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Chapter 1 Introduction and literature survey

1.1 ZEOLITES AND MESOPOROUS MATERIALS

Zeolites are microporous crystalline aluminosilicates consist of silicon (Si),
aluminum (Al) and oxygen (O), where Si and Al are tetrahedrally coordinated through
oxygen in a three-dimensional open network."” These intersesting materials have
definite crystalline structure with uniform cavities and pores.' Zeolites posses regular,
well-defined microporous channel structures with high surface area (as high 700
m?/ g) and tunable adsorption capacity.

The various features of zeolites and related materials, such as (i) shape-
selectivities (product, reactant and transition state),” (ii) the relative high chemical and
thermal stabilities and (iii) strong acidity, make these materials as attractive solid
catalysts for oil refining, petrochemistry and in the production of fine chemicals.
Furthermore, microporous zeolitic materials have earned the reputation of
environmentally benign catalysts due to several factors like waste minimization,
simple operation, easy work-up and regenerability of the catalysts.4 However, the
main restriction of microporous zeolitic materials is the size constraints of ca. 0.75nm
and therefore not suitable for catalytic transformations involving organic molecules
having kinetic diameters above 0.75nm.

The synthesis of mesoporous molecular sieves called M41S is one of the most
exciting discoveries in the field of materials synthesis.” The discovery of
hexagoanally ordered mesoporous silicate structures by Mobil Corporation (M41S
materials) and by Kuroda et al. (FSM-16 materials) pioneered a new era in material
science.” These materials possess extremely high surface areas and easily accessible,
well-defined mesopores, which broke pore size constraint of microporous zeolites.
The M41S family is classified into three members: MCM-41, MCM-48 and MCM-50,

with hexagonal ‘honeycomb’, cubic ‘gyroid’ and lamellar structures, respectively.””

Ph. D. Thesis, University of Pune, October 2007 1



Chapter 1 Introduction and literature survey

Recently, neutral nonionic surfactants (block copolymers) were used as templates to
prepare mesoporous materials with large pores (HMS, SBA-11, -12, -15, -16 and
FDU-1, -2, -5, etc.)* " through hydrogen bonding or electrostatic interactions. The use
of anionic surfactants produced only lamellar or disordered silica based mesophases.
The synthesis of these materials opens new possibilities for preparing catalysts with
uniform pores in the mesoporous region, which will allow the access to relatively
larger organic molecules for catalytic transformations. '
1.2. SYNTHESIS AND MECHANISM OF FORMATION OF MESOPOROUS
MATERIALS

The M41S family of mesoporous materials is synthesized using a silica source
and different organic structure directing agents, e.g., cationic surfactants containing
long alkyl chain (10-20 carbons) quaternary ammonium compounds, often followed
with addition of co-surfactants. The different phases of M41S mesoporous materials
were found depending upon the various synthesis parameters such as surfactant /
silica molar ratio, silica source (tetraethyl orthosilicate, fumed silca),
cetyltrimethylammonium (C;sTMA") cations and water.'®

A number of models have been proposed to rationalize the mechanism of
formation of mesoporous materials by various synthesis routes. All these models are
based on the role of surfactants in solution to direct the formation of silicate
mesostructure. In solution, the surfactants have a hydrophilic head group and a long
chain hydrophobic tail group within the same molecule, which will aggregate and
self-organize in such a way so as to minimize the contact between the incompatible
ends. Different mechanisms of formation of mesoporous materials, postulated taking
into consideration different types of interaction between the surfactant and the

inorganic precursor under different synthesis conditions, are discussed briefly below.

Ph. D. Thesis, University of Pune, October 2007 2



Chapter 1 Introduction and literature survey

1.2.1. Liquid Crystal Templating (LLCT) Mechanism

The Mobil researchers proposed two synthesis mechanisms.”'” In the first
route, the C,Hy,.1(CH3)sN™ surfactant species organize into lyotropic liquid crystal
(LLC) phase, which can serve as template for the formation of hexagonal MCM-41
structure. Firstly, the surfactant micelles aggregate into a hexagonal array of rods,
followed by interaction of silicate or aluminate anions present in the reaction mixture
with the surfactant cationic head groups. Thereafter condensation of the silicate
species occurs leading to the formation of an inorganic polymeric species. After
combusting off the surfactant template by calcination, hexagonally arranged inorganic
hollow cylinders are produced (Scheme 1.1). However, the drawbacks of this
synthesis pathway was pointed out by Cheng et al.,'® according to whom the
hexagonal liquid-crystal phase does not form below 40 % of surfactant concentration.
It is known that MCM-41 may be formed at low surfactant concentrations (1 wt %)
with respect to water content, and in situ “N NMR spectra indicated that the

hexagonal liquid-crystalline phase was not present anytime during formation of

MCM-41."
Hexagonal rod
Surfactant Micellar
Micelle rod

LT - -
« 5 Silicate Calcination

RN
Fhaa®

& ®
Faea®

MCM-41
Silicate
B

Scheme 1.1. Liquid crystal templating (LCT) mechanism proposed for the formation

of MCM-41; (A) liquid crystal phase initiated and (B) silicate anion initiated.

[Source: Ref. 5b]
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Chapter 1 Introduction and literature survey

In the second route, the hexagonal ordering is initiated by the presence of
silicate species in the reaction mixture.”™” Chen et al. explained that randomly
distributed surfactant micelles with rod-like morphology are formed initially, and
their interaction with silicate oligomers generate randomly oriented surfactant
micelles surrounded by two or three silica monolayers."” The presence of rod-like
micelles in solution was supported by isotropic in situ “N NMR." Further

condensation between silicate species on adjacent rods occurs on heating, initiating

the long-range hexagonal ordering (Scheme 1.2).

Silicate

Condensation Condensation

Scheme 1.2. Silicate rod assembly proposed for the formation of MCM-41; (1) and
(2) random ordering of rod-like micelles and interaction with silicate species, (3)
spontaneous packing of the rods, and (4) remaining condensation of silicate species
on further heating. [Source: Ref. 19]
1.2.2. Charge Density Matching

The charge density matching model proposed by Stucky et al. suggested that
condensation occurs between initially formed silicate species by the electrostatic
interaction between the anionic silicates and the cationic surfactant head groups.”
This eventually reduces the charge density and therefore, curvature was introduced
into the layers to maintain the charge density balance with the surfactant head groups,

which leads to transformation of the lamellar mesostructure into the hexagonal one

Ph. D. Thesis, University of Pune, October 2007 4



Chapter 1 Introduction and literature survey

(Scheme 1.3.A). Although, this silica-initiated synthesis mechanism has been widely

accepted, the presence of an intermediate lamellar species has been disputed.

§.,

ey

%

3

Kanemite Silicate-Organic Mesoporous
complex Materials

- Sio, Reaction coordinate
Scheme 1.3. Transformation of surfactant-silicate systems from lamellar to hexagonal
mesophases; (A) hexagonal mesophase obtained by charge density matching, and (B)
folding of kanemite silicate sheets around intercalated surfactant molecules. [Source:
Refs. 20 and 5d]
1.2.3. Folded Sheet Mechanism

The “folded-sheet mechanism” postulated by Inagaki et al. indicated the
presence of intercalated silicate phases in the synthesis medium of the reaction
products (Scheme 1.3.B).50l The flexible silicate layers of kanemite fold around the
surfactant cations, and cross-linking of the interlayer occurs by condensation of
silanol groups on adjacent silicate sheets. On increase of pH, the amount of occluded
CuHo,:1(CH3)3N™ cations in kanemite increases resulting in expansion of the kanemite
interlayers to form another class of regular hexagonal structure called FSM-16.
1.2.4. Silicatropic Liquid Crystals

Firouzi et al. have developed a model based on cooperative organization of
inorganic and organic molecular species into 3D structured arrays.”' According to this
model, the physicochemical properties of a particular system were not determined by

the organic arrays having long-range preorganized order, but by the dynamic interplay
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among ion-pair inorganic and organic species, so that different phases can readily be
obtained through small variation of controllable synthesis parameters. The exchange
of silicate anions with the surfactant halide counter ions formed the “silicatropic
liquid crystal” (SLC) phase (Scheme 1.4), which exhibited very similar behavior to
that of typical lyotropic systems and finally condensed irreversibly into MCM-41.
1.2.5. Generalized Liquid Crystal Templating Mechanism

