pressure. The
obtained product wasanalyzed by %H NMR with the addition of an exact amount of

an appropriate internal standard (tquene)T
/

3.3.2.2 Optimum condition study on Frledel Crafts acylation of anisole with

benzoyl chloride — 2/ —3

Effect of mole ratio of anlsole to beazoyl chloride

Friedel-Crafts benzoyla’uon was carried out according to the general
procedure, but the mciﬁa’freroFamsoiﬁebeﬁzoyFeh’rende was changed to 1:1, 1:2,
1:3, 1:4 and 1:5 mmol;~

Effect of the amount ef catalyst
Friedel-Crafts "benzoylation was ~performed = according to the general
procedure, but the amount.of catalyst was.changet to.10, 20 and 30°'wt% of catalyst to

anisole.

Effect of the reaction time
Friedel-Crafts benzoylation was carried out according to the general

procedure, but the reaction time was changed to 30 min, 1, 2 and 4 h.
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Effect of type of organic solvent

Friedel-Crafts benzoylation was performed according to the general
procedure, but using different organic solvents including 1,4-dioxane, 1,2-DCE,
CH,Cl,, EtOAc and CH3CN.

3.3.2.3Study on the scope of Friedel-Crafts acylation for other aromatic

compounds

The general proceduie using iron oxide-pillared bentonite and 1,4-dioxane at
reflux temperature for 2-h.was carried-out.-Anisele; 1,3-dimethoxybenzene, toluene
and benzene were tested.

i

3.3.2.4 Study on the scopeof Friedel-C‘rafts acylation for other acid chlorides

The general pracedure usmg |rondox1de -pillared bentonite and 1,4-dioxane at
reflux temperature for 2.h was darried ouf The types of acid chlorides were varied as
following: benzoyl chloride, acety! chloglde; butyryl chloride and 4-ethylbenzoyl

)

chloride. -
i #e a2 A4

il

| el

3.3.2.5 Reuse of catalysts

The used iroA-oxide=piiiared-bentonite-was-regenerated by calcinations at
300°C for 5 h. The structural characterization of the regérnerated iron oxide-pillared
bentonite catalyst was characterized using XRD, N-adsorption/desorption and NHa-
TPD technique=The regeneratedinon exide=pitlared bentoniteswas reused as a catalyst

in Friedel-Crafts acylation.

3.4 Results and discussion

3.4.1 Catalytic activities of iron oxide-pillared clay and metal chloride-
impregnated aluminium oxide-pillared clays for Friedel-Crafts acylation
The Friedel-Crafts acylation of anisole with benzoyl chloride to produce

4-methoxybenzophenone (11) was selected for testing the catalytic activity of

synthesized iron oxide-pillared clay and metal chloride-impregnated aluminium

oxide-pillared clays catalysts. In this research, various factors were carefully

scrutinized to optimize the conditions for the preparation of aryl ketone. The mole
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ratio of anisole to benzoyl chloride, reaction time, the amount of catalyst and type of

organic solvent were varied to search for the optimal conditions.

O OCH,

0O OCHs3
©)J\C| ) © clay catalyst “
dioxane OCHj

Generally in Friedel-Crafts aeylation, -twe main possible isomers were

produced: o- and p-isomers«Under the particular conditions studied, 4-methoxy-
benzophenone (11) was deiected as a so‘ie product from the reaction while none of 2-
methoxybenzophenone (12) was observed.. The product was identified by *"H NMR
compared with authenti€ spemmen syﬂthe3|zed [64].

Other aromatic compounds utlllz*ed to examine the scope of the catalytic
activity for Friedel-Crafts agylation lncludlng 1,3-dimethoxybenzene, toluene and
benzene. Other acid chlorldes are Z1"ethylb€r°lzoyl chloride, acetyl chloride and butyryl

4244
chloride. . =

1y =
gl

3.4.1.1 Effect of raw heetofﬁ&chy—meﬁtﬁmﬂoﬁﬁeﬁnd iron oxide-pillared clays

on the reactlwty of Friedel-Crafts acylation

The goal of this study was to screen for suitable catalysts that could provide
aryl ketones in-high lyield mwth good selectivity.) The «catalytic activity of iron oxide-
pillared clays such as iron oxide-pillared bentonite"and iron oxide-pillared hectorite
were compared.with montmorillonite, raw. hectorite and iron.oxide (Fe,O3, hematite).
Conditions’investigated were 30'wt% catalysts to @nisole-at refluxing.1,4-dioxane for
2 and 4 h. The results are shown in Table 3.1. All iron oxide-pillared clays gave much

higher %yield than pure clays and Fe;Os.
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Table 3.1 The effect of raw hectorite clay, montmorillonite, and iron oxide-pillared
clays on the reactivity of Friedel-Crafts acylation

Entry Catalysts BET Acidity % Yield®
Surface area  (mmol/g)
(m?/g)
1 none - - o
2 Montmorillonite 65.05 1.26 trace”
3 Raw hectorite 574 0.55 trace”
4 Fe,0s 4 - - 21°
5 Fe-pillared bentonite 152 3.73 quant®, quant®
6 Fe-pillared hegtorite 1122.30 2.16 quant®, 65°

*The yield was quantified by "H NVIR using toluene as an‘internal standard.
Reaction conditions: anisole L mmot, benzoyl chloride:8 mmol, 30 wt% catalyst to
anisolgratiretluxing i,éf—dioxane for "4 h; °2 h.

When the reaction was performed \A’ﬂthout catalyst, no product was observed.
Raw hectorite clay, montmorillonite and Fr,r&o, showed lower activity than iron oxide-
pillared clays (entries, 2-6): This result corresponds with the temperature programmed
desorption experimeht—to—deten'rr'rne—acidity “and nitrotgen adsorption-desorption
experiment to observe surface area. The iron oxide—pillared bentonite and iron oxide-
pillared hectorite have 'ecidity and BET surface area higher than montmorillonite, raw
hectorite, respectivelyJlfon oxide<pillared-bentonite revealed-the highest acidity and
BET surface area resulting in the most activity in Friedel-Crafts acylation. It should
be mentioned at this point, that all ;iron, exide-pitlated clays-affarded good yield of
Friedel-Crafts acylation'produet without'contamination of«undesired product.

3.4.1.2 Effect of metal chloride-impregnated aluminium oxide-pillared clays on
the reactivity of Friedel-Crafts acylation
The goal of this study was to screen for suitable catalysts that could synthesize
aryl ketones in high yield with good selectivity. The catalytic activity of metal
chloride-impregnated aluminium oxide-pillared bentonite (LaCls/Al-PLC, NdCls/Al-
PLC, CeCls/Al-PLC, GdCIs/Al-PLC, YbCIs/AI-PLC and DyCls/AlI-PLC) was



65

observed. Conditions for this reaction are 30 wt% catalysts to anisole at refluxing 1,4-

dioxane for 4 h. The results are presented in Table 3.2.

Table 3.2 Effect of metal chloride-impregnated aluminium oxide-pillared bentonite

on the reactivity of Friedel-Crafts acylation

Entry Catalysts % Yield®
1 Al-PLC 14
2 LaCl;/Al-PLC 16
3 NdCls/Al-PLC 21
4 CeGl/AI-PL.C 15
5 GaClg/AlRLC) 15
6 DyCI3/AI-F?LCt i 18
7 YbCIg/AI PEC I 17

Reaction conditions: anisole 1 mmol beﬁzoyl chloride 3 mmol, 30 wt% catalyst to
anisole at refitixing _1r,4-d|oxane for 4 h.
*The yield was quantified by 1H_, NMR usir’idt"tj_qlﬁene as an internal standard.

Table 3.2 dlsplays the catalytlc acf‘ ivity of metal chloride-impregnated
aluminium oxide- plliared—bentonrte—(MCi—IN—PtC)—wmparmg to AI-PLC. All
MCI3/Al-PLC and Al-PL.C showed low catalytic act|V|ty around 14-21% vyield. This
observation was dlrectly related to the fact that there was no significantly difference
of BET surfacé.aréa and jacidity,oft MCIs/Al-PLC and Al-PLC-NdCIs/Al-PLC had the
highest acidity,gbut still cannot show the high activity in Friedel-Crafts acylation of
anisole.and Joenzoyl chloride-to furnish, the, desired product~This can be concluded

that these synthesized catalysts are'fiot'suitable for'this reaetion.

3.4.2 Optimum conditions for Friedel-Crafts acylation of anisole with benzoyl
chloride by iron oxide-pillared bentonite
Since iron oxide-pillared bentonite showed good activity for Friedel-Crafts
acylation of anisole with benzoyl chloride, further investigation on the mole ratio of
anisole to benzoyl chloride, the amount of catalyst, reaction time and type of organic

solvents was varied to search for the optimized conditions.
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3.4.2.1 Effect of the mole ratio of anisole to benzoyl chloride on Friedel-Crafts
acylation
The effect of the mole ratio of anisole with benzoyl chloride for Friedel-Crafts
acylation was carried out. The reaction of anisole with various amounts of benzoyl
chloride with the fixed amount (1 mmol) of anisole was experimented. The results are
shown in Table 3.3.

Table 3.3 Effect of the mole ratio of anisele*to.benzoyl chloride on Friedel-Crafts

acylation J
Entry anisolezpenzoyl chloride (mmol) %VYield®
1 1:13 56
2 1273 & 64
3 =3 . 72
4 Cpa 73
5 L4914 75

Reaction conditions: anisolg 1 miot, benZOyI chloride (varied), 30 wt% catalyst to
anisole at refluxmg m;:hoxane for 1 h.
*The yield was quantified by *H NMR usmg toluene as an internal standard.

From table 3.3,'the yield of 11 was increased Wifh increasing the amount of
benzoyl chloride (entriés 1-3). The highest yield was detected around 72% even the
amount of anisole:bénzayl chloride was raised up to"1:4and 1:5 (entries 4-5). The
higher amount @f benzoyl chloride increased the number of acylium ion that might
attack anisole at,several positions-and.generated by product. Fherefore, the mole ratio

of 1:3 was chosen for further experiments.

3.4.2.2 Effect of the amount of catalyst on Friedel-Crafts acylation

The amount of catalyst normally influenced the performance of the reaction.
The variation of the amount of iron oxide-pillared bentonite: 10, 20 and 30 wt% was
used to search for the appropriate amount of catalyst for Friedel-Crafts acylation. The
effect of the amount of iron oxide-pillared bentonite for Friedel-Crafts acylation was

examined. The results are presented in Table 3.4.
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Table 3.4 Effect of the amount of iron oxide-pillared bentonite on Friedel-Crafts

acylation
Entry iron oxide-pillared bentonite (wt%o) % Yield?
1 10 76
2 20 89
3 30 92

Reaction conditions: anisole 1 .mmol, benzoyl chloride 3 mmol, wt% catalyst to
anisole at refluxing 1,4-dicxane for 2 h.
*The yield was quantified-by-"HNMR using toluene-as an internal standard.

Table 3.4 shows that' the amount of iron oxide-pillared bentonite profoundly
affected the reaction™yield. AVhen the amount of iron oxide-pillared bentonite
increased, the yield of 4-methoxybenzoplj||EnJQne (11) was significantly increased. The
amount of iron oxidespillared benton'r:'te?of 30 wi% was chosen for further

experiments. =
" a ']
add v ol

3.4.2.3 Effect of the reaction time on Friedel-Crafts acylation
The effect ofithe reaction time on Friedel-Crafts acylation catalyzed by iron
oxide-pillared bentd_nitewas*carriedvu‘rand“thmsultmré presented in Table 3.5.

Table 3.5 Effect of the reaction time on Friedel-Crafts acylation catalyzed iron oxide-

pillared bentonite

Entry Time % Yield®
1 30 min ol
2 1n 72
3 2h 92
4 4 h 93

Reaction conditions: anisole 1 mmol, benzoyl chloride 3 mmol, 30 wt% catalyst to
anisole at refluxing 1,4-dioxane.

*The yield was quantified by *H NMR using toluene as an internal standard.
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The result from table 3.5 demonstrated that the reaction time profoundly
affected the reaction yield. The optimal reaction time was 2 h affording the target

molecule in 92% (entry 3).

3.4.2.4 Effect of type of organic solvents on Friedel-Crafts acylation

To observe the effect of type of organic solvents for Friedel-Crafts acylation,
five diverse solvents including 1,4-dioxane, 1,2-DCE, CH,Cl,, EtOAc and CH3;CN
were investigated. The effect of organic solvenis on Friedel-Crafts acylation was
performed using 1:3 mmol-of anisole-to benzoyil-ehloride and 30 wt% iron oxide-
pillared bentonites to anisole.at tefluxing conditions Tor 2 h. The results are presented
in Table 3.6.

Table 3.6 Effect of type of erganic solveﬁts on Friedel-Crafts acylation

Entry Organic solyvent - Dipole moment % Yield?
1 1,4-dioxane A\, 05 92
2 1,2-DCE e 150 74
3 CH.Cl, 160 62
4 EtOAG e 5 44
5 CHaCN 3.92 25

Reaction conditions: anisole 1 mmol, benzoyl chloride’ 3 mmol, 30 wt% catalyst to
anisole at refluxing solvent for 2 h.

*The yield wasquantified by,"H/NMRWsing; télaérie as andntetnal standard.

The synthesis of 4-methexybenzophenone, (11) was-fruitfully performed in
1,4-dioxane (entry~1) with ‘almost quantitative yield ‘within 2'h: Other solvents: 1,2-
DCE, CHCl, and EtOAc provided the target molecule in moderate yield (entries 2-4),
while CH3CN gave low yield (entry 5). This result may be derived from the effect of
dipole moment of the solvent. 1,4-Dioxane possesses the lowest polarity among these
solvents. The more polar solvent, the stronger its coordination with the generated
acylium ion intermediate. The stronger coordination would block the access of
nucleophile to attack the formed intermediate [28]. Therefore, in this work, 1,4-

dioxane was the most suitable solvent.
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It could be summarized the standard conditions for Friedel-Crafts acylation
catalyzed by iron oxide-pillared bentonite as follows: anisole 1 mmol, benzoyl
chloride 3 mmol, 30 wt% iron oxide-pillared bentonite to anisole, reaction

temperature at refluxing 1,4-dioxane and reaction time for 2 h.

0O OCH,4 O
©)J\C| © 30 wt% iron oxide-pillared bentonite
+
1,4-dioxane sreflux, 2 h OCH,
3 mmol 1 mmol 2

3.4.3 The scope of the reaction ‘1
Utilizing the -optimal conditions¢ for Friedel-Crafts acylation of anisole and
benzoyl chloride, varigus aromatlc compounds and acid chlorides were examined to
observe the scope of this developed reactlén
3.4.3.1 Type of aromatic compourrds fﬂ
Various aromatic compounds mcludmg 1,3-dimethoxybenzene, toluene and
benzene were selected to perform Friedel- Cra‘fts acylation catalyzed by iron oxide-
pillared bentonite undeﬁstaﬁdardﬂemdmoﬁs.—'lﬂrwvaﬁauon of aromatic compounds

under optimized conditions was carried out and the resufts are presented in Table 3.7,
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Table 3.7 Synthesis of aromatic ketones from various aromatic compounds under the

optimal conditions

Entry Aromatic compounds % Yield®
OCHj4
1 ©/ 92
OCHj
2 ©/ 70
OCHj3

CHy
3 ©/ 55
. Yk 25

Reaction conditions: aromatic compound I‘f‘m‘mol, benzoyl chloride 3 mmol, 30wt%
catalyst to anisole at reflu&ing in 1,4-dioxane for 2 h.

*The yield was quantified by *H NMR using'to'IUéne as an internal standard.

Friedel-Crafts acylation of benzoyl chloride with aromatic compounds such as
anisole and 1,3-dimethoxybenzene gave high yield of aryl ketones (entries 1-2), while
the reactions withitoldene and benzene gave moderate ‘and-low yield, respectively
(entries 3-4). The reaction of 1,3-dimethoxybenzene gave slightly lower activity than
that of.anisoele,-possibly caused by its steric effect. For the.moderate activity in the
case of toluene, it'probably results¥rom the' methyl group-which is ‘eensidered as the
weakly electron donating group. In the case of benzene with no activating group, the
acylation was difficult to accomplish and led to the poor yield of the desired product
because the lack of an electron donating group. The electron donating group released
the electron density to the aromatic ring, making it more nucleophilic aromatics which

strongly attack to the acylium ion intermediate.
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3.4.3.2 Type of acid chlorides

Various acid chlorides including 4-ethylbenzoyl chloride, acetyl chloride and
butyryl chloride were selected to perform Friedel-Crafts acylation catalyzed by iron
oxide-pillared bentonite under optimized conditions. The results are presented in
Table 3.8.