1.2.5.1. Ionic Route (Electrostatic Interaction)

Huo et al. proposed a generalized mechanism for the formation of
mesostructures, which was based on specific types of electrostatic interaction between
an inorganic precursor (I) and a surfactant head group (S). In this concept, four
different approaches were proposed to synthesize transition metal oxide
mesostructures.”*® The first route involves the charge density matching between
surfactant cations and inorganic anions (S'I"). The second route deals with the charge-
reversed situation, i.e., anionic surfactant and cationic inorganic species (STH. Both,
the third and the fourth routes are counterion-mediated pathways. The third one
demonstrates the assembly of cationic species via halide ions (S"X'T"), while the
fourth one depicts the assembly of anionic species via alkali metal ions (S*XT").
These synthesis strategies are acceptable for the formation of a wide variety of
hexagonal, cubic or lamellar, mesophases. However, a general problem encountered
very often is the poor stability of the inorganic framework, which frequently collapses

after removal of the surfactant.
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Scheme 1.4. Cooperative organization for the formation of silicatropic liquid crystal
phase / silicate-surfactant mesophases; (A) organic and inorganic precursor solutions,
(B) preliminary interaction of the two precursor solutions after mixing, and (C)
multidentate interaction of the oligomeric silicate units with the surfactant molecules.
[Source: Ref. 21]

1.2.5.2. Neutral Templating Route (Hydrogen Bonding Interaction)

Tanev and Pinnavaia proposed another route to synthesize hexagonal
mesoporous silicas (HMS) having thicker pore walls, high thermal stability and
smaller crystallite size but having higher amounts of interparticle mesoporosity and
lower degree of long-range ordering of pores than MCM-41 materials.** This route is

essentially based on hydrogen bonding between neutral primary amines (S°) and
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neutral inorganic precursors (I°), wherein hydrolysis of tetraethyl orthosilicate
(TEOS) in an aqueous solution of dodecylamine yields neutral inorganic precursor.
Using the same approach, porous lamellar silicas with vesicular particle morphology
have been synthesized with the aid of double headed alkylamines linked by a
hydrophobic alkyl chain (oc,co—dialkylamine).23 b

1.2.5.3. Ligand-Assisted Templating Route (Covalent Interaction)

Antonelli and Ying have proposed a ligand-assisted templating mechanism for
the synthesis of hexagonally packed mesoporous metal oxide completely stable to
surfactant removal.** In a typical synthesis, the surfactant was dissolved in the metal
alkoxide precursor before addition of water to allow nitrogen—metal covalent bond
formation between the surfactant head group and the metal alkoxide precursor. The
existence of this covalent interaction was confirmed by "N NMR spectroscopic
studies. In this approach, the structure of the mesophases could be controlled by
adjustment of the metal / surfactant ratio, which led to a new class of mesoporous
transition metal oxides analogous to M41S family.

1.3. METAL-SUBSTITUTED MESOPOROUS MOLECULAR SIEVES

In order to generate potential catalytic activities, the incorporation of
heteroatoms into the inert silica framework or walls of pure siliceous mesoporous
materials is an important route to modify the nature of the framework and make them
catalytically active. The advantages of using ordered mesoporous solids in catalysis
are due to their relatively large pores, which facilitate mass transfer, and the very high
surface area, which allows a high concentration of active sites per unit mass of
material.” In fact, the initial catalytic studies with mesoporous molecular sieves were
focused on metal-substituted MCM-41 materials for mainly acid catalyzed and

. . . 25
oxidation reactions.
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Modification of the framework composition of mesoporous materials can be
done either by the direct synthesis or through post synthesis method. It is well
reported that a variety of heteroatoms are incorporated into the pore channels of
mesoporous supports. The incorporation of trivalent metal ions such as AL B
Ga,”® Fe,” etc in the silica frame-work produces negative charges that can be
compensated by protons providing acid sites and hence serve as important materials in
acid catalysis. The substitution of various transition metals like Ti,30 V,3 ! Cr,32 Mn,33
Co,34 Sn,35 Mo,3 6 Zr,3 " and lanthanide metal like Ce*® can be incorporated into the
mesoporous materials, with important redox catalytic properties.

While, there are large numbers of reports on the incorporation of single hetero
metal ion in mesoporous silica, relatively very few reports are available on
simultaneous double incorporation of two or more hetero metals in such M41S
materials. For instance, Ti, Co, Fe, Zn, Ni, Cr or Cu-containing AI-MCM-41 materials
were prepared by direct synthesis method using cetyltrimethylammonium bromide as
a surfactant.”®*' These materials are catalytically active for carbon-carbon bond
formation reactions such as Friedel-Crafts alkylation, Mukaiyama-Michael,
Mukaiyama-aldol, oxidation reactions, hydroamination reaction.”5*! Moreover, Ti
and Al-containing hexagonal mesoporous silicas (Ti-Al-HMS) were prepared through
a sol-gel reaction procedure using dodecylamine as a surfactant, catalytically active
for gas-phase epoxidation of propylene by molecular oxygen.42
1.4. ORGANO FUNCTIONALIZED MESOPOROUS MATERIALS

In order to utilize the unique properties of the mesoporous material for specific
applications in catalysis, sorption, efc, introduction of reactive organic functional
groups, by the incorporation of organic components as part of the silicate walls to

form organic-inorganic hybrid materials is quite important.”** The advantages of
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organic-inorganic hybrid materials arise from the fact that inorganic components can
provide mechanical, thermal or structural stability, while the organic features can be
readily modified for various specific applications.44

Through the development of organic-inorganic hybrid mesoporous solids,
much progress has been made in the last few years towards their application in a
variety of fields. Such mesoporous solids have been functionalized at precise sites and
were demonstrated to exhibit improved activity and selectivity in a large number of
catalytic reactions and sorption processes.**** The synthesis procedures of organic-
inorganic hybrid materials, developed so far, effectively utilize the large amount of
silanol groups resting on the surface of M41S related materials.* Another advantage
of these materials is that the hydrophilic-hydrophobic properties can be tailored by the
judicious choice of the organo alkoxy silanes.”*** The pore walls of mesoporous
materials are easily modified with either purely inorganic or with hybrid, semiorganic
functional groups and can be successfully used as catalysts for green chemistry.44
Grafting method has been widely used in the field of catalysis for functionalization of
surface hydroxyl groups as anchor points by organosilanes in silica network.
Important applications of these modified and functionalized systems include selective
heterogeneous catalysis and photocatalysis involving bulky grafted catalysts and / or
the conversion of large substrates. The following section briefly highlights the
possible ways of surface modifications over mesoporous materials for the formation
of organic-inorganic hybrid mesoporous materials.
1.4.1. Post Synthesis Grafting Methods

In this method, the organic functional groups are introduced to the surface of
mesoporous silica as the terminal groups of an organic monolayer by post synthesis

modification of pre-synthesized mesoporous materials. This can be done usually after
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removal of surfactant from the inorganic matrix (Scheme 1.5).* Mesoporous silicas
possess high concentration of silanol groups (Si-OH) at the surface. These silanol
groups are well-situated anchoring points for functionalization of organic group to the

- 49
silica network.