Table 3.8 Synthesis of aromatic ketones from various acid chlorides under the

optimal conditions

Entry Acid chloride % Yield®
(o)
1 @CI 92
0 4
3 O 89
S 7
@)

) | )J\u o

Reaction conditiens:, anisate' 1.mmol, .acid’ chloride. 3 .mmol, 30wt% catalyst to
anisole at refluxing 1{4-dioxane far 2 h.

*The yield was quantified by *H NMR using toluene as an internakstandard.

*The yiéld was quantified by 'H NMR using CHsCN as am internal standard.

From Table 3.8, various acid chlorides could be employed to synthesize
aromatic ketones in high yields.

To compare this protocol with other previous reported methods, this method
provided aryl ketones in excellent yield under mild conditions whereas most of prior

reports presented the manipulation of aryl ketones under severe conditions [68].
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Additionally, this optimized conditions required shorter reaction time to complete the
reactions comparing with many procedures [50, 51, 69]
All products presented in Figure 3.1 were verified their identities by *H NMR

spectroscopy.

O OCH;

@]
o oale ...

C

@) 0

16 A5/

‘ OCHs

Figure 3.1 Products obtaining from various aromatic compounds and acid chlorides.

4-methokybenzophenone (11)71'H NMR» (CDECI3) <& (ppm): 3.84 (3H, s,
ArOCHs), 6.93(2H,d, 3 = 8.67 Hz,’ArH), 7.45 (2H; t, J = 7.37 Hz, ArH), 7.53 (1H, t,
J=7.26Hz, ArH),7.69 (2H, d, J.= 7.43 Hz, ArH),7.78 (2H,.d, J.="8.72 Hz, ArH).

2,4-dimethoxybenzophenone(13): *H INMR (CDCls) & (ppm): 3.65 (3H, s,
ArOCHg), 3.82 (3H, s, ArOCHy), 7.12 (1H, d, J = 7.83 Hz, ArH), 7.45 (1H, d,
J = 7.65 Hz, ArH), 7.53 (3H, t, J = 7.26 Hz, ArH), 7.60 (1H, s, ArH), 7.78 (2H, d,
J =7.05 Hz, ArH).

4-methylbenzophenone (14): *H NMR (CDCls) & (ppm): 2.42 (3H, s,
ArCHa), 7.25 (2H, t, J = 7.84 Hz, ArH), 7.44 (1H, t, J = 7.26 Hz, ArH), 7.56 (2H, t, J
= 7.43 Hz, ArH), 7.70 (2H, d, J = 8.12 Hz, ArH), 7.74 (2H, d, J = 6.95 Hz, ArH).



73

benzophenone (15): *H NMR (CDCls) & (ppm): 7.44 (2H, t, J = 7.12 Hz,
ArH), 7.56 (4H, t, J = 7.10 Hz, ArH), 7.78 (4H, d, J = 8.12 Hz, ArH).

4-methoxyacetophenone (16): 'H NMR (CDCls) & (ppm): 2.62 (3H, s,
CH3C=0), 3.85 (3H, s, ArOCHg), 6.94 (2H, d, J = 8.62 Hz, ArH), 7.85 (2H, d,
J =8.74 Hz, ArH).

4-methoxybutyrophenone (17): *H NMR (CDCls) & (ppm): 0.96 (3H, t,
J =7.41 Hz, CH,CH3), 1.64 (2H, g, J = 7.32/Hz, CH,CH,CH3), 2.97 (2H, t, J = 7.37
Hz, CH,CH,C=0), 3.85 (3H, s, ArOCHz3), 8.93 (2H, d, J = 8.65 Hz, ArH), 7.86 (2H,
d, J = 8.70 Hz, ArH).

4-ethyl-(4-methoxybenzophenone) (18): ‘H NMR (CDCls) & (ppm): 1.24
(3H, t, J = 7.21 Hz, CH,EHjy), 2.62 (2H, g, J = 7.24 Hz, CH,CH3), 3.85 (3H, s,
ArOCHg), 6.94 (2H, d;"J #8.51 Hz, ArH), 7.25 (2H, d, J = 8.23 Hz, ArH), 7.66 (2H,
d, J = 7.39 Hz, ArH), 782 @H/di J =824 Hz, ArH),

3.4.4 The mechanism of Friedel-Crafts é‘cylation

The mechanism of FriedelCrafts aCj}Iqtion shown in scheme 3.3 was believed
to occur by the same manner as-that descril'éedjf"for homogeneous reaction employing
Lewis acid catalyst [70]. Y

0] O
R4 R4 ® R-C=0"° x—Fe3*-pillared clay
X X-Fe3*-pillared clay
X=CI
(0]
7N
© R-CEO®®X—Fe3+-piIIared clay —=— JH R
9 -
\ X—Fe** -pillared clay
0]

©)‘\R + Fe®*-pillared clay + HX

Scheme 3.3 The mechanism of Friedel-Crafts acylation of aromatic compounds on

iron oxide-pillared bentonite



74

The first step, acyl chloride reacted with metal cation of the pillared clay
catalyst to form a more electrophilic carbon. The electrophilic acylium ion was
attacked by m electrons of aromatic compound. This step destroyed the aromaticity
giving the cyclohexadienyl cation intermediate. Removal of the proton from the sp®
carbon bearing the acyl-group reformed the & electrons of the aromatic C=C and the

aromatic system, regenerating the active catalyst and generating HCI [70].

3.4.5 The direct methodology for one-petsynihesis of aryl ketones

The main purpose-ofthis part is'to develop aone-pot procedure to prepare aryl
ketones from acid halide..generated from carboxylic acid and combination of
halogenating agent and PRis. In fact, the reaction is composed of two steps. The first
step is the conversion of earboxylie acids to acid halides, while the second step is
Friedel-Crafts acylation between aromatic_compounds and acylating agent in the
presence of common lewis acids such as AlCl3, FeCls, etc. The general equation can

be simplified as shown below.

O]

0] =
halogenatingagent ArH
R)J\ OH R)Jr\ X . R)J\Ar
PPh; Lewis acid

In this study, the optimum conditions for the preparation of aryl ketones were
used following the previgus work by Kasemsuknimit [71]. The optimum condition for
the first step is;henzoic acid (1'equiv), CI3CCN as halogenating agent (2 equiv) and
PPh3 (2 equiv) in CH,Cl, at RT for 1 h and the optimum condition for the second step
is anisole (requiv). and-AlClks (4 equiv) at-refluxgsfor 2, hs, Under these optimum
conditions, it'could be applied‘for aone-pot'synthesis of ‘aryl ketones-Catalyzed by 30
wit% iron oxide-pillared bentonite at reflux for 2 h. A one-pot procedure to prepare

aryl ketones is shown below.

PPh; (2 eq) anisole (1 eq)

(0] (0]
o CI3CCN (2 eq) Fe-pillared bentonite (30 wt%)
CH,Cly, rt, 1 h reflux, 2 h O O
OCH,
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The reaction of benzoic acid with anisole in the presence of iron oxide-pillared
bentonite was carried out to furnish the corresponding 4-methoxybenzophenone (11)

in 78% under this particular condition.

3.4.6 Regenerated catalyst
3.4.6.1 The characterization of regenerated catalyst
The X-ray diffraction patterns of iron.oxide-pillared bentonite and regenerated

iron oxide-pillared bentonite from Friedel-Craits agylation are shown in Figure 3.2.

-

dgos= 13.50 A

. (b) regenerated Fe-pillared bentonite

Relative Intensity

| iR 15;23'15\ (a) Fe-pillared bentonite

T T = T T T 1

0 5 A0 150 20 25 30
2-theta (degree)

Figure 3.2 XRD patterns of (a) Fe-pillared bentonite and (b) regenerated Fe-pillared
bentonite.

After Friedel-Crafts acylation was completed, the clay catalyst was filtered out
of the reactionmixturepwashed with EtOAeand calcinedat 300°C fory5 h. The X-ray
diffraction pattern of regenerated iron oxide-pillared bentonite was Similar to that of
iron oxide-pillared bentonite. The broad (001) peak appeared at the same range (26 of
6°-8°) as that of fresh iron oxide-pillared bentonite, indicating that the structure of
catalyst was preserved upon regeneration process. Although the hightest point of dgo;
was around 13.50 A that was smaller than the dgo; of fresh iron oxide-pillared
bentonite. The collapse resulted from the re-calcination process and the local heat

produced from decomposition of trapped organic species.
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3.4.6.2 Nitrogen adsorption-desorption of regenerated catalyst
The nitrogen adsorption-desorption isotherms of iron oxide-pillared bentonite

and regenerated iron oxide-pillared bentonite are shown in Table 3.9.

Table 3.9 The BET specific surface area of iron oxide-pillared bentonite and
regenerated iron oxide-pillared bentonite for Friedel-Crafts acylation

Entry Samples BET specific surface area (m?/g)
1 Fe-pillared bentonite 155.52
2 Regenerated-Fe=pitiared bentoniie#1 71.87

Table 3.9 shows the'BET specific surface area of iron oxide-pillared bentonite
and regenerated iron”oxide-pillared bentonite. The BET specific surface area of
regenerated iron oxide-pillared bentomte was lower than the iron oxide-pillared
bentonite. There are two reasons: (1) thé re-calcination process at 300°C was not
enough to remove all organic residues that cOuId block the pores of the catalyst and
(if) the collapse of the d- spacmg also- ta’used the smaller pores; however, re-
calcination process at hlgher 300%E€-caused the plllared structure change or collapse.
3.4.6.3 Temperature-programmed-desorption-of regenerated catalyst

The total acidit’y (mmol/g) of iron oxide-pillaredr bentonite and regenerated

iron oxide-pillared bentonite for Friedel-Crafts acylation'are compared in Table 3.10.

Table 3.10 The acidity of iron oxide-pillared bentonite and regenerated iron oxide-

pillared bentonite.for. Friedel-Crafts acylation

Entry Samples acidity (mmel/g) Total acidity
Weak Strong acid (mmol/g)
acid sites sites
1 Fe-pillared bentonite 0.62 3.11 3.73
2 regenerated 0.61 2.97 3.58

Fe-pillared bentonite#1
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Table 3.10 exhibits the acidity of iron oxide-pillared bentonite and regenerated
iron oxide-pillared bentonite. The acidity of regenerated iron oxide-pillared bentonite
was lower than the iron oxide-pillared bentonite. This was due to the remaining
organic residues in catalyst pores, possibly the regenerated process at 300°C may not

completely destroy or decompose the organic compounds adsorbed on used catalyst.

3.4.6.4 Activity of regenerated iron oxidg-pillared bentonite in Friedel-Crafts
acylation of anisole with benzoyl chloride
For industrial econemy,-it-is important io-investigate the catalytic efficiency of
reused catalyst. The regenerated iron oxide-pillared bentonite was used as a catalyst in
Friedel-Crafts acylation of anisele with benzoyl chloride. The results are presented in
Table 3.11.

_—

Table 3.11 The results of regeneréted ird’[l oxide-pillared bentonite in Friedel-Crafts

acylation :
Entry Run (timesj"’_l‘__‘-_ _ % Yield?
1 —_— ;%Jfﬂ quant
2 R 93
3 [~ 3 vl 88

Reaction conditions: aflisole 1 mmol, benzoyl chioride’3 mmol, 30 wt% catalyst to
anisole at refluxing 1,4-dioxane for 2 h.

*The yield wasquantified by,"H/NMRWsing; télaérie as andntetnal standard.

The regenerated, iron oxide-pillared bentonite, was used far the next run. The
regenerated iron' oxide=pillared bentonite ‘exhibited fower activity ‘than the original
iron oxide-pillared bentonite. This result was well corresponded to that of the collapse

of doo1 basal spacing, lower BET surface area and lower acidity.

3.4.7 Conclusion

The catalytic activities of iron oxide-pillared bentonite were performed for
Friedel-Crafts acylation of anisole with benzoyl chloride. The optimized conditions

were the mole ratio of anisole to benzoyl chloride of 1:3 and 30 wt% iron oxide-
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pillared bentonite to anisole in refluxing 1,4-dioxane for 2 h. The reaction could be
performed to furnish 4-methoxybenzophenone (11) in almost quantitative yield with
excellent selectivity. The optimized conditions were also applied for various aromatic
compounds and acid chlorides. From the variation of aromatic compounds, the yields
of aromatic ketones depended on the steric and electronic effects of starting aromatic
compounds. From the variation of acid chlorides, the type of acid chlorides did not

affect the yield. This catalytic * ’y e reused up to three times without
appreciable loss of activity. ' '
7Z.
7 ——
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CHAPTER IV

THE CONVERSION OF EPOXIDES TO ACETONIDES BY CLAY
CATALYSTS

4.1  Introduction
4.1.1 The importance of epoxides aned acetonides

Acetalization, ketalization and thioacetalization are the most useful protecting
methods for carbonyl=funciional groups of aldehydes and ketones. Among those
mentioned protecting.methodoligs; acetonides (1,3-dioxolanes) are widely used in
organic synthesis [72]¢ natural prbductléynthesis and. synthesis of valuable fine
chemicals for the production in"'fragrz;hcé', steroid, polymer and pharmaceutical
industries [73-75]. 7

sl ¥/
4.1.2 Literature review on the synthesii-‘b_'fiib-dioxolanes
4.1.2.1 Reaction with homogerieaus catalysts _

Epoxides can 'b&ditecﬂ;manuettedlai,&dbxolahes by the aids of Lewis acid
catalysts. In 1993, Torek and co-workers reported the use Bf BF3.0Et; for the reaction
of ketones with epoxides yielding the corresponding 1,3-dioxalones. BF;.OEt, was
found to be the-effective Catalyst for the reaction.of 4-tert-butylcyclohexanone with

propylene oxide [76}.

CHy

O o/g
(0] /\
CH3 (@)
CH,Cl,, 25°C

80%

In 1998, Iranpoor and Zeynizadeh reported the use of TiO(TFA), and
TiCl3(OTf) for the conversion of epoxides to acetonides in excellent yields. These two
known solid titanium(lVV) compounds were stable and could be prepared from TiCl,.
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Epoxides with both electron withdrawing and electron-releasing groups were treated
with these catalysts in acetone. TiCl3(OTf) was reported to be more efficient than
TiIO(TFA), [77].

0 0 TiCl4(OTf), 0.02 equiv. o>g
A=+ P
R HaC™ CHs RT, 10 min. R

In the same year, Iranpoor and Kazemi-addressed the conversion of epoxides
using anhydrous RuCl; afferding the carresponding 4,3-dioxolanes. For instance, the
reaction of 2-(vinyloxymethyl)oxirane with acetone catalyzed by anhydrous RuCl;
yielded 2,2-dimethyl-4-(vinyloxymethy_l)-l,3-dioxolane in 87%. This catalytic
procedure could be applied for various epQ;ides containing both electron withdrawing

and electron releasing groupsat refluxingfacétone in high yields [78].

#

anh,_y rous RuC 0
: © Treflux

87%

Recently, bismuth compounds have attracted the-methodologists’ attention due
to their good stability, low-eost and low toxicity. In 2001, Mohammadpoor and co-
workers reported the synthesis of _1,3-dioxolanes from epoxides using bismuth(l11)
salts. An efficient method was performed for the reaction of sstyrene oxide with
acetonen using BiCls;\ Bi(OTf)s. and. Bi(TFA); .affording the ‘corresponding 2,2-
dimethyl-4-phenyl-1,3-dioxolanes in excellent vyields. Bi(OTf); showed better
efficient catalytic activity than Bi(TFA); and BiCl3 [79].

o o

0 ) O
A B e
+
HsC CHs reflux

97%
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In 2003, Vyvyan and co-workers reported the synthesis of benzoxocane-
containing natural products. The formation of 2,2-dimethyl-1,3-dioxolanes catalyzed
by anhydrous SnCl, was performed in good to excellent yields. The 2-((S)-4-(2,2,5,5-
tetramethyl-1,3-dioxolan-4-yl)butan-2-yl)phenol was formed when acetone was added
to 2-((S)-4-(2,3,3-trimethyloxiran-2-yl)butan-yl)phenol and anhydrous SnCl, in
chloroform [80].

SnCl, O
3 X
OH €HCl; acetone, RT OH o

46%

Recently, Er(QOT1)s;/has been in{_troduced due to its very environmentally
friendly catalyst for acid-catalyzed reaé@_i(;ns. In 2005, Procopio and co-workers
reported the use of Er(OFf); for the conversion of epoxides to acetonides in high
yields. A mild and efficient procedure waS'égc_c_essfulIy performed for the conversion
of styrene oxide to 2,2 dimethyl-1,3—dioxol'énéffcatalyzed by the catalytic amount of
Er(OTf)s (0.1 mol%).at room temperature for 30 min. The procedure could be applied

for other epoxides and-carbonyi-compounds{8i}:

° %
& 04 nfoldeEHOTH]
HeEA
3 3 RT, 30 min.

>99%

In 2008, Saha and co-workers reported that FeCl; catalyzed the synthesis of
acetonides from epoxides. This communication described an efficient synthesis of

acetonides [82].

0 O 5 mol% FeCl, O>%
A ch:)J\c:H3 o

R RT
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The reaction of 2-(phenoxymethyl)oxirane with acetone was screened utilizing
5 mol% of anhydrous FeCls at room temperature for 4.5 h. The reaction proceeded

smoothly to give 2,2-dimethyl-4-(phenoxymethyl)-1,3-dioxolane [82].

©/O\/&+ )OJ\ 5 mol% FeCl, ©/O\/OK>/YO’

H:C N RT#5 h.

82%

-

In 2008, Zeynizadeh and.Sadighnia addressed the conversion of epoxides to
acetonides using phosphomelybdic acid (PMA) as a catalyst. With 0.1-0.2 mol% of
PMA, the reaction of*Styrene oxide Wit‘h acetone was well proceeded affording the
corresponding 2,2-dimethy|-1,3-di0xolan;*s in good to excellent yields. The reactions
were successfully performed at foom tem;‘.%h_eréture for 2 min [83].

.

O vl ok

= -0.21mol? Rin 0 CH
Rl/L\R N .y CJ\CH : O.l,(_).g,tmol/o PMA I >< 3
2 3 P 3 ;,'f'-':’-.; R_T R2 O CH3

4.1.2.2 Reaction with heterogeneous catalysts

Heterogeneous catalysts are important in organic synthesis. The development
of an efficient-heterogeneous catalystoforthecformation of, 153-dioxolanes is another
important goal for organic synthesis-and industrial point of view.

In 1996, Ponde and_.co-warkers_ reported” an. efficient reaction of various
ketones ‘and ‘aldehydes: with ethane-1,2-dithiol or ethane-1,2-diol by kaolinite clay
affording the corresponding 1,2-dithioxolane or 1,3-dioxolane derivatives,
respectively in high yields [84].
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O
10 wt% Clay R O
R)J\H + Ho/\/OH >< j
reflux, 2 h H O
O 10 wt% Cla Ry S
P XH oy 1 j
R{” R, * HS™
reflux, 2 h R, X
X=0,S

In 1998, Ballini and.co-workers repoited. the conversion of epoxides to 1,3-
dioxolanes using zeolite-HSZ-360 and' offered-many advantages over the existing
methodologies. For instance,. ihe. atvantage of zeolite HSZ 360 catalyst is the ease of
work up, easy reusable eatalyst ‘and ‘-lmild reaction conditions. The reaction of
cyclohexene oxide with eiftylene glycol in toluene was screened utilizing 0.2 g of
zeolite HSZ-360 as a catalyst. The reacti(;jn proceeded smoothly to give 1,3-dioxolane
in high yield [85]. 7

il

o Roreis N =
‘ zeolite HSZ 360
, L toluene, reflux, 3. h
- - >99%

In 2001, Bucsi~and co-workers tested the catalytic activity of various types of
catalysts such as SIW: Hy[SiW1,04], K10 montmorillonite and BF3 for the synthesis
of 1,3-dioxolanes from_ketenes and oxiranes. K10_montmoritlonite showed the best

catalyst for this reaction [86].

O Catalyst )
@o . Y (I ><
H3C CH3 O

Catalyst Reaction time (h)  Isolated yield (%)
SiW; H4[SiW12040]. 3 58
K 10 montmorillonite 2 75

BF; 2 40
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In 2005, Ledneczki and co-workers reported the use of SAC-13 solid
superacid in the synthesis of cyclic acetals. High catalytic activity and selectivity in
the synthesis of cyclic acetals was observed. Various types of carbonyl compounds
could be reacted with propane-1,3-diol and ethane-1,2-diol to form 1,3-dioxanes and

1,3-dioxolanes, respectively in good to high yields [87].

0
SAC-13 Ry O«
R R, * HO(CHZ)OH R0 (CHahn

=3 CH,Cly reflux

The reaction of pentanal/and ethane-1,2-diol was catalyzed by SAC-13 solid

superacid at reflux for 4 h/affording the corresponding 2-butyl-1,3-dioxolane in

excellent yield [87].

0 . SAC-13 H_O
\/\)J\ + HO/\/OH = \/\)< j
H CH,Cl,, reflux, 1 h O
- 100%

In 2004, Wu_ and co-workers reported the “Use of ionic liquid (N-
methylimidazolium tetvafluoroborate ([Hmim]BF,)) and-Brgnsted acid for protection
of a variety of carbonyl compounds by the formation of ketals or acetals. [88].

HO
0 2
HO
RN

I Rz [Hmim]BF,

Rl O>
R0

)(J)\ MeOH R;. OMe
1

R, X

[Hmim]BF, R; OMe

R
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The use of ionic liquid ([Hmim]BF,) for the reaction of n-hexanal with
neopentyl glycol was successfully performed with quantitative yield and good

selectivity.

)

(HmimIBF \/\/\)\/j\
o0 HO></OH : o

98%

The stable and inexpensive ionic liguids-have been prepared from choline
chloride and ZnCl,. choline_ ehloride. xZnCl; 1s moisture-stable, cheap and easy to
handle. In 2006, Duan amd .co-workers reported that benzyltrimethylammonium
chloride.2ZnCl; and eholine chloride. xZnCl; (x=1-3) were very efficient catalysts for

the synthesis of 1,3-dioxanes and 1,3-dioxolanes [39].

+ =% A T
NN S, A
CNTTCHOH U SN TCHPE
Y = v
Y = aZnCly+bZn,Cls + cZnsClisa+ b +c=1

Choline chloride.xZnCl, Benzyltrimethylammonium chloride. 2ZnCl,

The reaction of neopentyl glycol and benzaldehyde catalyzed by choline
chloride.xZnClz1(x=1-3) at"25°Cy for110/h afferdedithecorresponding 5,5-dimethyl-2-
phenyl-1,3-dioxane in high yield [89].

O
choline chloride. xZnCl 0]
RT,10h 0

80-83%

In 2008, Srivastava and co-workers reported the use of AI-SBA-15 as a
catalyst for the reaction of various carbonyl compounds with catechol. This procedure
described an efficient synthesis of 1,3-benzodioxoles. An important molecule such as
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2,2-disubstituted 1,3-benzodioxoles and 2-substituted 1,3-benzodioxoles were
obtained from these reations [90].

0 OH  AlsBA-15 0 R1
)J\ + + Hzo
R{T R OH toluene, reflux

The reaction of catechol with ‘hExane-2,5-dione was screened utilizing

Al-SBA-15 as catalyst. The'meno-benzodioxoie-product was obtained in 10 wt% Al-
SBA-15 and 1:2 molar. rato hexane-2,5-dione to-eatechol. The reaction proceeded
smoothly to give .60% of 2-methyl-2-(3-oxobutyl)-1,3-benzodioxole (mono
benzodioxole product).and 40% of 2,21_—dimethyl-2,2‘-ethy|enebis(l,3-benzodioxole)
(bi-benzodioxole produgt).

_—

O @[OH “AlSBA- 15 D D
+
)J\/\fo( OH toluene reflux

An efficient procedure for protecting N-tert-butoxy carbonyl [N(Boc)] amino
alcohols as acetonides-and the deprotection of acetonides using Al-SBA-15 and 2,2-
dimethoxypropane (DMP)4wvas successfully performed,

4©_>j Al-SBA-15 ‘Q_B—\
0 on ™ “pmp 0 \

\PO/HN \ko "

83%

Oxathioacetalization has attracted intensive interests in organic synthesis due
to their stabilities under reaction conditions, ease of formation and removal. In 2009,

Shirini and co-workers reported the use of silica sulfuric acid (SSA) as an efficient
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catalyst in the oxathioacetalization of ketones and aldehydes with 2-mercaptoethanol
affording the corresponding 1,3-oxathiolane products and the deprotection of the

obtained products in excellent yields [91].

O
+ ~_0OH
Rl)J\RZ HS

SSA, n-hexane, reflux [OXRl
S'R,

SSAIl wet SiO,, n-hexane, reflux

In 2009, Amrute and co-workers reported the successful synthesis of 1,3-
dioxolane and 1,3-dioxane-eatalyzed by MoQO3z/SiOs.. The advantages of MoO3/SiO,
catalyst are inexpensive; eavironmentally friendly and reusable without loss of

activity and product selectivity [92]:

Cl
9 eplchlorohydrm H* 7/// O
Isomerization _

-'.H

il

\+ = =
-0 )OJ\ catalyst , O7L
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Cl Cl Cl
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4.2 Scope of this study

Previous literature reviews revealed the evidence that homogeneous catalysts
and some heterogeneous catalysts could be employed as a good catalyst for the
conversion of epoxide to 1,3-dioxolanes. However, the disadvantages of some
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catalysts are air- and moisture-sensitive catalysts, high temperatures required, the use
of expensive and toxic catalysts and long reaction time and difficulty of separation
and recovery. The main features of this research focused on the methodology toward
the conversion of epoxide such as cyclic epoxides, epoxides with ethereal linkage and
terminal aliphatic epoxides to more valuable products catalyzed by the synthesized
iron oxide-pillared clays and metal chloride-impregnated aluminium oxide-pillared

clays catalysts.

4.3  Experimental /
4.3.1 General procedure:

This section provides general information of general and/or specific reaction
conditions and spectral data for compouﬁdg along with a representative '"H NMR. The
reactions were monitored by TLC on z;\iuminium sheets precoated with silica gel
(Merck’s, Kieselgel 60 PFos4). Buchi rota‘%fy‘évaporator connected to a vacuum pump
was used for removal of solvents: '

Chromatography: Gas chromatoéf;a_ph_ic analysis was carried out on a
Shimadzu Gas Chromatography inétrumentédﬂfpped with a flame ionization detector
(FID) with N, as a, carrier gas and a 3;6-'""rﬁ*"lc‘)ng HP-5 column (0.25-mm outer
diameter, 0.25 um filfa-thickness).-Column-chromatography was performed on silica
gel (Merck’s, kieselgél 60 G Art 7754 (70-230 mesh). .

'H NMR specira were recorded at 400 MHz on a Varian spectrometer.
Chemical shifts:are reportedyimppm from tetramethylsitang"with the solvent residue of
CDCl; (7.26 ppm).

Chemicals;.All solvents were purified.according.to the procedures described
in the standard methodology except forireagents and solvents that are reagent grade.
The reagents are listed as follows:

Styrene oxide (Fluka Chemika, 97%)
1-Dodecene oxide (Fluka Chemika, 95%)
Cyclohexene oxide (Fluka Chemika, 98%)
Butyl-glycidyl ether (Fluka Chemika, 95%)
tert-Butyl-glycidyl ether (Fluka Chemika, 97%)

o ok~ w N E

2,3-Epoxypropyl isopropylether (Merck, 98%)
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7. 2,3-Epoxypropyl phenylether epoxy (Merck, 98%)
8. Acetone (commercial grade)

9. Ethyl acetate (Lab-Scan, reagent grades)

10. Diethyl ether (Merck, reagent grade)

11. Acetophenone (Fluka Chemika, 97%)

12. Benzaldehyde (Baker analyzed)

4.3.2 Syntheses
4.3.2.1 The general procedure for the.conversion-of styrene oxide to its acetonide
A typical reaction mixiure of styrene oxide (1 mmol) and acetone (3 mL) was
added to a round bottom lask with 19 wit% of catalyst to styrene oxide at room
temperature. The solution was continuo_us.stirred for desired time and temperature.
After the specific timesor the reactlon was flnlshed the catalyst was simply filtered
out of the mixture, and washed the pl’oduct out with EtOAc. The solvent was
evaporated to dryness under reduced pressure to afford the product. The product was
analyzed by GC with the addltlon of an exact amount of an appropriate internal

,J [4
standard (cyclohexanone). ) —

1y =
gl

4.3.2.2 Optimum COﬁd1ﬂOﬁS‘fOﬁh€‘COﬁV€fo0ﬁﬁf’Styl‘ene oxide to its acetonide
Effect of the amount of catalyst
The conversion of styrene oxide to acetonide was carried out according to the
general procedurepbutithe/amountiof catalystiwasichangedite=2, 5, 10 and 30 wt% of
catalyst to styrepe OXIide.

Effect of reaction time
The conversion of styrene oxide to acetonide was performed according to the

general procedure, but the reaction time was changed to 1, 3 and 5 min.

Effect of reaction temperature
The conversion of styrene oxide to acetonide was carried out according to the

general procedure, but the reaction temperature was changed to 30°C (RT) and 60°C.
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Effect of the amount of acetone
The conversion of styrene oxide to acetonide was performed according to the

general procedure, but the amount of acetone was changed to 0.5, 1 and 2 mmol.

Effect of type of organic solvents

The conversion of styrene oxide to acetonide was carried out according to the
general procedure, but using different organic solvents including CH,CI,, hexane,
EtOAcC, 1,4-dioxane, CH;CN.and DMF.

w

4.3.2.3 Study on the reaction-of.other epoxides with acetone to acetonides

1-Dodecene oXide, cyclohexene‘loxide, 2,3-epoxypropyl isopropylether or

2,3-epoxypropyl phenylether - &

According to the general proeedl;fe the conversion of various epoxides such
as 1-dodecene oxide, cyclohexene oxudé 2 ,3-epoxypropyl isopropylether or 2,3-

epoxypropyl phenylether o the: correspondmg acetonides were experimented using

,u

iron oxide-pillared bentonite as catalyst at 60“(3 for2 h.

Butyl glycidyl ether@nd tert- butyl"aiyéidyl ether,

According to Ih&geﬁefal—pfecedwﬁof—th%eeﬁverston of butyl glycidyl ether
and tert-butyl egCIdyI ether to acetonides using iron oxide- -pillared bentonite as
catalyst were examined. The reaction temperature (30°C and 60°C), reaction time (15
min, 30 min, 2°h and 4%h) anddtie amaeunt.of catalyst (10 wit%:-and 30 wt% of catalyst

to styrene oxide) were varied.

4.3.2.4 Study on the canversion of styrene oxide with other carbonyl compounds
to 1,3-dioxolanes
To observe the scope of the reaction, the conversion of styrene oxide with
other carbonyl compounds such as acetophenone and acetaldehyde was conducted.
The chosen conditions included using iron oxide-pillared bentonite as catalyst in and
CH,Cl, at refluxing CH,CI, (40°C) for 2 h.
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4.3.2.5 Reuse of catalysts

The used iron oxide-pillared clays were regenerated by calcination at 300°C
for 5 h. The structural characterization of the regenerated iron oxide-pillared bentonite
was characterized using XRD, Nj-adsorption/desorption and NH3-TPD technique.
Then, the regenerated iron oxide-pillared bentonite was tested as a catalyst in the

conversion of styrene oxide to acetonide.