Scheme 1.5. Functionalization of inner walls of mesoporous silicates by grafting.
[Source: Ref. 45 d]
1.4.1.1. Grafting with Passive Surface Groups

Organic functional groups with lower reactivity could be grafted to enhance
the hydrophobicity of the surface and protecting the material towards hydrolysis.
Further, the pore diameter of mesoporous materials can also be adjusted by varying
the alkyl chain length of the silylating agent or by increasing the quantity of the
silylating agent.50 Surface modifications are generally carried out by using trimethyl
chlorosilane (Me3SiC1),5d’5 ! trimethyl  ethoxysilane  (Me3Si(OC;Hs))  and
hexamethyldisilazane [(Me3Si)2NH].49’52 Out of these, hexamethyldisilazane was

extensively used for functionalization of surface silanol groups to passivate the
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surface silanols and also to depolarize the surface for selective adsorption
experiments.”**"
1.4.1.2. Grafting with Reactive Surface Groups

Grafting of the mesopore surfaces with reactive functional groups like olefin,
cyanide, thiol, amine, halide, epoxide etc. permits functionalization of the surface.
After modification of these materials with the desired functional groups, catalytically
active homogenous transition metal complexes as well as organometallic complexes
can be anchored over this organic-inorganic hybrid materials.>
1.4.1.3. Site-Selective Grafting

For grafting of organic functional groups, the external surface of the
mesoporous materials is kinetically more accessible than the internal surface.” To
minimize the grafting on the external surface, it is necessary to passivate the silanol
groups on the external surface before functionalizing those on the internal surface.™
Basically there are two approaches for selective external surface passivation as
follows.

(1) In the first approach, external surface silanols of the mesoporous material
are passivated with dichlorodiphenylsilane (Ph,SiCl,). There after, 3-aminopropyl
triethoxy silane (3-APTS) can be grafted inside the channels. The high-resolution
transmission electron microscopy (HRTEM) and FTIR spectroscopy were used to
verify amine functional groups in the inner pore channels of MCM-41 5

(i) In the second approach, grafting of Me;SiCl was carried out predominantly
at the external surface without removing the surfactants from the as-synthesized
MCM-41 materials. In this case, surfactant was then removed by solvent extraction
method, which resulted in the materials having free silanol groups predominantly

inside the channels while the external surface silanol groups are passivated. The main
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advantages of this method are that it reduced two-step synthesis procedure and that
the grafting of reactive organic moieties predominantly occurs inside the channels.”
1.4.2. Direct co-condensation Method

Organo-functionalized mesoporous materials can be prepared by one-step co-
condensation method between tetraalkoxy silanes (Si(OR)4, R = Et, Me) with one or
more organoalkoxy silanes (R-Si(ORY;, R' = Et, Me), through the sol-gel process in
the presence of a structure orientor and the auxillary chemicals.”’ Depending on the
nature of the R groups, a variety of organofunctionalized mesoporous materials can be
synthesized where organic moiety is attached covalently through Si-C bond on the
surface of mesoporous material. The advantages of this method over the grafting
procedures include the stability of the inorganic framework even at relatively higher
organic loadings, homogenous distribution of the organic groups in the pore channels
as well as the single step preparation procedures.58 An acidic-alcohol mixture for
solvent extraction is used to remove the occluded surfactants from the product to
obtain the organofunctionalized ordered mesoporous material (Scheme 1.6).°%
Since organic pendant groups are present in as-prepared materials along with
surfactant, the surfactant can not be removed by calcination as it will also decompose

the pendant organic moieties, thus defeating the purpose of organic functionalization

of mesoporous silicas itself.

R OR’ ?—\é [i
| | 7N
/Si\ + /Si\ Surfactant
i ; ; i H,0
RO O|R'OR RO OlR'OR surfactant removal

Scheme 1.6. Synthesis of organo-functionalized mesoporous silicates by co-

condensation. [Source: Ref. 45d]
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1.5. MESOPOROUS ZIRCONIA IN CATALYSIS

After the discovery of the MCM-41 materials, various researchers employed
an idea of non-silica-based mesoporous oxide materials. For instance, the oxides of
titanium,60 zirconium,61 niobium,62 tantalum® aluminum,64 hafnium,65 tin,66 and
manganese®’ have been synthesized using ionic or neutral templates as structure
directing agents. Although, most of them were comprised of mainly non-porous
framework thereby limiting their effectiveness in catalytic applications. Stucky et al.
then synthesized mesoporous metal oxides with a semi crystalline framework by
block copolymer templating materials.®®

The first zirconium-based mesoporous materials were synthesized by Hudson
and Knowels using cationic surfactant as a template by adopting the scaffolding
mechanism where the preparation of mesoporous zirconium (IV) oxide samples was
obtained by surfactant exchanged hydrous zirconium (IV) oxide.®" The scaffolding
mechanism was proposed by Ciesla et al.®"™¢ (Scheme 1.7) where they observed the
formation of porous zirconium oxo phosphate by a surfactant-assisted synthesis,
leading to zirconia compounds with high surface areas and regular pore systems.
Here, either zirconium sulfate or zirconium propoxide were used as zirconia source
with cationic surfactant to obtain sulfate containing material. Another approach was

reported by Blin et al.®'¢ for the synthesis of mesoporous zirconia where they used

cationic surfactant and zirconyl chloride as zirconia source.
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Hydrous zirconium (iv) oxide
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Scheme 1.7. Synthesis of mesoporous zirconia using zirconium (IV) oxide with
cationic surfactant via scaffolding mechanism. [Source. Ref. 61a]

Recently, Antonelli reported the synthesis and mechanistic studies of sulfated
mesoporous zirconia with chelating carboxylate surfactants having long chain acid as
surfactant (Scheme 1.8).°' Similarly, Wong and Ying reported mesostructured
zirconium oxide prepared via amphiphilic templating mechanism with a variety of
head groups (anionic and nonionic) and tail group chain lengths (1-18 carbons).®"!
They claimed the mesoporous material based on zirconia as Zr-TMS (zirconium oxide
with a mesostructured framework) and in this thesis the same name is used. They

further proposed two types of interaction between the surfactants and zirconium

source (Scheme 1.9).

Zr(OH), H, O/Heatin
/\/\/COOH— N\~ CO0Zr(OR) ﬁ
-ROH 2. MeOH/H, S

Scheme 1.8. Synthetic strategy for mesoporous zirconia. In the first step the metal
alkoxide is combined with the carboxylic acid prior to addition of water. After
addition of water and aging form ambient to 423 K over several days the

mesostructure is obtained. [Source: Ref. 61e]
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Scheme 1.9. Representative schematic drawings of (A) the anionic amphiphile-
zirconium n-propoxide interaction, and (B) the nonionic amphiphile-zirconium
isopropoxide interaction. [Source: Ref. 61f]

The mesoporous sulfated zirconia synthesized by Larsen et al., is quite useful
material as catalyst and catalyst support,®’® where mesoporous zirconia was prepared
through a template-assisted mechanism. After the formation of pore structure, the
template is removed by extraction or calcination at 823 K. If the temperature is raised
above 873 K, the zirconia starts to transform from the metastable (tetragonal) phase to
the stable monoclinic phase. This phase transformation is accompanied by a dramatic
change in pore structure of zirconia. At temperatures lower than phase transformation
temperature, the pore structure of zirconia also changes, but to a lesser extent, as a
result of sintering and grain growth. Metal oxides like yttria, ceria, magnesia or
lanthana can stabilize the tetragonal phase through doping.

Transition metal oxides are widely used as industrial catalysts and as catalysts
supports. Unfortunately they usually have poorly defined pore structures. The
synthesis of mesoporous silica partially substituted by zirconium has been attempted

to circumvent the difficulty of preparing stable mesoporous zirconia. Zirconium
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oxide is of particular interest because it contains both acidic and basic surface sites. In
the recent years SO4>/ZrO, has attracted attention as it catalyzes various industrially
important reactions such as: isomerization, condensation and Friedel-Crafts acylation
reactions.”’ However, its non-uniform pore size, low porosity, and low surface area
limit its potential application for catalyzing reactions of bulky molecules. Despite
these limitations zirconia has a high melting point, low thermal conductivity, high
corrosion resistance, and amphoteric behavior, all of which can be useful properties
for a support material. Parvulescu et al. studied the synthesis of mesoporous
zirconium oxide using cationic surfactant and claimed that the synthesis occurred via
a scaffolding mechanism.”’ The possibility of obtaining such material with a

mesoporous texture has made this oxide even more interesting.