4.4  Results and discussion
4.4.1 Catalytic activities—of iron ~oxide-pillared clay and metal chloride-
impregnated alumiaiuma” oxide-pillared clays for the conversion of

epoxides to 1,3-dioxolanes ,

The synthesis-of 2 2<dimethyl-4-phenyl-1,3-dioxolane (19) from styrene oxide
with acetone was selegted for testing th_é catalytic activity of catalysts (iron oxide-
pillared clay and metal chloride-imprégﬁated aluminium oxide-pillared clays).
Various factors were carefully scrutini:ied*-' to optimize the conditions for the
preparation of 1,3-dioxolane. The reaction’ti!r_n_e,_ the amount of acetone, the amount of

catalyst and type of organic solvents were va{—iéd to search for the optimal conditions.

| el

Y ’ o

7 0 I talyst °
clay catalys
‘ HSCJ\CHg :

(19)

Compound_19 was.identified by, *H.NMR spectroscopic.data compared with
authentic specimen synthesized. The preparation 6f authentic sample-19 involved the
reaction of styrene oxide with acetone using FeCl; as a catalyst [81]. The
characterization of conpound 19; *H NMR (CDCls) & (ppm): 1.48 (3H, s), 1.52 (3H,
s), 3.67 (1H, t), 4.27 (1H, dd, J = 8.6, 6.4 Hz), 5.05 (1H, dd, J = 8.6 Hz), 7.31 (5H,
m).

Other epoxides: cyclohexene oxide, 1-dodecene oxide, butyl glycidylether,

tert-butyl glycidylether, 2,3-epoxypropyl isopropylether and 2,3-epoxypropylphenyl
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ether, and other carbonyl compounds: acetophenone, acetaldehyde and cyclohexanone
were utilized in order to examine the scope of the catalytic activity of the reaction.

4.4.1.1 Effect of raw clays (bentonite, hectorite and taeniolite) and iron oxide

pillared clays on the reactivity for the conversion of styrene oxide to

acetonide

The catalytic activity of iron oxide-pillared clays (Fe-pillared clays): iron
oxide-pillared bentonite, iron oxide-pillared” _taeniolite and iron oxide-pillared
hectorite were compared-with-montmerilloniie;-Li-taeniolite, raw hectorite and iron
oxide (Fe,Os3, hematite) for the Conversion of styrene oxide to acetonide. Conditions
for this reaction were 30 wit% eaialyst t‘? styrene oxide at 60°C for 24 h. The results
are shown in Table 4.47Alldron oxide-piljared clays gave much higher yield than pure

clays and Fe,Os. . v

J
Table 4.1 Effect of raw glays, iron oxiﬂg—pﬁillared clays on the reactivity for the

conversion of styrene oxide to"éﬁgtonide

Entry Catalysts USBET - Acidity % % Styrene MB
-7 -surface (}ﬁfﬁol/g) Yield oxide (%)

. -";': area a4 (recovered)
(m?/g)
1 None~ - - -0 99.9 99.9
2 montmorillonite 65.05 1.26 trace 97.5 97.5
3 Raw hectorite 5711 0.55 trace 98.7 98.7
4 Li- taeniolite 353 0.43 trace 98.5 98.5
5 Fe;03 - - 22,5 76.2 98.7
6 Fe-pillared bentonite  155.52 3.73 quant 0 100.0
7 Fe-pillared hectorite  122.30 2.16 quant 0 100.0
8 Fe-pillared taeniolite  20.33 1.52 90.0 0 90.0

Reaction conditions: styrene oxide 1 mmol, acetone in excess (3 mL), 30 wi% catalyst to
styrene oxide at 60°C for 24 h.
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When the reaction was performed without catalyst, no product was observed.
Three iron oxide-pillared clays were screened to observe their potentially catalytic
ability. It was disclosed that all iron oxide-pillared clays afforded good yield for
conversion of styrene oxide to acetonide at 60°C for 24 h without contamination of
undesired products. Iron oxide-pillared clays gave much higher yield than pure clays
of all types. This result well corresponded with the temperature programmed
desorption experiment to determine acidity and nitrogen adsorption-desorption
experiment to observe surface area. lron-oxide-pillared clays gave much higher
acidity and BET surface area-than pure-clays. The-amount of acidity and BET surface
area of iron oxide-pillared bentenite, iron oxide-pillared hectorite and iron oxide-
pillared taeniolite were higher ihan mon}morillonite, raw hectorite and raw taeniolite,
respectively. This manifestly srevealed that types of clays greatly affected on the
catalytic activity. - :
%
4.4.1.2 Comparative study on-the effe(:jcx‘df iron oxide-pillared bentonite, iron
oxide-pillared hectorite*"and |r’6n .. oxide-pillared taeniolite for the
conversion of styrene dxide-to aceté_#iﬁe

The comparative study on the effect of iron oxide-pillared clays was observed.

The results are shovvrﬁ?n Tabie 4.2. 1
Table 4.2 Comparati\ié study on the effect of iron oxide-pillared bentonite, iron
oxide-pillared ~hectorite] @and=:1ron| oxide-pillared taeniolite for the

conyersion Of styrene oxide to acetonide

Entry.. Time, _..%.Yield.of Lusing, . 20.Yield of 1Lusing .. %.Yield of 1 using

Fe-pitlared Fe-pillared Fe-pillared
bentonite hectorite taeniolite
1 5 min 94.1 35.2 11.2
2 15 min - 65.6 52.7
3 30 min - 83.3 77.4
4 2h - 89.6 86.2

Reaction conditions: styrene oxide 1 mmol, acetone in excess (3 mL), 10 wt% catalyst to
styrene oxide at RT (30°C).
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The comparative study on the effect of the reaction time of three catalysts
(iron oxide-pillared bentonite, iron oxide-pillared hectorite and iron oxide-pillared
taeniolite) for the conversion of styrene oxide to acetonide at RT (30°C) by 10 wt%
catalyst to styrene oxide was conducted. The amount of the obtained product was
increased when reaction time increased. Among those iron oxide-pillared clays
examined, iron oxide-pillared bentonite provided the highest yield of 19. The iron
oxide-pillared bentonite provided the excellent yield within 5 min revealing its
remarkably efficient catalyst for the conversion of styrene oxide to acetonide. These
observed results were coriesponded to-the acidity-and BET surface area. Iron oxide-
pillared bentonite had the highesiacidity and BET surface area (Table 4.1, entry 6).
Therefore, the following study.will con?entrate on iron oxide-pillared bentonite as a
catalyst for the conversion of epoxide o acetonide.
4.4.1.3 Effect of metal chloride-ir'r..npreglé_\g;ed aluminium oxide-pillared bentonite

on the reactivity for theiconversiqh' of styrene oxide to acetonide

The catalytic activity of me;cal chl&rii‘ie impregnated aluminium oxide-pillared
bentonites (LaCls/Al-PLC, NdCH/ARPES £eCI3/AI PLC, GdCIs/AI-PLC, YbCIs/Al-
PLC and DyCls/Al- PLC) was observed. Some metal chloride-impregnated aluminium
oxide-pillared bentonctefatalystﬁhavebeefrdeewneﬁfed Zto Dbe effective in conversion
of styrene oxide to acetonide. Six synthesized metal chlorlde impregnated aluminium
oxide-pillared bentonite catalysts were explored for their capability on the conversion
of styrene oxide! to 190 Conditions:for this:reactian iwere:30-wt% catalyst to styrene
oxide at 60°C far; 24 h. The results are shown in Table 4.3.
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Table 4.3 Effect of metal chloride-impregnated aluminium oxide-pillared bentonite

on the reactivity for the conversion of styrene oxide to acetonide

Entry Catalysts Acidity % Yield % Styrene oxide MB
(mmol/g) (recovered) (%)

1 Al-PLC 1.67 trace 96.1 96.1

2 NdCls/Al-PLC 3.50 95.0 5.4 100.4

3 CeCl3/Al-PLC 3.06 87.5 3.1 90.6

4 YbCls/Al-PLC 1.97 292 34.2 93.4

5 DyCls/Al-PLC 2.12° 534 47.5 100.9

6 GdClI3/Al-PLC 1.83 50.0 52.7 102.7

7 LaCly/Al-PLE oI 7\ 48.8 51.1 99.9

Reaction conditions: styrengfoxide/1immol; acetone in excess (3 mL), 30 wt% catalyst to
styfene oxide at_ 60°C fpr ?_4 h.
/

Table 4.3 demonstraies the compaf_éttive study on the effect of metal chloride-
impregnated aluminium oxide-pilla{red beﬁ{é_nj'qes. The yield of 19 obtained from the
reaction catalyzed by NdCI3/AI:’-"PL_C (entryiz}fx?i;as more than those achieved by other
metal chloride-impregnated aluminium oxi:tféfp:ilrared bentonite. This result was also
well matched with thé#acidify,—Ndelg{ﬁcI%t%exhibitedthe highest acidity; therefore
expressing the highéét'activity. It could thus be conclUdéd that types of rare earth
metal chlorides affected on the catalytic activity in this reaction.

The resultstobtained-from tables 4.2:andi4.3:clearly displayed the effect of iron
oxide-pillared bentonite"and NdClI3/Al-PLC for the Conversion of styrene oxide to 19.
The iron oxide-pillared.bentonite provided excellent yield.at RT by“10 wt% catalyst to
styrene oxide for 5'min (Table 4.2, entry 1), whereas NdCI3/Al-PLC showed good
yield using 30 wt% catalyst to styrene oxide at 60°C at for 24 h (Table 4.3, entry 2).
When other parameters (reaction temperature, reaction time and the amount of
catalyst) for the preparation of acetonides were considered, It could be concluded that
the iron oxide-pillared bentonite was much more efficient than NdCls/Al-PLC for the
conversion of styrene oxide to 19. Thus, the structure and component of clays
markedly affected on the catalytic activity of this reaction. The following study will
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concentrate on iron oxide-pillared bentonite as a catalyst for the conversion of
epoxide to acetonide.

4.4.2 Optimum conditions study on the conversion of styrene oxide to acetonide
by iron oxide-pillared bentonite
Utilizing iron oxide-pillared bentonite as a catalyst, further investigation was
focused on the amount of catalyst, the'‘amaount of acetone, the reaction time and types

of organic solvents that may-influence the reactiVity of the reaction.

-
4.4.2.1 Effect of the ameunt of catalyst for the-conversion of styrene oxide to

acetonide \

The amount of eatalyst normall;} influenced the performance of the reaction.
The variation of the ameunt of iroﬁ_oxi@é';pillared pentonite: 2, 5, 10 and 30 wt%
were used to search for the appropriate an')OlJ'nt of eatalyst in the conversion of styrene

oxide to 19. The results are prese_ntgd in TEQIe,_AA.

£
il /N

Table 4.4 Effect of the amount/of iron oxide-pillared bentonite for the conversion of

styrene oxide to acetonide by ol =

Entry  Fe-pillared bentonite % Yield %é_Styrene oxide MB

(Fecovered) (%)
1 2 Wi% 83.1 - 172 100.3
2 5 Wi% 90:5 7.6 98.1
3 10 wit% 9.1 0 94.1
4 30 wt% 94.8 0 94.8

Reactiofy conditions:, styrene oxide. 1 mmol, acetone in excess (3 'mLy), iran oxide-pillared
bentonite varied at RT (30°C) for 5 min.

According to the results presented, when the amount of catalyst increased
from 2 to 10 wt%, the yield of 19 was increased. Almost quantitative yield of 19 was
achieved when 10 wt% of iron oxide-pillared bentonite to styrene oxide was
employed. In addition, when the amount of catalyst was decreased from 10 wt%, the

lower yield was detected. Using 30 wt% of catalyst, the yield of 19 was more or less
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the same as that using 10 wt% of catalyst. It could thus be summarized that the
suitable amount of iron oxide-pillared bentonite was 10 wt%.

4.4.2.2 Effect of the reaction time for the conversion of styrene oxide to acetonide

The effect of the reaction time for the conversion of styrene oxide to acetonide
catalyzed by iron oxide-pillared bentonite was varied from 1 to 5 min. The results are
presented in Table 4.5.

Table 4.5 Effect of the reaction-time for the conversion of styrene oxide to acetonide
catalyzed by iron oxide<pillared bentonite

Entry Time 96/Yield % Styrene oxide MB
(min) 4 (recovered) (%)

1 1 654 _ 21.4 86.8
2 3 9.0 10.6 102.6
3 5 Lo 1R 0 94.1

Reaction conditions: styrene oXide -2-mmol, ad_e_l_."qne in excess (3 mL), 10 wt% iron oxide-
pillared bentonite-to styreﬂe‘é_"xide at RT (30°C).

The conversigh—of-styrene—oxide-t0-19-Catatyzed by iron oxide-pillared

bentonite could be aceomplishly performed at RT as-& single product in excellent

yield. The suitable reaction time for the conversion of styrene oxide to 19 was 5 min.

4.4.2.3 Effect of the'amount of 'nucleophile for the conversion of styrene oxide to

acetonide

The variation “of| theg amoeunt~of’ hucleephile Wwas examined since some
nucleophiles have high cost and toxic. Thus, it should avoid employing in an excess
amount. The objective of this study was to try to minimize the amount of nucleophile
while maintaining the efficiency of the reaction: CH,Cl, was chosen as a reaction
medium. The effect of the variation of the amount of acetone on the conversion of
styrene oxide to 19 catalyzed by iron oxide-pillared bentonite was examined and the
results are presented in Table 4.6.
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Table 4.6 Effect of the amount of acetone for the conversion of styrene oxide to

acetonide catalyzed by iron oxide-pillared bentonite

Entry Acetone % Yield % Styrene oxide MB
(mmol) (recovered) (%)

1 0.5 34.8 65.5 100.3

2 1 39.0 62.4 101.4

3 2 0 100.0

n oxide-pillared bentonite to styrene

:
e@) at RT (30°C) for 5 min.

oxi 3 mls), ac
When acetone/ me almost quantitative yield.
rom 2 mmol, the yield was

In addition, when th 0

declined, possibly due nt. Thus in this research, the

amount of acetone 2 m on the optimum conditions of

this reaction.
4.4.2.4 Effect of solvent for thJ ' Fsion of ¢ tyrene oxide to acetonide

Solvent was ﬁnother 1ﬁ=rp’eﬁént(f'i tor infl ing_for conversion of styrene
oxide to acetonide /“Z:'“"f‘ff"-"‘“"""f_-"__’,Y,.'.!,.,Y'.,Y including CH,Cl,, hexane,

EtOAcC, 1,4-dioxane, ﬂgc 3

ﬂUEJ’W]EW]‘ﬁ‘WEJ']ﬂ‘ﬁ
ammmmwnwmaﬂ

own in Table 4.7.
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Table 4.7 Effect of solvent for the conversion of styrene oxide to acetonide catalyzed

by iron oxide-pillared bentonite

Entry Solvent % Yield % Styrene oxide MB
(recovered) (%)

1 CH,CI, quant 0 100.0

2 hexane 60.0 34.4 94.4

3 EtOAC 41.7 43.2 84.9

4 1,4-dioxane 66.3 30.3 96.6

5 CH3CN w0 97.9 97.9
6 DMF 0 101.6 101.6

Reaction conditions: styrene @Xxide I mmol; 10 wt% iron oxide-pillared bentonite to styrene
oxide, acetgng (2 mmal), solvent (3 mL)at RT (30°C) for 5 min.

The conversion of styrener oxdde ‘Iifo 19 was performed in various solvents at
RT (30°C) for 5 min. The use of:CH>Cl5 l_p;kovided the highest yield of product (entry
1). Common solvents which Were?inexpéfﬁ_fsi_‘ve and commercially available such as
hexane, EtOAc and 1,4-dioxah'é brovidedi_iéhié?desired product in low to moderate
yields (entries 2-4), whereas Usifg CH3CI§f"'c'3'r*'DMF, the_products were not formed
(entries 5-6). This comdrb%explai%d—that_DMFWithmihigh polarity may cause the
stronger coordination-with carbocation intermediate- |n more polar molecule.
Therefore, the nucleophile could not attack at that intermediate. The yield of 19 was
found to depend:on typejof-solvent. Imthis-researchy EGH,El,awvas chosen as a solvent
for studying the optimum conditions for screening ‘substrates.