1.6. PHYSICOCHEMICAL CHARACTERIZATION
The mesoporous and inorganic—organic hybrid mesostructured materials can
be characterized by various techniques, which provide important information about
different physicochemical features. Commonly used characterization techniques are:
1. Powder X-ray diffraction (PXRD)

2. Ultraviolet-visible (UV-Vis) spectroscopy

W

. Fourier transform infrared (FTIR) spectroscopy

n

. Nuclear magnetic resonance (NMR) spectroscopy

W

. X-ray photoelectron spectroscopy (XPS)

6. Atomic absorption spectrometry (AAS)

7. Scanning electron microscopy (SEM)

8. Transmission electron microscopy (TEM)

9. Porosity measurements by nitrogen (N;) adsorption (BET method)

10. Temperature programmed desorption of ammonia.
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1.6.1. Powder X-Ray Diffraction

It is well recognized that X-ray diffraction, based on wide-angle elastic
scattering of X-rays, has been the single most important tool to determine the
structure of the materials characterized by long-range ordering. The X-ray diffraction
patterns are obtained by measurement of the angles at which an X-ray beam is
diffracted by the sample. Bragg's equation relates the distance between two hkl planes
(d) and the angle of diffraction (20) as: nA = 2dsin®, where A = wavelength of X-rays,
n = an integer known as the order of reflection (%, k and [ represent Miller indices of
the respective planes).71 From the diffraction patterns, the uniqueness of structure,’
phase purity,73 degree of crystallinity and unit cell parameters of the crystalline
materials can be determined.

The identification of phase is based on the comparison of the set of reflections
of the sample with that of pure reference phases distributed by International Center
for Diffraction Data (ICDD). Unit cell parameter (ap) of a cubic lattice can be
determined by the following equation: ay = dhkp/(h2 + K+ lz), where d = distance
between two consecutive parallel lattice planes having Miller indices A, k and /.

1.6.2. Diffuse Reflectance UV-VIS Spectroscopy

UV-Vis spectroscopy deals with the study of electronic transitions between
orbitals or bands of atoms, ions or molecules in gaseous, liquid and solid state. In the
case of transition metal ions or atoms, any change in their coordination sphere may
affect their optical properties and therefore can be characterized by UV-Vis.” For
solid substances like transition metal containing mesoporous materials, diffuse
reflectance UV-Vis spectroscopy (DRUV-Vis) is applied to determine the ligand field
symmetry and oxidation state of the metal inside the solid matrices. Thus, DRUV-Vis

spectroscopy is a sensitive probe to examine the coordination sphere of metal ions via
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ligand to metal charge transfer bands. Generally, as the coordination number of metal
ion decreases the “ligand to metal charge transfer band” shifts towards lower wave
number (blue shift).”
1.6.3. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy deals with the vibration of
chemical bonds in a molecule at various frequencies depending on the elements and
types of bonds. After absorbing electromagnetic radiation the frequency of vibration
of a bond increases leading to transition between ground state and several excited
states. The energy of these transitions corresponds to the infrared region (4000—400
cm™) of the electromagnetic spectrum. The term Fourier transform (FT) refers to a
recent development in the manner in which the data are collected and converted from
an interference pattern to an infrared absorption spectrum that is like a molecular
"fingerprint"."®

In the case of porous silicates, the FTIR spectra in 400-1300 cm™ region
provide information about the structural details including isomorphous substitution in
framework, whereas the bands in 3000-4000 cm™ region allow to determine different
Bronsted and Lewis acid sites’’ and silanol groups.78 Acidic and basic properties as
well as their strength can also be estimated using carbon dioxide (CO,), ammonia
(NHs3), pyridine, triphenylphosphine (PPhs) efc. as probe molecules and their
quantitative estimation by FTIR.”
1.6.4. Nuclear Magnetic Resonance Spectroscopy

With the advent of sophisticated solid-state Magic Angle Spining (MAS)
NMR techniques, it has become possible to obtain NMR spectra of solids with
spectral resolution nearly comparable to that of liquids.go'82 High-resolution NMR

spectra of solid samples with narrow line width can be obtained by magic angle
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spinning (MAS), where the solid sample is fast rotated about an axis inclined at a
“magic” angle 8 = 54°44' to the direction of By** Modern high-resolution solid-state
MAS-NMR spectroscopy allows one to elucidate the chemical and structural
environment of several atoms (e.g. 13 C, 27Al, 29Si, 19F, 3 1P, Sty etc.) in a solid matrix
like that of porous materials.®'

Cross-polarization (CP) technique does not affect the line width of the spectra,
but is applied to improve the sensitivity, i.e., the signal to noise ratio (SNR) of the
spectra of nuclei with low natural abundance (e.g. 13 C, 29Si, 3p etc.), and to monitor
the spatial proximity of nuclei.*” CP involves indirect excitation of the less abundant
nucleus through magnetization transfer from an abundant spin system (e.g. 'H).

1.6.5. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is widely used for probing the

electronic structure of atoms, molecules and condensed matter. When an X-ray

photon of energy hv is incident on a solid matter, the kinetic energy (Ex) and the

binding energy (Ep) of the ejected photoelectrons can be related as follows: Ex = hv —
Ep.

This kinetic energy distribution of the photoelectrons is fabricated by a series
of discrete bands, which symbolizes for the electronic structure of the sample.*® The
core level binding energies of all the elements (other than H and He) in all different
oxidation states are unique, which provides instant detection of the chemical
composition of the sample after a full range scan.*® However, to account for the
multiplet splitting and satellites accompanying the photoemission peaks, the
photoelectron spectra should be interpreted in terms of many-electron states of the
final ionized state of the sample, rather than the occupied one-electron states of the

85
neutral species.
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1.6.6. Atomic Absorption Spectroscopy

The principle of atomic absorption is based on energy absorbed during
transitions between electronic energy levels of an atom. When some sort of energy is
provided to an atom in ground state by a source such as a flame (temperature ranging
from 2100-2800 °C), outer-shell electrons are promoted to a higher energy excited
state. The radiation absorbed as a result of this transition between electronic levels can
be used for quantitative analysis of metals and metalloids present in solid matrices,
which have to be dissolved by appropriate solvents before analysis. The basis of
quantitative analysis depends on measurement of radiation intensity and the
assumption that radiation absorbed is proportional to atomic concentration. Analogy
of relative intensity values for reference standards is used to determine elemental
concentrations.®
1.6.7. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an important tool for morphological
characterization of mesoporous molecular sieve materials. A scanning electron
microscope can generate an electron beam scanning back and forth over a solid
sample. The interaction between the beam and the sample produces different types of
signals providing detailed information about the surface structure and morphology of
the sample. When an electron from the beam encounters a nucleus in the sample, the
resultant Coulombic attraction leads to a deflection in the electron’s path, known as
Rutherford elastic scattering. A fraction of these electrons will be completely
backscattered, reemerging from the incident surface of the sample. Since the
scattering angle depends on the atomic number of the nucleus, the primary electrons
arriving at a given detector position can be used to produce images containing

topological and compositional information.”’
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The high-energy incident electrons can also interact with the loosely bound
conduction band electrons in the sample. However, the amount of energy given to
these secondary electrons as a result of the interactions is small, and so they have a
very limited range in the sample. Hence, only those secondary electrons that are
produced within a very short distance from the surface are able to escape from the
sample. As a result, high-resolution topographical images can be obtained in this
detection mode.™
1.6.8. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is typically used for high resolution
imaging of thin films of a solid sample for microstructural and compositional
analysis. The technique involves: (i) irradiation of a very thin sample by a high-
energy electron beam, which is diffracted by the lattices of a crystalline or
semicrystalline material and propagates along different directions, (ii) imaging and
angular distribution analysis of the forward-scattered electrons (unlike SEM where
back scattered electrons are detected), and (iii) energy analysis of the emitted X-
rays.89 The topographic information obtained by TEM in the vicinity of atomic
resolution can be utilized for structural characterization and identification of various
phases of mesoporous materials, viz., hexagonal, cubic or lamellar.”’ TEM also
provides real space image on the atomic distribution in the bulk and surface of a
nanocrystal.91
1.6.9. Porosity Measurement by N, Adsorption

Despite of some theoretical limitations, the Brunauer-Emmett-Teller (BET)
method continues to be the most widely used method for the evaluation of surface
area, pore volumes and pore size distributions of porous solids from N; physisorption

isotherm data. The BET equation can be represented as follows:
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P = L+C—_1£, where v = volume of N, adsorbed by the sample under

v(po—P) V,C V,C Dy
pressure p, po = saturated vapor pressure at the same temperature, v, = volume of N,
adsorbed when the surface is covered with a unimolecular layer, and ¢ = constant for a

. 92
given adsorbate.