It could be summarized the ‘standard conditions for the conversion of styrene
oxide to'acetonide gatalyzed by iron oxide=pillared:bentonite as follows: styrene oxide
1 mmol, acetone 3 mL, 10 wt% iron oxide-pillared bentonite to styrene oxide,

reaction temperature at RT (30°C) and reaction time for 5 min.
o) O\

Q 10 wt% iron oxide-pillared bentonite ©
+ H C)J\CH ;
3 3 RT, 5 min
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4.4.3 The conversion of other epoxides to acetonides catalyzed by iron oxide-
pillared bentonite
Various epoxides including cyclohexene oxide, 1-dodecene oxide, butyl
glycidyl ether, tert-butyl glycidyl ether, 2,3-epoxypropyl isopropylether and 2,3-
epoxypropyl phenylether were chosen as substrates to observe the conversion of
epoxides to acetonides catalyzed by 10 wt% iron oxide-pillared bentonite under

9
U
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Table 4.8 The conversion of epoxides to acetonides catalyzed by iron oxide-pillared
bentonite under standard conditions

Entry Epoxides Acetonides % Yield

Q o

1 94.1
2 79.4
3 8.1
4 12.1
5 trace

trace

<
)
s
:

7 ©/O\/& ©/O\/K/O trace

Reaction cconditions: epoxide (1 mmol), acetone in excess (3 mL), 10 wt% iron oxide-

pillared bentonite to epoxide at RT (30°C) for 5 min.

According to the results from Table 4.8 demonstrates the styrene oxide was
stirred in the presence of 10 wt% iron oxide-pillared bentonite to styrene oxide and
acetone at RT for 5 min to produce the 19 in excellent yield. The reaction of
cyclohexene oxide with acetone proceeded smoothly to give acetonide in high yields

(entry 2). In the case of 1-dodecene oxide and butyl glycidyl ether, the reactions were
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performed in low yield (entries 3-4). Whereas the conversion of three epoxides such
as tert-butyl glycidyl ether, 2,3-epoxypropyl isopropylether and 2,3-epoxypropyl
phenylether (entries 4-7) to acetonides were not performed at standard conditions.
Therefore, the following study will examine the suitable conditions for improving the

yield in the conversion of these epoxides to acetonides.

4.4.3.1 The conversion of cyclohexene oxide to acetonide

Cyclohexene oxide was chosen as-a-representative of cyclic epoxide. The
reaction of cyclohexene oxide with acetone was-sereened utilizing 10 wt% iron oxide-
pillared bentonite at 60°C for 2h. The reaction proceeded smoothly to give 2,2-
dimethyl-hexahydro-benzojd,3}dioxole (-?O) in excellent yield.

.

©>O . )(J)\ 10 wi% irorff oxide-pillared bentonite O:O><
H3C CH3 O

Y,
'60°C, 2 h
(20)

' §
i

The isolated product Was identiﬁfE’ie;c’Ji_‘ﬂ by 'H NMR spectroscopy. The

characterization of compound 20: *H NIMR (CDCls)$. (ppm): 1.24-1.00 (4H, m), 1.35
(6H, 5), 2.58-2.07 (AH-m);4:34=4:05-(2H;m):

4.4.3.2 The conversion of 1-dodecene oxide to acetonide

1-Dodecene joxide~was"chasem as- @/ representative: of terminal aliphatic
epoxide. The reaction of 1-dodecene oxide with acetone could be carried out at 60°C
for 2 h.using. 10 wt% .iron oxide-pillared. bentontite to. furnish 4-decyl-2,2-dimethyl-
1,3-dioxolane (21)with'excellentyield:

\/\/\/\/\/& 10 wt% iron oxide-pillared bentonite \/\/\/\/\/OK%TO—

acetone, 60°C, 2 h

(21)

The isolated product was identified by 'H NMR spectroscopy. The
characterization of compound 21; *H NMR (CDCls) & (ppm): 0.81 (3H, t), 1.14 (16H,
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m), 1.29 (3H, s), 1.34 (3H, s), 1.56 (2H, m), 3.42 (1H, dd, J = 8.8, 7.2 Hz), 4.00 (2H,

m).

4.4.3.3 The conversion of butyl glycidyl ether, tert-butyl glycidyl ether,
2,3-epoxypropyl isopropylether and 2,3-epoxypropyl phenylether to
acetonides
Epoxides containing an ether functional group such as butyl glycidyl ether,
tert-butyl glycidyl ether, 2,3-epoxypropyl.~isopropylether and 2,3-epoxypropyl
phenylether to acetonides-were examined. The-effect of reaction time, reaction
temperature and the amount.ef aron oxide-pillared bentonite for the conversion of
butyl glycidyl ether to 4-(butoxymefhyl)-2,2-dimethyl-1,3-dioxolane (22) were

examined. The results-are shown in Table 4.9.

_—

' } J;
2 iron oxide-pillared bentonite O>T

0O
\/\/O\/u ' H3C)J\CH3- \/\/O\/K/O

(22)

il

“de il A
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Table 4.9 The conversion of butyl glycidyl'étﬁ’e"r'fo acetonide catalyzed by iron oxide-

pillared bentonite —
Entry  Time ‘T'emp Fe-pillared % Yield 9% Starting MB

bentonite ' (recovered) (%)
1 15 min RT LoOwit% 12:1 85.3 97.4
2 1h RT 10 wt% 25.6 71.1 96.7
3 2:h RT 10 wt% 35.1 63.4 98.5
4 2h RT 30 wt% 75.5 20:9 96.4
5 2h reflux 10 wt% 88.0 7.3 95.3
6 2h reflux 30 wt% 95.8 0 95.8

Reaction conditions: butyl glycidyl ether 1 mmol, acetone in excess (3 mL), wt% iron oxide-

pillared bentonite to butyl glycidyl ether.

According to the results from Table 4.9, the conversion of butyl glycidyl ether

to 22 could be performed using iron oxide-pillared bentonite as a catalyst. At room
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temperature, more yield was obtained with increasing amount of iron oxide-pillared
bentonite from 10 to 30 wt% (entries 3-4). In addition, the amount of the obtained
product was slightly increased when reaction time increased (entries 1-3). At reflux
temperature (60°C), the amount of the obtained product was slightly increased when
the amount of iron oxide-pillared bentonite increased (entries 5-6). At the same
amount of catalyst and reaction time, the yield at RT (30°C) was lower than that at
reflux temperature (60°C) (entries 3 vs 5 and.entries 4 vs 6). The reaction gave almost
quantitative yield using 30 wi% iron oxide-pillared bentonites at 60°C for 2 h. It can
be concluded that reaction-temperature, reaciion-time and the amount of catalyst
affected on the catalytic activity.

In summary, the suitable gonditions for the conversion of butyl glycidyl ether
to 22 were as followsbutykglycidyl ether 4 mmol, acetone 3 mL, 30 wt% iron oxide-
pillared bentonites to butyl/glycidyl ethej-f‘, reaction temperature at reflux (60°C) and
reaction time for 2 h. ’

The isolated product was ideﬁit-irfie'd by 'H NMR spectroscopy. The
characterization of compound 22:*# NMR’:!'(_(_:DCI3) d (ppm): 0.84 (3H, t), 1.30 (3H,
s), 1.34 (3H, s), 1.48 (4H, m), 349 (3H, m), 3.67 (2H, m), 3.99 (1H, dd, J = 8.0, 6.8
Hz), 4.20 (LH, quin). P

The effect of reaction time, reaction temperature and the amount of iron oxide-
pillared bentonite for the conversion of tert-butyl glycidyl ether to 4-(tert-
butoxymethyl)=2, 2:dimethyls1;3=dioxalane=:(23)| werey examined. The results are
shown in Table4.10.

A X _iron oxide-pilared bertonit X"“ﬁg

HiC™ CHs

(23)



105

Table 4.10 The conversion of tert-butyl glycidyl ether to acetonide catalyzed by iron

oxide-pillared bentonite

Entry Time Temp Fe-pillared % Yield %o Starting MB

bentonite (recovered) (%)
1 2h RT 10 wt% 24.0 69.4 93.4
2 2h RT 30 wt% 57.6 39.7 97.3
3 2h reflux 10 wt% 63.2 29.6 92.8
4 30 min  reflux 30 wt% 81.2 18.3 99.5
5 2h reflux 30 wt% 92.5 3.1 95.6
6 4 h reflux 30 Wt% 94.4 0 94.4

Reaction conditions: tert-buiyl” glyeidyl ether 1 mmol, acetone in excess (3 mL), wt%
catalysisto buiy| glyciéyl..ether.

According to the sesults from Tabl\e 4. 10, the conversion of tert-butyl glycidyl
ether to 23 could be performed using iron omde -pillared bentonite as a catalyst. At the
same amount of catalyst and time; performfng the reaction at 30°C gave lower yield
than that at 60°C (entries 1 vs 3 and entrlesz_vs 5) More yield could be obtained with
increasing amount of iron - OX|de-p|IIared *bentonite. The reaction gave almost
quantitative yield using-30wi%-iron-oxide-pitlared-bentonite at 60°C for 4 h.

The isolated -product was identified by 'H NMR spectroscopy. The
characterization of compound 23; *H NMR (CDCls) & (ppm): 1.13 (9H, s), 1.31 (3H,
s), 1.38 (3H, 931325 (AH ddpdy=29:0; 6.4-Hz), 1341 (1H;dd;»J = 9.0, 5.6 Hz), 3.68
(1H, dd, J =8.0,5.6'Hz), 4.01 (1H,dd,"J'= 8.0, 6.4 Hz),"4.13 (1H, quin).

The conversionJof 2,3sepoxypropyl | isapropylether to! 4s(isopropoxymethyl)-
2,2-dimethyl-1,3-dioxolane (24) and 2,3-epoxypropyl phenylether to 2,2-dimethyl-4-
(phenoxymethyl)-1,3-dioxolane (25) could be carried out at 60°C for 2 h using 10

wt% iron oxide-pillared bentonite as a catalyst in good yield.
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Q O 10 wt% iron oxide-pillared clays O~X
O\/u * @] O
R HC CH, 60°C, 2 h e A
(24)

©/O\/u )J\ 10 wt% iron oxide-pillared clays ©/O\/K/O

HC CHs 60°C, 2 h

-

The isolated produci~wés identified by "H NMR spectroscopy. The
characterization of compound 24;°H NIYIR (CDCl3) 6 (ppm): 1.09 (6H, d), 1.28 (3H,
5), 1.34 (3H, s), 3.314(1H,dd,J =196, 6.0 H2), 3.44 (IH, dd, J = 9.0, 6.4 Hz), 3.53
(1H, septet), 3.65 (1Hdd, =80, 62Hz) 398 (1H, dd, J = 8.0, 6.4 Hz), 4.16 (1H,
quin). The characterization of compound 25 1H NMR (CDCls) 6 (ppm): 1.38 (3H, s),
1.45 (3H, s), 3.89 (2H, ddd, J = 5.0, 9.2, 15_,2 Hz),4.01 (1H, dd, J = 9.0, 4.6 Hz), 4.12
(1H, dd, J = 14.4, 8.0 Hz), 445 (1H; quin)}'é'glr(BH, m), 7.25 (2H, 1).

4.4.4 Summary of. the conversion of ottl{é"i:’!é[ioxides to acetonides catalyzed by
iron oxide- pllJaredJoeﬁfoﬁrte—

Various ep0XIdeS including cyclohexene OXIde 1dodecene oxide, butyl
glycidyl ether, tert-butyl glycidyl ether, 2,3-epoxypropyl isopropylether and 2,3-
epoxypropyl phenylether~wereyselected 4o perfarm-thesconyersion of epoxides to
acetonides catalyzed by 10 wt% iron oxide-pillared bentonite at 60°C for 2 h. The

results are summarized.in Table 4.11.
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Table 4.11 The conversion of epoxides to acetonides catalyzed by iron oxide-pillared
bentonite

Entry Epoxides Acetonides % Yield

Q o

2 94.1
3 92.4
4 88.0
5 63.2
6 89.8

7 O\/& O\/K/O 91.9
&y (L

Reaction gonditions: epoxide (1 mmol), acetone in excess (3 mL), 10 wt% iron oxide- pillared
bentonite to epoxide at 60°C for 2 h.

As summarized in Table 4.11, high to excellent yields of acetonides were
obtained in all cases. Various epoxides were reacted with acetone in the presence of
catalytic amounts 10 wt% iron oxide-pillared bentonite to epoxide. The best result for
this methodology was found for acetal formation with styrene oxide (entry 1). In a

preliminary experiment, styrene oxide was stirred in the presence of 10 wt% iron
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oxide-pillared bentonite to styrene oxide and acetone at RT for 5 min to produce the
19 in quantitative yield.

In the case of cyclic epoxide such as cyclohexene oxide and terminal aliphatic
epoxide such as 1-dodecene oxide, the reactions were performed with iron oxide-
pillared bentonite catalyst (about 84 and 92% vyield after 2 h, entries 2 and 3,
respectively). The conversion of styrene oxide to the corresponding acetonide was
much faster than cyclohexene oxide and 1-dodecene oxide. These results could be
explained that the stability of the benzylic carponium ion was formed during epoxide
cleavage. In the case of thereaction of ‘epoxides-containing an ether functional group,
the iron oxide-pillared bentonite” could be catalyzed the efficient reaction of the
epoxides with ethereal linkage.on the e@oxide ring such as butyl glycidyl ether, tert-
butyl glycidy! ether, 2;3-epoxypropyi isopmpylether and 2,3-epoxypropyl phenylether
with acetone to gavestheir correspendrﬁg acetomdes in high yields (entries 4-7,
respectively), but loweg conversions thén ‘that of styrene oxide under the same
experimental conditions.

; £y
id X/

445 The conversion of styrene OX|de_—W|th other carbonyl compounds to

1,3- dloxolanes catalyzed by tron OX|de‘ pillared bentonite

Two carbonyLeempetrﬁds.—aeetopheﬁeﬁeﬂierenzaldehyde were chosen to

observe for the reaction with styrene oxide to form 1,3-dibxolanes at refluxing CH,ClI,
(40°C) for 2 h. The results are presented in Table 4.12.



109

Table 4.12 The conversion of styrene oxide to 1,3-dioxolane catalyzed by iron oxide-

pillared bentonite

Entry Carbonyl compounds 1,3-Dioxolanes % Yield
1 )(J)\ Hscxojph quant
HsC™ CHs H;C O
)
P 0. -Ph
2 P§ o 83
Ph™ "CHs 2 HiC Oj/

@) . ph O Ph
3 | 85
Ph)LH : . onj

Reaction conditions: carbonyl comp_ouhds (2.mmol), styrene oxide (1 mmol), CH.CI;
Y
(3 .mL); 10 wt% iron-oxide-pillared bentonite to styrene oxide at
refluxing EH5CT (40°C) for 2 h.
' Xy
add v ol
=l

Without iron oxide-pili'ared bentomle_f.tno reaction occurred. The catalytic

o

#

preparations were carried out in CH.Cl3; the ‘(':'-éfk—)bnyl compounds were taken in small

excess over the epoXiﬁe. Conditions for this reaction Were 10 wt% iron oxide-pillared
bentonites to styrene oxide at refluxing CHxCl, for 2 h, 7The best result was found in
the case of styrene oX’i-de with acetone to_produce the acetonide in excellent yield
(entry 1). Theésreactions also. well proceeded winen the following other carbonyl
compounds: acetophenone and benzaldehyde were employed (entries 2-3). The
products, were .attainedsin-high- yield. ;Theyyield of, products was-degreased when the
steric hindrance of 'the ‘substituents of-carbonyl carbon’increased. On-the other hand,
from the variation of carbonyl compounds such as acetophenone (83% vyield) and
benzaldehyde (85% yield), type of carbonyl compounds (ketone and aldehyde) did not
affect on the catalytic activity of this reaction.

4.4.6 The mechanism for the formation of 1,3-dioxolane
The proposed mechanism describing the catalysis of the conversion of epoxide

to 1,3-dioxolane is shown in scheme 4.1.
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Scheme 4.1 Proposed mechaﬂisn?*for the formation of 1,3-dioxolane.
/

The proposed meghanismis shqy\m “In Scheme 4.1. Lewis acid-mediated
reaction of an epoxide with a carbonyl é‘b’lthpound was reported to proceed via the
coordination of a metal cation of the catalys%wnh the epoxide oxygen, followed by
nucleophilic ring- openmg of “the' epOX|de by the, carbonyl oxygen and finally
dioxolane ring formaﬂﬁn—Because—eaeh—step—o%the reaction is reversible,
1,3-dioxolanes could be converted to the correspondlng ketone in the presence of
catalytic iron OX|de-p|IIared bentonite. Thus, acetal formation is sensitive to both
structural facters suchoas ssteriey hindranceswhichpslow formation of the acetal and

electronic factors which accelerate decomposition of the acetal.

4.4.7 Regenerated catalyst
4.4.6.1 The characterization of regenerated catalyst

The X-ray diffraction patterns of iron oxide-pillared bentonite and regenerated
iron oxide-pillared bentonite for the conversion of styrene oxide to acetonide are

shown in Figure 4.1.
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(b) regenerated Fe-pillared bentonite

Relative Intensity

(a) Fe-pillared bentonite

oo, 2 LSS,

2-theta (degree)
i
Figure 4.1 XRD patterns,of (&) Fe-pillared bentonite and (b) regenerated Fe-pillared

_—

bentonite. L 4
v

After the conversion of Styrene o'>"<'|;'dé" to acetonide was completed, the clay
catalyst was filtered out of the reactlon mlxture washed with EtOAc and calcined at
300°C for 5 h. The XRD pattern of regenerated iron oxide-pillared bentonite was
similar to that of iron,oxide- plllared bentonlte “The broad (001) peak appeared at the
same range (26 of 4°f 3°) as that of fresh iron OX|de-p|IIared bentonite, indicating that
the structure of catalyst was preserved upon regeneration process. Although the
hightest point of dgo; \rvas around 13.35 A_which was émaller than the dgo; of fresh
iron oxide-pillared’ (15.23"A)."The collapse resulted from the, re-calcination process

and the local heat produced from decomposition of trapped organic species.

4.4.6.2 Nitrogen adsorption-desorption of regenerated catalyst
The nitrogen adsorption-desorption isotherms of iron oxide-pillared bentonite
and regenerated iron oxide-pillared bentonite for the conversion of styrene oxide to

acetonide are compared in Table 4.12.
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Table 4.13 The BET specific surface area of iron oxide-pillared bentonite and
regenerated iron oxide-pillared bentonite for the conversion of styrene

oxide to acetonide

Entry Samples BET specific surface area (m*/g)
1 Fe-pillared bentonite 155.52
2 Regenerated Fe-pillared bentonite#1 114.04

Table 4.13 shows the BET specifie” surface area of iron oxide-pillared
bentonite and regenerated-iron oxide-pillared bentonite. The BET specific surface
area of regenerated catalyst decreased. The BET specitic surface area of regenerated
iron oxide-pillared bentonite” was lowerithan iron oxide-pillared bentonite. There are
two reasons: (i) the re-caleination  process at 300°C was not enough to remove all
organic residues that ceuld.block the:pores e_f the catalyst, and (ii) the collapse of the
d-spacing also caused the smaller pores:’ hewever re-calcination process at higher
300°C caused the pillared structure change or collapse.

abd ..I' .._
4.4.6.3 Temperature programmed desorptron of regenerated catalyst
The total amount of acidity (mmoi/g) of iron oxide-pillared bentonite and

regenerated iron oxrde*prl’rareﬁbentonﬂrfcr*chrconveraon of styrene oxide to
acetonide are compared in Table 4.14.

Table 4.14 The amount ofacidity of! iron-oxidespillared bentonite and regenerated

iran oxide-pillared bentonite for the conversion of styrene oxide to

acetopide
Entry Samples acidity'(mmol/g) Total amount
Weak Strong of acidity
acid sites acid sites (mmol/g)
1 Fe-pillared bentonite 0.618 3.108 3.726
2 Regenerated 0.247 1.852 2.099

Fe-pillared bentonite#1
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Table 4.14 shows the acidity of iron oxide-pillared bentonite and regenerated
iron oxide-pillared bentonite. The acidity of regenerated iron oxide-pillared bentonite
decreased. The acidity of regenerated iron oxide-pillared bentonite was lower than the
iron oxide-pillared bentonite. It might due to the remaining organic residues in
catalyst pores because the regenerated at 300°C may not completely destroy or
decompose the organic compounds adsorbed on used catalyst.

4.4.6.4 Activity of regenerated iron oxide-pillared bentonite for the conversion of
styrene oxide to acetonide '
Iron oxide-pillared beatonite could be easily recovered by filtering the catalyst
and washing with EtOAc«drying at 100°C in oven for 24 h and calcination. The
recovered iron oxide<piilared bentonitei;LW.as used in the next run. The results are

summarized in Table 444, ' d

Table 4.14 Activity of regenerated-iron oxide*—'pillared bentonite for the conversion of
' ‘4

styrene oxide to acetonide .

b 2 A

Entry Ruri(times) % Yield
1 i=ic | 94.1
2 — 2 —_— 93.2
3 E 3 87.5

Reaction conditions: styrene oxide 1 mmol; acetone in excess (3 mL); 10 wt% iron oxide-

pillared-bentonite taistyreneroxide at:-RT«(302C) for 5 min.

The regenerated iron oxide-pillared bentenite was used in/the next run. The
yield of'the acetanide productfemained.87% by the recovered catalyst for three times.
The regenerated iron oxide-pillared bentonite exhibited lower activity than iron oxide-
pillared bentonite, corresponding to the result of the collapse of dgo: Spacing and
lower BET specific surface area.
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4.4.7 Conclusion

The catalytic activities of iron oxide-pillared bentonite were performed for the
conversion of styrene oxide to 1,3-dioxolanes. The optimized conditions were 10 wt%
iron oxide-pillared bentonites to styrene oxide at RT for 5 min. The reaction could be
performed to furnish 19 in almost quantitative yield. This method was carried out
successfully furnishing the desired product in good to quantitative yields in short
period of time under mild conditions. Under the same reaction condition, iron oxide-
pillared bentonite showed better efficiency.than iren oxide-pillared hectorite and iron
oxide-pillared taeniolite because iron oxide-pillared-bentonite had higher BET surface
area and acidity than iron oxide-pillared hectorite and iron oxide-pillared taeniolite.
These catalysts were™ commercially available, inexpensive, convenient, stable,
reusable, recoverable“and non-toxic he;_ter..ogeneous catalysts, which made them a
useful and a highly attractive progess-for tjhe synthesis of acetonides.

The optimized conditions E:ould He Japplied for other epoxides and carbonyl
compounds. Various epoxides could be qéed-‘ to explore the scope of this reaction.
From the variation of epoxides suth as c&él_ghpxene oxide (84% yield), 1-dodecene
oxide (92% vyield), butyl egci"dyI Bther (8é§€a§/ield), tert-butyl glycidyl ether (63%
yield), 2,3-epoxypropyl isop’rb‘p'yl' ether (é'b%*'y‘leld) and. 2,3-epoxypropyl phenyl
ether (92% vyield), 'y;ie+ds—of—aeeteﬁides--greatly depended on the structure of the
starting epoxides. Allrteactions were performed under'fﬁild conditions in good to

excellent yields.



CHAPTER V

THE ISOMERIZATION OF a-PINENE BY CLAY CATALYSTS

51 Introduction
5.1.1 The isomerization of a-pinene

a-Pinenes (monoterpenes) are vzi!uable and.4mportant natural raw materials for
the production of cosmetics, pharmacedticals, flavors, fragrances and food industries.
a-Pinene is abundant in* nattral essential oils (monoterpene fraction) such as
turpentine oil, pine oil and eucalyptus re:Sins. The isomerization of a-pinene normally
takes place in highly acidic gonditions Iééﬂing to the formation of a pinanyl cation.
The transposition of pinanyi cat'i-on‘ ge;erates p-menthenyl and isobornyl cations
which are rearranged throdgh twa path\l\fays one leading to bicyclic and tricyclic
products (such as camphene, trlcyclene ol fenchene and bornylene) by transposition
of the pinanyl cation to |sob0rnyl cation. Theaother involves the rearrangement of
pinanyl cation to p menthenyl catlon resultlng in the formation of monocyclic

products (such as.dlimonene, p-Cymene, aterplnene y-terpinene, m-cymene,

isoterpinolene and terplnolene) [93]. The proposed reacilon pathway of a-pinene
isomerization is shown'in Scheme 5.1. Maost of isomerized products are industrially
valuable chemicals. Camphene is an important intermediate for the synthesis of
camphor which isl.an/ impgartant and valuable'industrial preduct in fragrance and
pharmaceutical industries. Limoneng can be used as a precursor in carvone synthesis
which’ds an impaoriant produet 'in cosmetics and! as a renewably-based solvent in
cleaning‘products. The selectivity of a-pinene isomerization is highly depended on

types of the heterogeneous catalysts.
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tricyclene). Thélisomerization of a- plnene usmg acidic TiO; as a catalyst was the

A4 A LDV R L AL L

catalysts [94].

In 1995, Stefanis and co-workers studied the catalytic effect of various acid
catalysts such as a layered a-tin phosphate analogue (AI-PILP) and alumina-pillared
clays (PILCs) compared with H"-mordenite, NH;"-ZSM-5 (with SiO,/Al,Os ratios =
35 and 235) and the mid-pore zeolites USY for the isomerization of a-pinene. The
results showed that the bicyclic product (camphene) gave the highest conversion for
all catalysts. The order of catalytic activity of various catalysts is a follows: zeolites
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USY > BP-PILC = ZSM-5 (35) > H+-mordenite. This result corresponded with the
acidity of catalysts used [95].

In 1996, Severino and co-workers synthesized the hydrothermal treatment of
zeolites Y and X for the transformation of a-pinene at 150°C. The reaction products
were camphene, p-menthadienes and tricyclene [96].

In 1998, Lopez and co-workers tested the catalytic effect of various zeolites
such as faujasite (FAU) zeolites and /dealuminated mordenite (MOR) for
isomerization of a-pinene at:120°C. Camphene_and limonene as main products were
obtained from this reaction:"When using dealuminated mordenite as a catalyst, a
selectivity of camphene/(lumenene+camphene) greater than 0.54 and the maximum
yields of camphene and ligaongne\were obtained [97].

In 2001, Volzone and/co-workers reported the use of acid dioctahedral and
acid trioctahedral smeetite/Claysias catalysts for the isomerization of a-pinene. The
results showed that 50% conversion, 52.ﬁ-54.5% selectivity in camphene and 37.6-
39.8% selectivity in limopeng and their déﬁvétives Were obtained at 100°C after 1 h
reaction. All acid smectite clays showed hi'gJ%\_é_szJelectivity to camphene than limonene
and its derivatives [98]. T

In 2002, Ferraginaand co-workers éaar'éééed the use of y-zirconium phosphate
and rhodium y-zircOni‘um phosphate as efficient catalysts for the isomerization of
a-pinene. y-Zirconium phosphate displayed higher activity but lower reaction
selectivity than rhodium y-zirconium phosphate. y-Zircdnium phosphate gave higher
yields of monecyclic: compounds while™the isomerization- products on rhodium
y-zirconium phaesphate were bicyclic terpenes [99].

ln 2004+, Valencia~and- co-waorkers described ,the isemerization of a-pinene
using amberlyst 35 wet as an‘efficient catalyst. The effects of the' amount of catalyst
and reaction temperature were studied to search for the optimal conditions to
maximize the yields of camphene. Amberlyst 35 wet could efficiently catalyze the
reaction of a-pinene into camphene in good yields at 120°C. When the catalyst/a-
pinene ratio was increased, the o-pinene conversion was increased and a fast
transformation of camphene to other monocyclic products (limonene, p-cymene,

a-terpinene, y-terpinene and terpinolene) was observed [100].
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In 2004, Yadav and co-workers addressed the isomerization of a-pinene using
ce®, Fe**, La**, Ag', Li*, Ca*" and Mg”* exchanged clays and sulfuric acid treatment
natural Indian montmorillonite as catalysts for the isomerization of a-pinene. Higher
than 90% a-pinene conversion and 39-49% selectivity for camphene were obtained
when using Ce*", Fe**, La®" and Ag" exchanged clays as catalysts. However, Li*, Ca®*
and Mg”* exchanged clays showed 4-12% conversion of a-pinene. In the case of acid
treated clays, the isomerization of a-pinene was successfully performed at 150°C for
2 h affording the camphene selectivity from-8910.49% and more than 96% conversion
of a-pinene [93]. <

In 2005, Comelli and.eo-workers reported the use of sulfated zirconia having
15% H,SO, as an efficient catalyst Ior the Isomerization of o-pinene and the
transformations of limonene, terpino_.lene; and o-terpinene. 53% of camphene, 7.7% of
limonene, 6.1% of trigyClene and 3 0% -Of terplnolene were attained from a-pinene
isomerization at 120°C4for’ 180" min. 7fhe products  from the transformation of
limonene were terpinoleng; - terplnene and o-terpinene after 20 min reaction, whereas
those from a-terpinene and terplndlene weré p and m-cymene, respectively [101].

The proposed reaction pathway f@rthe isomerization of o-pinene using

sulfated zirconia as a catalyst is shown in Scheme 5.2. The reaction pathway starts

with the formation _of pinanyl-cation. The transposmon‘qf pinanyl cation generates
p-menthenyl and isdbbrnyl cations. The isobornyl catton generates bicyclic and
tricyclic products sucn- as camphene, tricyclene, a-fenchene and bornylene, while
p-menthenyl catioh leads o the) formation-of monacyclic)praducts. The loss of H*
from p-menthenyl cation generates limonene. The other monocyclic products
(terpinelenegyy-terpinenecand=a=terpinene); are ~praduced; by ihe gdsomerization of
limonene. The dehydrogenation of a-terpinene gives p-cymene and that of terpinolene

yields m-cymene. The isomerization of terpinolene gives isoterpinolene [101].
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Scheme 5.2 Proposed reaction for the isomerization of a-pinene.
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In 2009, Da Silva Rocha and co-workers studied the liquid-phase
isomerization of longifolene and o-pinene using 0.15-5 wt% silica-supported
H3PW1,040 (H3PW1,040/Si0;) as an efficient and environmentally friendly
heterogeneous catalyst under solvent-free conditions at 80-100°C. 50% Selectivity for
camphene and 28% selectivity for limonene were obtained under optimized
conditions (0.60 wt% H3PW1,040/SiO>) at 100°C for 60 min [102].

5.2  Scope of this work

According to the-literature reviews, both-hemogeneous and heterogeneous
catalysts could be employed~as<good catalysts for the isomerization of a-pinene.
However, the disadvantage of some catalysts is the difficulty of separation and
recovery of the catalyst, «disposal of spent catalyst, high toxicity and expensive
chemicals. The main features of thiswresearch focus on the isomerization of a-pinene
catalyzed by iron oxidg=pillared clays a’nd metal chloride-impregnated aluminium

oxide-pillared bentonite catalysts: ~

5.3 Experimental T
5.3.1 General procedure

This section| provides general information of general and/or specific reaction
conditions and spectrél tlata for compounds along with a representative ‘H NMR. The
reactions were monitored by TLC on aluminium sheets precoated with silica gel
(Merck’s, Kieselgel 60'PF2s1)/Buchi rotary:evaporatoriconnected to a vacuum pump
was used for removal of solvents.

Chromatography: ~Gas. chromatographic-analysis, was.. Catried out on a
Shimadzu Gas Chromatography ‘insirument equipped with-a flarie' ionization detector
(FID) with N, as a carrier gas and a 30-m long HP-5 column (0.25-mm outer
diameter, 0.25 um film thickness). Column chromatography was performed on silica
gel (Merck’s, kieselgel 60 G Art 7754 (70-230 mesh)).

'H NMR spectra were recorded at 400 MHz on a Varian spectrometer.
Chemical shifts are reported in ppm from tetramethylsilane with the solvent residue of
CDCls (7.26 ppm).
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Chemicals: All solvents in this research were purified according to the
procedures described in the standard methodology except for reagents and solvents
that are reagent grade. The reagents are listed below:

1. a-pinene (Sigma-Aldrich, 98%)
camphene (Sigma-Aldrich, 95%)
tricyclene (Fluka Chemika, 98%)
limonene (Fluka Chemika, 98%)
terpinolene (Fluka Chemika, 85%)
a-terpinene (Sigma-Aldrich;-85%)
y-terpinene (Fluka.€hemika, 95%)
p-cymene (Fluka'Chemika, 9@%)

O N o g B~ WD

i

5.3.2 Syntheses 7
5.3.2.1 The general progedure for the islt:'_ﬁlrrterization of a-pinene

A typical reactionyo-pinene was adtdeti to a round bottom flask with 10 wt%
of catalyst connected with a condenser fof‘ TequX|ng The solution was continuous
stirred for desired time and temperature Aﬁer the specific time or the reaction was
finished, the catalyst was simpty filtered out “Washed the.product with EtOAc. The
solvent was evaporated%erdfynesstmdeﬁredueedpfessure ‘o afford the product. The
product was analyzed by GC with the addition of an exeet amount of an appropriate

internal standard (cycldhexanone).