P versus P should be linear,

The equation suggests that the plot of
v(p, — p) Po

. 1 c—1 .
and from the intercept — and slope——, the values of v,, and ¢ can be determined
v,C

m

as follows: v, = (slope + intercept)’l.

Thus the specific surface area (S) of a sample can be determined as follows:

S — NOVmA
22414m

, where Ny = Avogadro number, m = amount of solid adsorbent, A =
cross-section of the gas molecules (16.2 A% for Ny), and § is expressed in cm’ g’1 unit.
Several computational procedures are available for the derivation of pore size
distribution of mesoporous samples from physisorption isotherms. Most popular
among them is the Barrett-Joyner-Halenda (BJH) model, which is based on
speculative emptying of the pores by a stepwise reduction of p/py, and allowance
being made for the contraction of the multilayer in those pores already emptied by the
condensate.”” The mesopores size distribution is usually expressed as a plot of
AV,/Ar, versus r,, where V,, = mesopore volume, and r, = pore radius. It is assumed
that the mesopores volume is completely filled at high p/py.
1.6.10. Temperature Programmed Techniques: TPD of Ammonia
Temperature programmed desorption (TPD) technique can be used to

characterize the acidity of the catalyst. First the catalyst is contacted with a base

molecule like ammonia to neutralize the acid sites present. Then, the catalyst is

Ph. D. Thesis, University of Pune, October 2007 23



Chapter 1 Introduction and literature survey

heated slowly and the evolved gas (e.g. ammonia) is quantitatively measured
continuously by GC using a thermal conductivity detector (TCD).** Instrumentation
for temperature-programmed investigations consists of a reactor charged with catalyst
in a furnace that can be temperature programmed and TCD to measure the concerned

active gas of the gas mixture before and after interaction.

1.7. CATALYTIC APPLICATIONS AND PROSPECTS

While homogeneous catalysts are generally very active, they suffer from some
inherent short comings, viz., (i) complicated work-up of the reaction mixture, (ii)
preparation of the pure products not contaminated with catalysts or constituents there
of, and (iii) isolation of the valuable catalyst or its constituents, which can be achieved
only with high technical complexity and expenditure.95 The most feasible way to
circumvent this problem is to “heterogenize” the homogeneous catalyst, by means of
immobilization, anchoring, or encapsulation on an inorganic (zeolites or mesoporous
materials)** or organic (polymeric) solid support.96

The concept of heterogenization provides the prospective for extending the
benefits of homogeneous systems to heterogeneous catalysis. These benefits include
easier separation of catalyst and reaction products leading to shorter work up times,
improved process efficiency, the potential for reactivation and reuse of the supported
catalyst comprising of expensive ligands. However, the prime requirement of the
heterogenization approach is to maintain the stability of the heterogenized complex,
such that it does not decompose or leach out from the solid matrix to the liquid phase
during the course of reaction, and at the same time retains high activity and
selectivity.

In this section, the catalytic applications and prospects of metal-containing

mesoporous materials and organo-modified mesoporous materials for different types
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of carbon-carbon bond formation reactions studied, and are reported in the present
dissertation, are briefly reviewed below:
1.7.1. CARBON-CARBON BOND FORMATION REACTIONS

Although, the condensation of aldehydes and ketones over zeolites has been
studied extensively under vapor-phase, fixed-bed reaction conditions,”’ liquid-phase
carbon-carbon bond formation reactions catalyzed by zeolite are less common.” Here,
in the present section some of the carbon-carbon bond formation reactions, relevant to
the present dissertation, are described briefly.
1.7.1.1. Friedel-Crafts Benzylation Reaction

Electrophilic alkylation of aromatics can be carried out by variety of reactants
such as olefins, alcohols, and halogenated hydrocarbons.99 Usually, diphenylmethane
and its derivatives have been prepared typically by Friedel-Crafts benzylation
reaction in liquid phase homogeneous system using strong Lewis acids, such as AlCl;,
FeCl; and ZnC12100 and Bronsted acids such as polyphosphoric acid, H,SO,4, HF,
CF;SO:H as catalysts.'®'" The products are industrially important compounds used

2

as pharmaceutical intermediates'”* and fine chemicals.'” In the fragrance industry

diphenylmethane has been used as both a fixative and a scenting soap, as a synergist
in some insecticides'™ and as a plastisizer,105 dyes106 etc.

Many solid bases have recently been found useful in the production of
alkylated products. Several alkali doped silica, zeolites, mesoporous silica have been
recently reported for base catalyzed alkylation reactions'?’ Macquarrie et al have
reported KF supported on natural phosphate as a green base catalys‘[.m8 Base

catalyzed selective side chain monoalkylation of methylene active compounds is

important industrial process for the formation of intermediates.'” Alkali metal
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carbonates and organic bases have been studied in the selective monomethylation of
arylacetonitriles and methyl aryl acetates in detail using reactor.''
1.7.1.2. Mukaiyama-Michael Reaction

Organosilicon reagents are widely used in modern organic synthesis because
of their unique and moderate reactivity, which enables highly efficient and selective
organic reactions, their ready availability, and their relatively low toxicity.111 As a
result, several synthetically valuable reactions using organosilicon reagents, viz.,
Mukaiyam-aldol condensation and Mukiayama-Michael reaction with silyl

"2 the Hosomi-Sakurai reaction with allysilanes113 and the Hiyama coupling

enolates,
with alkenyl, alkynyl, and arylsilanes114 have been developed. These reagents act as
stable synthetic equivalents of the corresponding carbanions and efficiently react with
a variety of carbon electrophiles, with the aid of a catalyst such as a Lewis acid or
transition metal catalyst.

In 1974, Mukaiyama and co-workers reported the first examples of Lewis acid
catalyzed Michael reaction between enol silanes and o,p-unsaturated carbonyl
acceptors.'”® This reaction provides an important method for the preparation of &-
dicarbonyl compounds (1,5- dicarbonyl compounds) under neutral, mild conditions
using a catalytic amount of Lewis acid'" or a fluoride ion source.''® This reaction
variant is an attractive alternative to the conventional metalloenolate process due to
the mild reaction conditions and superior regiocontrole (1,4-versus 1,2-addition).

To date, there are only few reports available for the Mukaiyama-Michael
reaction using heterogeneous catalyst.*****!17
1.7.1.3. Mukaiyama-Aldol Condensation

In 1973, Mukaiyama and coworkers reported that in the presence of TiCly,

ketone trimethylsilyl enolates react smoothly with aldehydes to give aldol
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products."'*'"® Since the discovery of the so-called Mukaiyama-aldol condensation,
the use of silyl enolates as enolate equivalent had received much attention from
synthetic organic chemist. At the present time, silyl enolates are well recognized as
very valuable reagents for highly efficient and selective carbon-carbon bond
formation and functionalization introducing a carbonyl group. The original methods
for the directed aldol and aldol-type condensations of aldehydes and acetals with silyl
enolates require a stoichiometric amount of a Lewis acid such as TiCly, BF;. OEt,, or
SnCl4‘118 In addition, it has been found that fluoride ion sources also work as effective

catalysts of the aldol condensation.'”