5.3.2.2 Optimum conditions for the isomerization of a-pinene

Effect of the amount of catalyst

The isomerization 'oft a#pinene’ was performed..according.-to the general
procedure, but the amount of catalyst was changed to 10 and 30 wt% of catalyst to

a-pinene.

Effect of the reaction time
The isomerization of a-pinene was performed according to the general

procedure, but the reaction time was changed to 60, 120 and 180 min.
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Effect of the reaction temperature
The isomerization of a-pinene was performed according to the general

procedure, but the reaction temperature was changed to 100, 150 and 180°C.

5.3.3 Reuse of catalysts
The used NdCls-impregnated aluminium oxide-pillared bentonite was

regenerated by calcinations at 450°C for 4 h. The structural characterization of the

regenerated NdCls-impregnated aluminium.exide-pillared clays was carried out using

XRD, N-adsorption/desorption-and NH;-TPD-techniques. The regenerated catalyst

was reused in the isomerization 0 a-pinene.

\

5.4  Results and discussion s &

5.4.1 Catalytic activities’ of |ron ox*lde -pillared clay and metal chloride-
impregnated aluminium 0X|de p“llared bentonite for the isomerization of
a-pinene
Iron oxide-pillared clays (lron omde‘-prllared bentonite and iron oxide-pillared

hectorite) and the variation of metal chlortde |mpregnated aluminium oxide-pillared

bentonite were employed to explore their catalytlc activities for the conversion of
a-pinene and selectivity to-bicyeclic-or monocyctic produqts. Hectorite and bentonite
clays were also embIOyed for comparison. The effectrof reaction time, reaction
temperature and the amount of catalyst were varied to search for the optimized
conditions. Mareover, thereffect of itype andiacidity of €atalyst on %conversion of
a-pinene and selectivity towards the formation of bicyclic or monocyclic products

was explored.

5.4.1.1 Effect of raw clays (bentonite and hectorite) and iron oxide-pillared clays
on the reactivity of the isomerization of a-pinene
The catalytic activity of iron oxide-pillared clays (Fe-pillared clays) such as
iron oxide-pillared bentonite and iron oxide-pillared hectorite was compared with
montmorillonite, raw hectorite and iron oxide (Fe,Os, hematite) for the isomerization
of a-pinene. Conditions studied were 10 wt% catalyst to a-pinene at 180°C for 2 h.

The results are shown in Table 5.1.
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Table 5.1 Effect of raw clays (montmorillonite, hectorlte lared hectorite on the reactivity of the isomerization of

a-pinene.
Entry Catalyst Conversion I/ / % \\\\\ Selectivity (%)
% Tri<" Monocyclics
" PN v
Tricyclene i % “ \-' p-Cymene o-Terpinene y-Terpinene Terpinolene
1 Fe-pillared bentonite 100 §£.¢!- : \ 2 3 3 5
2 Fe-pillared hectorite 100 - I EE 0 3 5 2 -
3 montmorillonite trace
4 Raw hectorite trace 2 v
5 Fe,03 trace i ) -
6 None 0

Reaction conditions: a-pinene 10 mmol, 10 wt%ﬂ utya’a WEJ1%6}C§ ) 1719
Q W’]Mﬂ‘im URNINYIAY

ecl
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From Table 5.1, iron oxide-pillared bentonite and iron oxide-pillared hectorite
were screened to observe their potentially catalytic ability. When the reaction was
performed without catalyst, no product was observed. Using iron oxide-pillared
bentonite and iron oxide-pillared hectorite at 180°C for 2 h, much higher
%convension was observed (entries 1 and 2). With 100% a-pinene conversion, both
iron oxide-pillared clays yielded limonene as a major product (69-70% selectivity)
and camphene being a minor one. This study provided a clue that types of clays

(bentonite or hectorite) are not essential for thesiSomerization of a-pinene.
w
5.4.1.2 Effect of metal chioride-ttnpregnated aluminium oxide-pillared bentonite

on the reactivity®of the isomerization of a-pinene

The catalytic aciivityof metal chiorlde impregnated Al-pillared bentonite (Al-
PLC) was carried out. SiX synthesuzed metal chloride-impregnated Al-PLC including
LaCls/Al-PLC, NdCIz/AlPLC, CeCIglAtrPLC, GdClg/Al-PLC, YDbCIs/Al-PLC and
DyCls/Al-PLC and Al-PLCwere, utitized "fo;,otgserve their potentially catalytic activity
of the isomerization of o<pingne. anditid’rf'lg.-jpr this reaction were 10 wt% catalyst to
a-pinene at 180°C for 2 h. The 'Eésults are sh%wﬂ in Table 5.2.




Table 5.2 Effect of AI-PLC and metal chloride-impregnated A

D

cactivity of the isomerization of a-pinene.
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Entry Catalyst

Conversion
(%)

I///ﬁ‘\\\\ lectivity (%)

1 Al-PLC

2 NdCIy/AI-PLC
3 CeClyJAl-PLC
4 GdCIy/Al-PLC
5  DyCly/Al-PLC
6  YbCIy/AI-PLC
7 LaClyAl-PLC

85
100
39
16
9
6

trace

Tri- and bicyclic ﬂ &\\\.\\\\ ~ Monocyclics Others
Tricyclene Camphene mm\ﬁ‘\ o-Terpinene y-Terpinene Terpinolene
5 ' G ‘\ y 7 5 8 5
3 37 3 i'é : 9 9 10 3
35 B—g 3 6 8 5
37 ,gy 5 3 9 4
’ 3 7 4 10 3

.
L B) : Y

J

Resction coniions:pinene 10 mo, 10 i ca@ww fgj)mzw &N
ammmm UAINYIAY

Gcl
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Table 5.2 demonstrates the comparative study on the effect of metal chloride-
impregnated Al-PLC on the reactivity for the isomerization of a-pinene at 180°C for
2 h. The products attained were camphene, tricyclene, limonene, p-cymene,
a-terpinene, y-terpinene, terpinolene and others. Among metal chloride-impregnated
Al-PLC studied, NdCIs/Al-PLC displayed an excellent performance (entry 2). To
illustrate this, the reaction catalyzed by NdCIs/Al-PLC was performed at 180°C for
2 h affording 100% a-pinene conversion with_the selectivity of 37% for camphene
(major product) and 23% for limonene/ In-thescase of AI-PLC (entry 1), 85%
conversion for a-pinene-with-27% selectivity for-camphene and 37% for limonene
(major product) were detected. It should however be noted that CeCls/Al-PLC,
GdCIy/Al-PLC, YbCI/ALLPLC and: DyCls/Al-PLC showed poor %conversion for
a-pinene. When the reaction avas perfe-rmed using LaClsz/Al-PLC, no product was
observed. According toithe mentionee results %a-pinene conversion and %selectivity
ratio of bicyclic and trigyclic to monocyéllc products were highly dependent on the
acid strength of these catalysts-and nature of metal chloride. This result was well
corresponded with the acidity. NdClg/Al P{_C had the highest acidity, therefore this
catalyst showed excellent performance in thmeactron

Comparing the results exhibited in T‘abIesB.l and 5.2, under the same reaction
conditions, two clayireataiysts—wefeempioyed: tron-oxide-pillared bentonite and
NdCls/AI-PLC. Iron exide-pillared bentonite gave %conversion more or less the same
as using NdCls/Al-PLC. For iron oxide-pillared bentonite, limonene was detected as a
major product=whereas| using NAdClz/AlsPLiC,] camphere «was found as a main
component. In gaddition, it was found that iron oxide-pillared bentonite exhibited
higher activity,.but. lower.selectivity .to camphene than NdCIs;/Al-PLC. It has been
suggested that the 'strong Lewis acid active sites can strongly affect on the selectivity.
Iron oxide-pillared bentonite had the higher acidity than NdCIs/Al-PLC, therefore this
catalyst showed higher selectivity to limonene than NdCls/Al-PLC.

5.4.2 Comparative study on the effect of iron oxide-pillared bentonite and iron
oxide-pillared hectorite for the isomerization of a-pinene
According to previous results (Table 5.1), iron oxide-pillared bentonite and

iron oxide-pillared hectorite showed good activity for the isomerization of a-pinene.



127

Further investigation to search for optimized conditions in the isomerization of
a-pinene was carried out. The amount of catalysts and reaction temperature were

optimized.

5.4.2.1 Effect of the reaction temperature on the isomerization of a-pinene

Temperature is one of important parameters. The temperature examined was

9
U

AULINENINYINS
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Table 5.3 Effect of the reaction temperature for the isomerizatio //// \\
NN

e-pillared bentonite and Fe-pillared hectorite

Entry Catalyst Temp Conversion / ﬁ \\ Selectivity (%)

(°C) (%) T il J’: Clies= N\\ Monocyclics
7 i

\1 e p-Cymene a-Terpinene vy-Terpinene Terpinolene

1 Fe-pillared bentonite 150 84 8 4 6 12
2 Fe-pillared bentonite 180 100 2 3 3 5
3 Fe-pillared hectorite 150 79 12 3 4

4 Fe-pillared hectorite 180 100 3 5 2 4

,,v 777777777777777

Reaction conditions: a-pinene 10 mmol, 10 wt% catalyst to"e-p

ﬂﬂﬁlﬂ‘i’lﬁlﬂﬁﬂﬂ'ﬂﬂ‘i
QW?ﬂ\ﬂﬂ‘iﬂJ UAIAINYA Y

8¢1
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Table 5.3 demonstrates that the reaction temperature profoundly affected on
%conversion and %selectivity of the reaction. %Conversion was slightly increased
when reaction temperature increased. 100% conversion was achieved at 180°C for
2 h. Comparing between 150 and 180°C, both catalysts yielded limonene as a major
product while camphene was a minor one. When the reaction temperature raised up,
%selectivity in limonene was increased, but the selectivity in camphene was dropped.
In addition, the selectivity towards the formation of monocyclic products including
p-cymene, terpinolene, a-terpinene and 4-terpinene was decreased. It can be
concluded that the reaction rate greatly increased with increasing the reaction
temperature. The effect of reaetion temperature has been documented to be effective
on %econversion and %selgetivity in the isomerization of a-pinene [95]. However, in
previous reports when'the reagtion temt;er,ature was increased, the major (limonene)
and minor products (campheng) were stlH the same. This could thus be summarized
that the suitable reaction temperature for the isomerization of a-pinene is 180°C.

5.4.2.2 Effect of the amount of catalyst fef_itt_te isomerization of a-pinene

The effect of the amouni of iron%ﬁﬁe-pillared bentonite and iron oxide-
pillared hectorite for, the isomerization of;’fa"'-'-pih‘ene was.examined. The results are
presented in Table 5.4+



Table 5.4 Effect of the amount of catalyst for the |somer|zat|on
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P

-- llared bentonite and Fe-pillared hectorite

130

Monocyclics

Entry Catalyst Amount  Conversion ////ﬁ‘\x\\\ Selectivity (%)
of (%) i l /
catalyst
1 Fe-pillared bentonite 10 wt% 84 8
2 Fe-pillared bentonite 30 wt% 100 154 12
3 Fe-pillared hectorite 10 wt% 79 - 4_"_ 30. 12
4 Fe-pillared hectorite 30 wt% 100 - __‘;; 15

4

3

6

4

12

Tricy il a\ ‘§\ e p-Cymene o-Terpinene vy-Terpinene Terpinolene

6

Reaction conditions: a-pinene 10 mmol, wt% catalyst to a-p nen e

AL :‘
a
ﬂumwﬂmwmn'ﬁ

QW']&NT]?ZU UAIAINYA Y
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Table 5.4 displays that the amount of iron oxide-pillared bentonite and iron
oxide-pillared hectorite profoundly affected on %conversion and %selectivity. When
the amount of catalyst increased from 10 to 30 wt%, %conversion was increased.
Using 30 wt% iron oxide-pillared bentonite as catalyst, %selectivity in limonene was
increased from 43 to 73%. However, the selectivity to camphene was dropped from
27 to 15%. In the case of iron oxide-pillared hectorite, %selectivity in limonene was
increased from 45 to 77%, but the selectivity to camphene was dropped from 30 to
8%. Therefore using large amounts of catalysis; limonene was an expected product. It
has been suggested that the-nature of acid active siies can strongly affect the balance
between the two possible routes Of isomerization of the pinanyl cation. Camphene and
other bi- and tricyclic products.are thought to preferentially form on Lewis acid sites,
whereas monocyclic-products’ on Brorrsted acid sites [102-104]. It is surprising,
therefore, that in spite of the strong Lewr& aC|d|ty of iron oxide-pillared bentonite and
iron oxide-pillared hectarite the reactlons’ occurred with up to 73 and 77% selectivity

to limonene at a complete substrate 'converSIon- respectively.

i
% ol

5.4.3 Comparative study on'the effect of-’NdCI3/AI PLC and AI-PLC for the
isomerization of a-pinene S =
Because of .NdCI/AI-PLC and Al-PLC exhibiting good activity for the
isomerization of a-pinene, further investigation was performed to find the optimized
conditions. The amount of the catalyst, reaction temperature and reaction time were

varied to search for the optifnized conditions:

5.4.3.1 Effect of the reaction temperature for the isomerization;of a-pinene
The temperature examihed was 100, 150 and 1807C. The effect of the reaction
temperature for the isomerization of a-pinene catalyzed NdCls/Al-PLC and Al-PLC

were carried out and the results are presented in Table 5.5.



Table 5.5 Effect of the reaction temperature for the isomerizatl
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\‘u 3/A| PLC and Al-PLC

Entry Temp Catalysts Conversion /// BE'\\\\ NG electivity (%)
(°C) (%) Tri- and b ﬁ l ’\\\\\\ Monocyclics Others
Tricyclene i i ‘1\\ p-Cymene a-Terpinene y-Terpinene Terpinolene
1 100  NdCIs/Al-PLC 44 - 4 - 16
2 150  NdCIs/Al-PLC 98 2 6 5 22 -
3 180  NdCIs/Al-PLC 100 3 9 9 10 3
4 100 Al-PLC 18 - - 4 21 -
5 150 Al-PLC 74 1 6 4 18 3
6 180 Al-PLC 85 5 7 5 8 5

Reaction conditions: a-pinene 10 mmol, 10 wt% cataly
Byl ﬁﬁ%hﬂswawni

QW']Q\‘Jﬂ‘mJ NN Y
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From Table 5.5, the effect of the reaction temperature for -catalytic
isomerization of a-pinene with NdCIs;/Al-PLC and AI-PLC was studied. The reaction
temperature profoundly affected on %conversion and %selectivity. %Conversion was
slightly increased when the reaction temperature increased from 100 to 180°C. Using
NdCl3/AI-PLC as a catalyst at either 150 or 180°C, the main product was camphene.
When the reaction was carried out at 100°C, the reaction was relatively slow, the
main product was limonene. While using Al-PLC, the main product was limonene at
every reaction temperature. \When the reaetion temperature raised up from 100 to
180°C, %selectivity in camphene was increased-and-the concentration of monocyclic
products (p-cymene, a-terpinene,#-terpinene and terpinolene) was also increased. It
can thus be concluded, the reaction rate greatly increased with increasing the
temperature.
5.4.3.2 Effect of the ameunt of catalyst f;tgr{the iIsomerization of a-pinene

The effect of the amount of NdCIg{AIIPLC and AI-PLC for the isomerization
of a-pinene was examined. The results are ’sﬁpw_n in Table 5.6.

dein A
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Table 5.6 Effect of the amount of catalyst for the isomerization of a- //// \
NS

-PLC and AI-PLC

Entry Amount Catalyst Conversion ///&h\\\\\ Selectivity (%)

of (%) Tri- and b i i / ‘\N\\ Monocyclics Others

catalyst Tricyclene Ca p-Cymene a-Terpinene y-Terpinene Terpinolene

y Sl o J i 2 ea AN pinene_y-Terp P
1 10 wt%  NdCIs/Al-PLC 87 4 ) 5 9 9 12 2
2 30wt%  NdCls/Al-PLC 100 6 ..Mr" |57 12
3 10 wt% Al-PLC 63 5 3Qpesri 3 7 6 7 6
4  30wt%  AI-PLC 100 4 XI5 I 4 2 : 3

. e 0 A Y )
Reaction conditions: a-pinene 10 mmol, wt% catalyst to a-pi Iﬂ @

ﬂ‘IJEl’.]‘VIEWﬁWEJ\'lﬂi
QW’]ﬂ\ﬂﬂ‘iﬂJ NN Y
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Table 5.6 displays that the amount of NdCIs/Al-PLC and AI-PLC greatly
affected on %conversion and %selectivity. When the amount of catalyst increased
from 10 to 30 wt%, %conversion was slightly increased and the amount of limonene
was increased, but that of camphene remained constant.