In the last decade, much attention has been paid
for the development of diastero- and enantioselective aldol condensation,'” aqueous
aldol condensations using water stable Lewis acid,'””' novel types of silyl enolates
with unique reactivity. However, only few literature reports are available for
Mukaiyama-aldol condensation using heterogeneous catalysts.mc’m’123
1.7.1.4. Michael-Addition of Indoles to o, B-Unsaturated Carbonyl Compounds
The Michael-addition of indole to enone consists of conjugate addition
reaction of nucleophiles (indole) to unsaturated carbonyl (enone) compounds in either
basic'** or acidic reaction condition.'* The investigation of the chemistry of indoles
has been, and continues to be, one of the most active area in heterocyclic chemis‘[ry.126
In particular, B-indoylketones have received much attention as important building
blocks for the synthesis of many natural products, alkaloid, fine chemicals and
biologically active compounds including anticancer agents, like [S—Ia(:tum.m’128 The
other heterocyclics such as indole alkaloid, harmicine, tryptophan, etc are used in a
wide range of medicinal purposes.127

In general, Michael-addition of indoles to enones occurs in both Lewis and

Bronsted acid reaction conditions.'”” However, the acid-catalyzed conjugate addition

Ph. D. Thesis, University of Pune, October 2007 27



Chapter 1 Introduction and literature survey

of indoles requires careful control of the acidity to prevent unwanted side reactions,
including dimerization and polymerization.'” So far, extensive efforts have been
made in developing homogeneous catalysts for the Michael-addition of indole to
enone. But, there are limited reports in the literature for the Michael-addition of
indole to enone using heterogeneous catalyst.'

1.7.1.5. Synthesis of Coumarins by Pechmann Reaction

Coumarins and their derivatives have been investigated widely in synthetic
organic chemistry. Coumarins are structural units of various natural products and
feature widely in pharmacology and biologically active compounds.131 For instance,
the Pechmann reaction has been used for the synthesis of natural products like
rotenone and cannabinol.'”® The Pechmann reaction is extensively used for the
synthesis of coumarin and its derivatives.'*’

Pechmann reactions consist of reacting derivatives of phenol and B-keto ester
to produce hydroxy derivatives of coumarins."”*" In this reaction, coumarins have
been synthesized by using different condensing agents such as FeCls, ZnCl,, AlCI;,
TiCly, SnCly, HySO4, P,Os, POCls, HCI, H3PO4 NaOC,Hs sodium acetate and
trifluoroacetic acid as well as boric anhydride, etc.!3

For acid-catalyzed organic reactions, the covalent attachment of alkylsulfonic
acid groups to the surface of mesoporous molecular sieves based on silica has been
reported by various authors and successfully implemented in acid catalyzed reactions,
including esterification, condensation reactions, acetalization and acetylation.13 4 Up
till now, very few metallosilicate molecular sieves with different topologies and
organic inorganic hybrid materials have been investigated as heterogeneous catalysts

for synthesis of coumarins by Pechmann reaction.'”
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1.7.1.6. Michael-Addition of B-Nitrostyrene to Malonate

The Michael-addition ractions of nitroalkenes to malonates have been
developed as a powerful tool in organic synthesis because Michael adducts are
versatile building blocks for agricultural and pharmaceutical compounds.136’137

Solid bases such as alkaline-substituted zeolites, alkaline-earth oxides,
hydrotalcites, AIPOs have been used successfully for nucleophilic reactions involving
carbanion-type species for the formation of new carbon-carbon bonds through aryl-
ring side chain alkylation, Knoevenagel condensation, aldol condensation, Michael

additions, etc.'?1%®

To date, there are no reports of this reaction being carried out
using solid catalyst and to the best of my knowledge this thesis will most probably
report the first example of Michael-addition of nitroalkenes to malonates using a
heterogeneous catalyst system.
1.8. OBJECTIVES OF THE THESIS

The objectives of the present study are the following:
(1) To prepare and characterize mesoporous materials by incorporation of Ce and Al
in MCM-41 networks, and use these new materials as catalyst for different carbon-
carbon bond formation reactions such as benzylation of toluene, Mukaiyama-Michael
addition and Mukaiyama-aldol condensation.
(2) To anchor homogeneous catalyst (trifluoromethanesulfonic acid) over solid Zr-
TMS material, and to employ this catalyst for the different carbon-carbon bond
formations reactions such as Michael-addition of indoles to o, B-unsaturated carbonyl
compounds and synthesis of coumarins by Pechmann reaction.

(3) To immobilize 1,5,7-triazabicyclo [4.4.0] dec-5-ene over MCM-41 and SBA-15

mesoporous materials, and examine for the carbon-carbon bond formation reaction
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such as Michael-addition of nitrostyrene to malonate. The work conducted in this
thesis aims to contribute towards green and sustainable catalytic processes.
1.9. OUTLINE OF THE THESIS

The thesis will be presented in SIX chapters, as summarized below:

Chapter 1 presents a general introduction to various aspects of zeolites,
mesoporous aluminosilicates and their physicochemical properties. Salient features of
certain metal oxides catalysts are discussed. Various instrumentation technique
adopted for characterization of these catalysts are also described in brief. A detailed
description is also given to various carbon-carbon bond formation reactions pertaining
to the present study. The objectives of the present thesis research have also been
highlighted.

Chapter 2 presents the synthesis of Ce-containing mesoporous AI-MCM-41,
synthesis of Zr-TMS catalyst and organofunctionalized by trifluoromethanesulphonic
acid (triflic acid, TFA) on Zr-TMS catalyst, synthesis of Si-MCM-41 and SBA-15
materials and then immobilization of 1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD) on
Si-MCM-41 and SBA-15 materials. The different techniques have been used for
characterization of synthesized materials such as XRD, N, adsorption, UV-visible,
TPD-NH;, FT-IR, XPS, "°C, #’Si, and *’Al CP MAS NMR, SEM, TEM, AAS analysis
and microanalysis.

Chapter 3 deals the catalytic acitivity of Ce-MCM-41, AI-MCM-41 and Ce-
Al-MCM-41 catalysts. In this chapter various parameters have been studied, such as
reaction time with different MCM-41 samples, different temperatures and solvents,
recycle study and different substrates. Following are the main topics discussed.

(a) Friedel-Crafts benzylation reaction under solvent free condition over Ce-MCM-41,

Al-MCM-41 and Ce-Al-MCM-41 catalysts.
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(b) Preparation of 1, 5-dicarbonyl compounds by Mukaiyama-Michael reaction over
Ce-MCM-41, AI-MCM-41 and Ce-Al-MCM-41 catalysts.

(c) Preparation of B-hydroxy carbonyl compounds by Mukaiyama-aldol condensation
under solvent free condition over Ce-MCM-41, AI-MCM-41 and Ce-Al-MCM-41
catalysts.

Chapter 4 presents the catalytic activity of Zr-TMS and Zr-TMS-TFA
catalyst. In this chapter various parameters have been studied, such as reaction time
with different Zr-TMS-TFA samples, different amount of catalyst, temperatures,
recycle study and different substrates. This chapter is divided into two parts-

(a) Michael-addition of indoles to a, B-unsaturated carbonyl compounds over triflic
acid loaded Zr-TMS catalyst.

(b) Synthesis of coumarin and its derivatives over triflic acid loaded Zr-TMS catalyst
by Pechmann reaction.

Chapter 5 describes the catalytic properties of MCM-41 / SBA-15-TBD (1, 5,
7-triazabicyclo [4.4.0] dec-5-ene) mesoporous materials for the Michael-addition of
B-nitrostyrene to malonate. In this chapter also various parameters have been studied,
such as reaction time with different Zr-TMS-TFA samples, different amount of
catalyst, temperatures, recycle study and different substrates.

Chapter 6 summarizes and concludes the results obtained and the basic

findings of the present work.
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2.1. INTRODUCTION

The syntheses of mesoporous silicate materials have opened-up new
possibilities for preparing heterogeneous catalysts containing uniform pores with high
surface area.' These mesoporous materials have great potential in a wide range of
applications such as catalyst for the synthesis of fine chemicals, as support, sensor,
etc.” Surface modification of M41S type mesoporous silicates by reactive organic
functional groups have been investigated extensively.3 This surface modification
allows tailoring of the surface properties for variety of potential applications, viz.,
catalysis, immobilization of catalytically reactive species, chemical sensing and
fabrication of nanomaterials.>* The inorganic part (polymeric silicate framework) of
the surface modified hybrid mesoporous materials provides structural, thermal and
mechanical stability; whereas the pendant organic species permit flexible control of
interfacial properties to provide covalently linked anchoring site for catalytically
important metals and metal complexes.
This chapter presents the experimental data regarding
(i) the synthesis of siliceous mesoporous Si-MCM-41 and in situ incorporation of Ce
and Al in MCM-41 network, using our published plrocedulre.5 7
(ii) the synthesis of Zr-TMS materials and surface modification of Zr-TMS materials
by organic functional group viz. trifluoromethanesulphonic acid (triflic acid).®
(iii) the synthesis of Si-MCM-41" and SBA-15 materials,”'*!" and immobilization of
1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD) in MCM-41'*"* and SBA-15 through

post-synthesis routes.
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2.2. CHARACTERIZATION TECHNIQUES

The powder X-ray diffractograms of as-synthesized and calcined samples
were recorded on a Rigaku Miniflex diffractometer (Cu-Kg, radiation, A = 1.54054 A)
in 20 range 1.5 —10° at a scanning rate of 1° min™, and 1.5-60° at a scanning rate of 2°
and 4° min” for MCM-41 and Zr-TMS materials, respectively. The PXRD data for
SBA-15 materials were collected on a PAN alytical X pert Pro instrument using
Bragg-Brentano geometry in 20 range 0.5-5.0° at a scanning rate of 1° min" (A =
1.5416 A). The specific surface area (Sggr) and mesoporosity were checked by N,
sorption at 77 K using NOVA 1200 Quantachrome equipment. The samples were
evacuated at 573 K before N, sorption. The surface area was calculated from linear
part of BET (Brunauer-Emmet-Teller) equation and the method of Barret-Joyner-
Halenda (BJH) was employed to determine the pore-size distribution (PSD). The
coordination of the metal ions was monitored by using diffuse reflectance UV-visible
spectroscopy. A Shimadzu UV-2101 PC spectrometer equipped with a diffuse
reflectance attachment was employed for this purpose using BaSO, as reference.
Elemental analysis for C, H, N and S to measure the sulfonic acid and TBD loading in
the catalysts were recorded by an EA 1108 elemental analyzer (Carloalysts were
recorded by an EA 1108 elemental analyzer (Carloba instruments).

The solid state MAS and CP MAS NMR spectra were recorded on a Bruker
MSL 300 NMR spectrometer. The finely powdered samples were placed in 7.0 mm
zirconia rotors and spun at 7-8 kHz. The resonance frequencies of 29Si, 27Al, BC were
59.63, 78.2, 75.47 MHz, respectively. The chemical shifts were determined using
aluminum sulphate (8 = 0 ppm from TMS), 3-(trimethylsilyl) propane-1-sulfonic acid
(0 = 0 ppm from TMS) and adamantane (8 = 28.7 ppm from TMS) as the reference

compounds for ’Al, ’Si and °C, respectively. The XPS analyses were conducted on
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a Perkin-Elmer model 5300 X-ray photoelectron spectrometer equipped with MgKy
radiation.

Fourier transform infrared (FTIR) spectra recorded for functional group
detection in the range of 400-4000 cm’ on a Shimadzu FTIR 8201 PC and KBr pallet
was taken as reference. The IR spectra were recorded at different temperatures and
300 scans were collected for each spectrum. To study the absorption of pyridine in
mesoporous materials, Thermo Nicolet FTTIR-instrument was used. A Thermo Nicolet
(model-Nexus 870) FT-IR equipped with a high-pressure high-temperature stainless
steel cell, fitted with water cooled CaF, windows and described earlier in detail,14 was
employed for recording of IR spectra in transmission mode. Self-supporting wafers
(~50 mg) of 25 mm diameter, placed in a sample holder block, were in direct contact
with a chromel-alumel thermocouple. Samples were heated in-sifu for 8-10 h at a
temperature of 550-575 K under vacuum (~1x107 Torr) for recording of the hydroxyl
region bands, and also for carrying out pyridine adsorption experiments. For acidity
measurements, samples were exposed at 420 K to multiple doses of pyridine (~9.5
pmol g’1 each) until it reached saturation coverage. A gas mixture containing nitrogen
gas saturated with pyridine vapor was used for this purpose. The gas pressure in the
IR cell was monitored with the help of a digital capacitance manometer. IR spectra
were plotted at 420 K after equilibration time of 15-20 min for individual pulse
injections. From these experiments calibration data were obtained for each sample,
indicating a relationship between the area under spectral lines corresponding to Lewis
and Bronsted acid sites and the amount of pyridine adsorbed. Final spectra were
recorded under two different temperature conditions in order to distinguish between
the weak and the strong adsorption sites: at 420 K after 10 min evacuation of the cell

at the temperature of pyridine adsorption, or alternatively at room temperature
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following post-exposure cooling of the sample and subsequent evacuation. A total of
300 scans were co-added for plotting of each spectrum at a resolution of 4 cm™. The
absorbance values of individual vibrational bands, shown in parentheses in some of
the figures, were taken as a measure of the relative intensities for gross inter-

comparison.

The total acidity and acid strength of the catalysts were measured by

temperature programmed desorption of NH3(NH3—TPD) using a micromeritics

Autochem-2910 instrument. About 0.2 g of a fresh sample was placed in a U-shaped,
flow-through, quartz micro-reactor for each experiment. The catalyst was activated at
775 K for 2 h under He flow (20 ml / min) and then cooled to 375 K before exposure
to ammonia. The sample was flushed again in He for 1 h to remove any physisorbed
ammonia and desorption profile was then recorded by increasing the sample

temperature from 375 to 773 K at a ramp of 10 K min” by using TCD detector.

The scanning electron microscopic (SEM) images were recorded on a Philips
Model XL 30 instrument. The samples were loaded on stubs and sputtered with thin
gold film to prevent surface charging and also to protect from thermal damage from
the electron beam, prior to scanning. The samples were dispersed on Holey carbon
grids and Transmission Electron Microscopic (TEM) images were scanned on a Jeol

Model 1200 EX instrument operated at an accelerating voltage of 100 kV.

2.3. SYNTHESIS OF MCM-41 MATERIALS

2.3.1. MATERIALS
Fumed silica (Surface area = 384 m> g_l, Sigma Aldrich, USA), NaOH

(Merck, India), sodium aluminate (NaAlO;, 42.0 %, Al,O3, 39.0%, Na,O and 19.0%

H,O; Loba Chemie, India), and cerium (IV) sulpahte (Ce(SO,),.4H,0) were

Ph. D. Thesis, University of Pune, October 2007 46



Chapter 2 Synthesis and characterization

employed as starting material. Cetyltrimethylammonium bromide (CTMABr; Loba
Chemie, India) was used as a structure directing agent.
2.3.1.1. Synthesis Procedure of AI-MCM-41, Ce-MCM-41 and Ce-Al-MCM-41
Materials

The syntheses of siliceous Si-MCM-41, AI-MCM-41, Ce-MCM-41 and Ce-Al-
MCM-41 materials were carried out applying published procedures'7 The molar gel
composition of Ce-containing AI-MCM-41 samples was: 1 SiO;: x CeO;: y Al,Os:
0.32 NaOH: 0.25 CTMABTr: 125 H,0O where x was varied in the range of 0.0-0.04.
The composition of the synthesis gel and the values of molar ratio Si/Al and Si/Ce in
the final products are given in Table 2.1.

The hydrothermal syntheses of Si-MCM-41, AI-MCM-41, Ce-MCM-41 and
various compositions of Ce-containing AI-MCM-41 (Ce-Al-MCM-41) samples with
different Si/Ce ratios were carried out in a teflon-lined autoclave at a temperature of
383 K and over a period of 36 h. In a typical synthesis of a Ce-MCM-41 sample, 6.0 g
of fumed silica was slowly added to 1.28 g of NaOH in 40.0 g of water under
vigorous stirring for half an hour. Subsequently, an aqueous solution of sodium
aluminate (accordingly required amount dissolved in 10.0 g of water) was added
followed by the addition of 7.28 g of CTMABT dissolved in 40.0 g of water under
vigorous stirring for half an hour. Finally, an aqueous solution of ceric sulphate
(required amount dissolved in 10.0 g of water) was added to the gel mixture and the
mass was stirred for half an hour. The remaining 125 g of water was then added and
the stirring was continued further for half an hour. Finally, the synthesis gel was taken
in a teflon-lined autoclave at 383 K for 36 h.