Using 30 wt% NdCIs/Al-PLC, %selectivity in limonene was increased from
27 10 57%. In the case of Al-PLC, % selectivity in limonene was increased from 36 to
56%. All monocyclic products (p-cymene; a-terpinene, y-terpinene and terpinolene)
were decreased. Therefore using large amounts.of catalysts, limonene is a major
product. It has been suggesied-that the-hature of-acid active sites can strongly affect
the balance between the two.possible routes of isomerization of the pinanyl cation.
Camphene and other Bbi- and tricyclic products are thought to preferentially form on
strong acid sites, whereasmonocyclic products on weak acid sites [102-104]. It is
surprising, therefore, that in‘spite’of the s_%rong acidity of NdCIs/Al-PLC and Al-PLC,
the reactions occurred with up to 57 and;’§é% selectivity to limonene at a complete

substrate conversion, respgctively. «
")

5.4.3.3 Effect of the reaction time for the iéﬁ;r'rl_'{erization of a-pinene

The effect of.the reaction time for t'ﬁé"‘iébmerization of a-pinene catalyzed by
NdCI3/Al-PLC and Ail=PLC-were—carriedout and the results are presented in
Table 5.7. ’

Table 5.7 demonstrates that the reaction time also affected on %conversion
and %selectivity. When the“reaction time increased from 60,te=180 min, the amount of
limonene decreased. A fast transformation of limonene to other monocyclic products
(p-cymene, a-terpinene, y-terpinene and, terpinolene).was. observed when the reaction

time increased.
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A’ m\ and Al-PLC

Table 5.7 Effect of the reaction time for the isomerization of a-

Entry Time Catalyst Conversion

Selectlwty (%)

(min) (%) Tri- and bic ﬂl # %~ A\\\\\ Monocyclics Others

Tricyclene ay ri NE 'I'.'- '. ‘{ p-Cymene a-Terpinene y-Terpinene  Terpinolene
1 60 NdCls/Al-PLC 87 4 9 9 12 2
2 120  NdCIs/Al-PLC 100 3 9 9 10 3
3 180  NdCIs/Al-PLC 100 3 13 14 19 2
4 60 Al-PLC 63 5 7 6 7 6
5 120 Al-PLC 85 .Y 7 5 8 5
6 180 Al-PLC 100 6 14 8 12 4

Reaction conditions: a-pinene 10 mmol, 10wt% catalyst to a-pineng.at 180°C.

ﬂﬂﬁlﬂ‘i’lﬁlﬂﬁﬂﬂ'ﬂﬂ‘i
QW?ﬂ\ﬂﬂ‘iﬂJ UAIAINYA Y

9¢T



137

5.5  Regenerated catalyst
5.5.1 The characterization of regenerated catalyst
The X-ray diffraction patterns of NdCIs/Al-PLC and regenerated NdCls/Al-

PLC for the isomerization of a-pinene are shown in Figure 5.1.

2 door= 12.18' A~ () regenerated NdCl5/Al-PLC
= )
£
D
=
ke
. a7 13.99/?\ (2) NdCl,/Al-PLC
0 5 10 245 20 25 30

2-theta (ch,iég_llfiee)

| el

Figure 5.1 XRD patterns of (a) NdCls/Al-PLC and (b) regenerated NdCls/Al-PLC.

After the isomerization reaction had finished, the-clay catalyst was filtered out,
washed with EtOAc and calcined at 450°C for 4 h. The X-ray diffraction pattern of
regenerated NACIs/AI-RLCowas 'similar 'torthatiof .NdCls/Al<PLC. The broad (001)
peak appeared at the same range«(20 of 4°-82), as that of fresh NdCIs/Al-PLC,
indicating that the 'structure of/catalyst was preserved upon fegeneration process.
Although the hightest point of doo; Was around 12 A that was smaller than the dgoy of
fresh NdCls/Al-PLC. The collapse resulted from the re-calcination process and the

local heat produced from decomposition of trapped organic species.

5.5.2 Nitrogen adsorption-desorption of regenerated catalyst
The nitrogen adsorption-desorption isotherms of NdCIs/Al-PLC and
regenerated NdClIs/Al-PLC for the isomerization of a-pinene are shown in Table 5.8.
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Table 5.8 The BET specific surface area of NdCIs/Al-PLC and regenerated NdCls/Al-
PLC for the isomerization of a-pinene

Entry Samples BET specific surface area (m?/g)
1 NdCI;/Al-PLC 127.25
2 regenerated NdClIs/Al-PLC#1 86.57

Table 5.8 displays that the BET specific.surface area of regenerated NdCls/Al-
PLC was lower than that of NdCIls/Al-PLC The re-calcination process at 450°C
seemed not enough to remove all organic residues that blocked the pores of the
catalyst. Another possibility.was ihe collapse of the d-spacing causing the smaller
pores; however, re-calcinationprocess \at >300°C caused the impregnated pillared

structure change or collapse. YT

_—

5.5.3 Temperature programmed desofption of regenerated catalyst
The total acidity (mmol/g) of NACIs/Al-PLC and regenerated NdCly/Al-PLC

for the isomerization of a-pineng are compé‘,rr'éd, in Table 5.9.
i 222l

Table 5.9 The acidity of I\'IdC'Ig/AI-PLC"!éﬁa_’regenerated NdCIy/Al-PLC for the

isomerizatiorn of a-pinene

Entry Samples acidity (mmol/g') Total

Weak Strong acidity
acid sites acid srtes (mmol/g)
1 NdCIg/Al-PLC 0.600 2.899 3.499
2 regenerated 0:225 1416 1.641

NdCls/Al-PLC#1

From Table 5.9, the acidities of NdCl3/Al-PLC and regenerated NdCls/Al-PLC
were studied. The results demonstrated that the acidity of regenerated NdCI;/Al-PLC
was lower than that of NdCIs/Al-PLC. The acidity of regenerated catalyst decreased.
It was due to the remaining organic residues in catalyst pores because the regenerated
process at 450°C may not completely destroy or decompose the organic compounds

adsorbed on used catalyst.



139

5.5.4 Activity of regenerated NdCIs/Al-PLC in the isomerization of a-pinene
The regenerated NdCIs/Al-PLC was used as a catalyst in the isomerization of
a-pinene. The results are presented in Table 5.10.

The regenerated NdCls/Al-PLC exhibited lower activity than NdCls/Al-PLC
corresponding to the result of the collapse of doo; spacing, lower BET specific surface
area and lower acidity.

AULINENINYINS
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Table 5.10 Activity of regenerated NdCls/Al-PLC for the isomerizai

| 7/} \\\\
Entry Run Conversion /// / n& ect|V|ty (%)
(times) (%) Tri- and bicyg l/ : \\\\\ Monocyclics Others
Tricyclene ene  a-Terpinene y-Terpinene Terpinolene
1 1 100 3 9 9 10 3
2 2 96 5 7 10 14 2
3 3 89 5 9 5 16 4
Reaction conditions: a-pinene 10 mmol, 10 wt% NdCla/ -PLC to a-pinene at 180°C for 2 A 4
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56  Conclusion

Clay catalysts have potential for the isomerization of a-pinene to a desired
compound. The catalytic activities of iron oxide-pillared clays, Al-PLC and NdCls/Al-
PLC and were evaluated. When using NdCI3/Al-PLC, the main product was
camphene, while using iron oxide-pillared clays and Al-PLC, the main product was
limonene. The effects of reaction temperature, reaction time and the amount of
catalysts were studied to search for the optimal conditions and selectivity of
camphene and limonene production.: These parameters greatly affected on
%conversion and %selectivity. In the case-@iviron oxide-pillared clays, the reaction
temperature and the amount. of catalyst profoundly affected on %conversion and
%selectivity. The major product-was limonene. \When reaction temperature or the
amount of catalyst inCreased,” %selectivity in limonene was increased, but the
selectivity in camphene was'decreased and the formation of monocyclic products was
decreased. When using NdCIg/AI-PLc;and AI-PLC, the reaction time, reaction
temperature and the am@unt of catalyst Hg\;é an influence on the selectivity ratio of
bicyclic and tricyclic to menocyelic produf;ts and %conversion increased. In the case
of NdCls/Al-PLC, when reagtion temperatﬂfg was changed, the product was changed.
At 100°C, the major product was Iimonennghen reaction temperature increased,
%selectivity in limonene WaS"decreased""-le'f ‘the.selectivity in camphene was
increased, the major preduct-was-camphene-in-the-case-of Al-PLC, the major product
was limonene at every reaction temperature. The effect of the amount of catalyst was
studied for both NdCIs/AlI-PLC and Al-PLC. When the amount of catalyst was
increased, thesamountaf Aimonene| was «ncreased [but the sformation of camphene
product remained " constant” around 30-35% whereas” the amount of monocyclic
products was. decreased. The_effect of the reaction_time was. examined for both
NdCI3/Al-PLC andr AI*PLC. Whentthewreaction time increased from.60 to 180 min,
%a-pinene conversion was increased, but the amount of limonene was decreased. A
fast transformation of limonene to other monocyclic products (p-cymene, a-terpinene,
y-terpinene and terpinolene) was obtained when the reaction time increased.
Therefore using NdCIs/Al-PLC, the optimized condition was 10 wt% NdCIs/Al-PLC
to a-pinene at 180°C for 2 h, the camphene is an expected product. While using iron
oxide-pillared clays, the optimized condition was 10 wt% iron oxide-pillared clays to

a-pinene at 180°C for 2 h, limonene was an expected product.



CHAPTER VI
CONCLUSION

The outcome from this research can be divided into four parts. The first part
involves the synthesis and characterization of iron oxide-pillared clays, aluminium
oxide-pillared bentonite and metal trichloridesimpregnated aluminium oxide-pillared
clay catalysts. The second, third and fou'rth parts-involves the Friedel-Crafts acylation,
the conversion of epoxidesto.acetonides and the isomerization of a-pinene catalyzed
by iron oxide-pillared clays and.metal ehloride impragnated aluminium-pillared clays,
respectively. 2 ¥
6.1  The synthesis and characterization_o_f clay catalysts

Iron oxide-pillared clays including ;,irdn oxide-pillared bentonite, iron oxide-
pillared hectorite and iren oxide-pillar(_e’;j'-‘.t_'aeniolite were synthesized by the
intercalation of iron complexes into clay iné_r_la_iyers and calcination at 300°C for 5 h,
whereas aluminium oxide-pillared bentonite was prepared by the intercalation method
and calcination at 500°C for 1 h. The impregnation with metal chloride (LaCls, NdCls,
CeCls, GdClg, DyClsand YbCl3) was carried out with-ealcination at 450°C for 4 h.
The synthesized,clays and‘raw clays were eharacterized using XRD, N, adsorption-
desorption, NH3-TPD and ICP-QES techniques. The XRD patterns of the iron oxide-
pillared clays and metal chloride-impregnated aluminium oxide-pillared bentonite
indicatéthat the layered structure of clay Is sustained. The doo; basal-spacings of iron
oxide-pillared bentonite, iron oxide-pillared hectorite, iron oxide-pillared taeniolite
and aluminium oxide-pillared bentonite are reported for 15.23, 14.88, 13.94 and 16.36
A, respectively. The do; basal spacings of all synthesized of metal chloride-
impregnated aluminium oxide-pillared clays are about 14-15 A. The N, adsorption-
desorption isotherms of all synthesized catalysts suggested the distorted reversible
type 1V isotherm, indicating their mesoporous structure. The BET specific surface

areas of all synthesized catalysts were higher than those of pure clays. In the case of
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iron oxide-pillared clays group, iron oxide-pillared bentonite exhibited the highest
surface area (155.52 m?/g of clay). From the results of NH5-TPD, the amounts of
acidity of all synthesized clay catalysts were higher than those of pure clays. Iron
oxide-pillared bentonite exhibited the highest acidity (3.726 mmol/g of clay). The iron
chloride content in iron oxide-pillared bentonite was 10.14 wt%, measuring by ICP-
OES.

These synthesized catalysts were used for acid-catalyzed reactions (1) the
Friedel-Crafts acylation, (2) the converSion® of-epoxides to acetonides and (3)
isomerization reaction. The-catalytic activity of synihesized clays was compared with
raw clays. The synthesized clays provided significantly higher yield than raw clays of
all types. These acid-catalyzed reactions could smoothly be proceeded in the presence
of synthesized clays-as efficient catalysts to furnish the corresponding products in
good to excellent yield. Fhe excellent;‘and quantitative yield of products in all
reactions was obtained. ™

6.2  The Friedel-Crafts acylation catatyzed by iron oxide-pillared bentonite
The main aim of this partis to se&rch for the optimized conditions for the
Friedel-Crafts acylation catalyzed by iron oxrde-plllared hentonite. This new catalytic
system was applied to-the-Friedel=Crafis-acylation-of Various aromatic compounds
and acid chlorides. The Friedel-Crafts acylation of anisole with benzoyl chloride
catalyzed by iron oxide-pillared bentonite could be carried out to furnish 4-methoxy-
benzophenonesin excellent-yield'with good:selectivityTheoptimized conditions were
anisole 1 mmol benzoyl chloride™3 mmol; 30 wit% iron oxide-pillared bentonite to
anisole,. reaction temperature. at. refluxing 1,4-dioxane .for 2-h. The optimized
conditions were ‘also applied for'the variation of both aromatic.compounds and acid

chlorides.

6.3  The conversion of epoxides to acetonides catalyzed by iron oxide-pillared
clays
The goal of this session is to search for the optimized conditions for the
conversion of epoxides to acetonides catalyzed by iron oxide-pillared bentonite

compared with iron oxide-pillared hectorite and iron oxide-pillared taeniolite. Under
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the same reaction conditions, iron oxide-pillared bentonite showed better efficiency
than iron oxide-pillared hectorite and iron oxide-pillared taeniolite. The former iron
oxide-pillared clay had the highest BET surface area and acidity. This new catalytic
system was applied to the conversion of various epoxides and carbonyl compounds to
acetonides. The reaction of styrene oxide with acetone catalyzed by iron oxide-
pillared bentonite could be performed to furnish 2,2-dimethyl-4-phenyl-1,3-dioxolane
in quantitative yield in short period of time under mild conditions. The optimized
conditions were 10 wt% iron oxide-pillared bentonites to styrene oxide at RT for 5
min. The optimized conditions-were also applied-for the variation of both epoxides
and carbonyl compounds.

6.4  The isomerization.of g-pinene - .

The main aim_of this part is-io éearch for the optimized conditions for the
isomerization of a-pinene catalyzed by‘iran oxide-pillared bentonite, iron oxide-
pillared hectorite, NdCI/Al-PLL.C" and AI-PLC. Using NdCI3/Al-PLC, the main
product was camphene, whereas tsing ir:bn1 oxide-pillared bentonite, iron oxide-
pillared hectorite and AIl-PLC, the main;pr'lcfi"duct was limonene. The optimized
conditions for the isomerization of a-pinéﬁé Teaction were 30 Wt% catalysts to a-
pinene at 180°C for 2-a:

6.5 Propose for the future work

This reSearch concemns with |theimethodology develepment for the reactions
catalyzed by clay. Other types of pillared oxides such as indium oxide-pillared clay or
nickel .oxide-pillared clay. and .types, of, metal trichloride-impregnated aluminium
oxide-pillared clays'such as indium or-gallium should be used-in ‘erder to improve
yield and selectivity of those acid catalyzed reactions. In Friedel-Crafts acylation,
more aromatic compounds and acid chlorides should be tested to expand the scope of
the reaction. Various epoxides and carbonyl compounds should be further tested. In
the isomerization reaction, the obtained methodology and optimized conditions for the

isomerization of a-pinene should be applied for the isomerization of other substrates.
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