After the hydrothermal treatment, the samples were washed thoroughly first

with distilled water and then with acetone, followed by drying (353 K) and
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calcinations (775 K) for 8 h in air. The samples thus obtained were treated at room

temperature with 0.5 M ammonium acetate solution twice to obtain the NH4-form and

then calcined again at 775 K for 7 h to finally obtain the H-form of MCM-41 samples.

All the samples were of light yellow color.

Table 2.1. Chemical compositions of the synthesis gel mixtures

1 Si0;: 0.32 NaOH: 0.25 CTMABT: 125 H,0 : x CeO;: y ALLO3

Sample Si/Ce Si/Al
Sample X y i i
No Gel Solid® Gel Solid*
A Si-MCM-41 0 0 0 0 0 0
B AI-MCM-41 (25)° 0 0.04 O 0 25 30
C Ce-MCM-41 (25,0)¢ 0.04 0 25 30 0 0
D Ce-AI-MCM-41(100,25)¢  0.01 0.04 100 108 25 32
E Ce-AI-MCM-41 (75,25)¢  0.013 0.04 75 80 25 32
F Ce-Al-MCM-41 (50, 25)¢ 0.02 0.04 50 59 25 33
G Ce-Al-MCM-41 (25, 25)¢ 0.04 0.04 25 38 25 34
Amorphous
H _ g 002 0.04 50 - 25 -
Si0y+ Ce0,+A1,05(50,25)
I Pure CeO, - - - - - -

*Calculated by AAS analysis.

® Numerical values in the parenthesis represents Si/Al ratio.

“Numerical values in the parenthesis represents Si/Ce ratio.

¢ Numerical values in the parenthesis represents Si/Ce and Si/Al ratio in gel,

respectively.
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2.3.2. CHARACTERIZATION
2.3.2.1. Powder X-Ray Diffraction

Figure 2.1 shows the powder X-ray diffraction (PXRD) patterns of calcined
MCM-41 samples, exhibiting typical hexagonal phase (p6mm) and main (100) peak
with (110), (200), (210) reflections in all samples. These results indicate ordered
mesoporosity even after bi-metal incorporation of Al and Ce. As a representative case,
the XRD pattern of calcined Ce-Al-MCM-41 (sample G with highest Ce contents) is
shown in the Figure 2.2 in the range of 1.5-60° (2°/minute) along with the XRD
patterns of physical mixture of 2.5 % of CeO, and calcined AI-MCM-41 (sample B)
as well as pure CeO, These data clearly show the absence of any extra-network
occluded CeO, phase in the Ce containing samples. These results are in agreement
with our earlier reports on Ce-MCM-41.>" The djgo values of different MCM-41
materials are given in Table 2.2 along with the corresponding unit cell parameter (a,)
of different samples, calculated from the peak with hkl (100) value and by using the
equation a, = 2 dlool\/3. The slight increase in the d-values and increase in the
hexagonal unit cell parameter can be taken as an indication of incorporation of cerium
in the MCM-41 network. The observed increase in unit cell parameter on cerium
incorporation in AI-MCM-41 may be attributed to the larger size of Ce™ compared to
that of Si**. Similar observations have been reported by earlier workers for
incorporation of different transition and non-transition metal ions into framework of

MCM-41.'>16
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Figure 2.1. X-ray diffraction patterns of Figure 2.2. X-ray diffraction patterns
calcined (a) Si-MCM-41,(b) AI-MCM of (a) Ce-AlI-MCM-41 (sample G),
-41 (0, 30), (c) Ce-MCM-41 (30, 0), (b) physical mixture of 2.5 % of
(d) Ce-AlI-MCM-41 (38, 34) catalysts. CeO; in AI-MCM-41 (sample B) and
(c) pure CeO;,

2.3.2.2. Porosity Measurments

The porosity of the MCM-41 sample was evaluated by N, adsorption
isotherms. Figure 2.3 shows Nj adsorption-desorption isotherm and the corresponding
pore size distribution curve (inset) for the sample AI-MCM-41 (sample B), Ce-MCM-
41 (sample C), Ce-Al-MCM-41 (sample G). The data on specific surface area and
pore diameter (BJH method) for different samples are shown in Table 2.2. All the
samples showed type-IV isotherms with typical hysterisis loops,17 having a sharp
capillary condensation step at P/Py = 0.3-0.45 region, which is characteristic property
of MCM-41 type ordered mesoporous materials.'® In Table 2.2, a gradual decrease in
BET surface area and an increase in average pore diameter as a function of increase in

cerium content in MCM-41can be observed. These results are in agreement with our
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XRD data and as mentioned above the increase in pore diameter with increase in

cerium content may be attributed to the incorporation of larger size of Ce** cations in

silica framework.
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Figure 2.3. N, adsorption-desorption isotherms and corresponding pore size

distribution curves (inset) for (A) AI-MCM-41 (sample B), (B) Ce-MCM-41 (sample

C) and (C) Ce-Al-MCM-41 (sample G).

Table 2.2. Physicochemical characterization of MCM-41 samples.

Ce/Al SBET d100 o Pore
Sample Catalyst ) o a," (A) o
Molar ratio (m7/g) (A) diameter (A)
A Si-MCM-41 - 1165 37.90 43.76 27.6
Al-MCM-41 -
B 1104 37.88 43.74 27.9
(-, 30)
Ce-MCM-41 -
C 850 37.63 43.32 27.1
(30, -)
Ce-Al-MCM-41
D 0.3 995 38.45 44 .39 28.9
(108, 32)
Ce-Al-MCM-41
E 04 989 38.44 44 .38 29.5
(80, 32)
Ce-Al-MCM-41
F 0.6 971 38.43 4437 30.85
(59, 33)
Ce-Al-MCM-41
G 0.9 940 38.41 44.35 31.14
(38, 34)

% a,, Unit cell parameter = 2 d;o/V3.
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2.3.2.3. Diffuse Reflectance UV-Vis Spectroscopy

Curves C-G in Figure 2.4 represents the UV-Vis spectra of calcined
CexAIMCM-41 samples for different values of x. Curve H in this figure represents the
spectrum of the physical mixture of silica, ceria and alumina powder. The Ce-Al-
MCM-41 samples show a single symmetrical band at ca. 300 nm. It is well known
that the position of the ligand to metal charge transfer (O*— Ce**) spectra depends
upon the ligand field symmetry surrounding the Ce centre. The tetra-coordinated Ce™
requires higher energy than a hexa-coordinated one in electronic transitions from
oxygen to cerium. It may therefore be concluded that the absorbance spectra of Ce-

Al-MCM-41 at ca. 300 nm may arise, as shown in Figure 2.4 (curves C-G), due to the

well-dispersed Ce™ species (in tetra coordinated environment).

Absorbance (a.u)
> ?2 )

200 300 400 500
Wavelength (nm)

Figure 2.4. Diffuse reflectance UV-vis spectra of calcined samples (C) Ce-MCM-41
(30), (D) Ce-AlI-MCM-41 (108, 32), (E) Ce-AI-MCM-41 (80, 32), (d) Ce-AI-MCM-

41 (59, 33), (e) Ce-Al-MCM-41 (38, 34), and (H) SiOx+ CeO,+ Al,O5 (50, 25).
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However, the sample prepared by physical mixture of silica, ceria and alumina
powder (Figure 2.4, curve H) shows a red shift, where the absorption at wavelength =
400 nm is known to occur due to hexa coordinated Ce** species.s’6 Therefore, the
comparison of spectral features of Ce-Al-MCM-41 and pure CeO, samples indicates
the absence of secondary extra network phase of ceria in our samples, in agreement
with XRD data. To confirm whether any Ce™* phase is also present in Ce-MCM-41
and Ce-Al-MCM-41 samples, EPR measurements were carried out as Ce* is EPR
active and Ce** is EPR inactive.”® All Ce-containing samples were found to be EPR
silent, clearly indicating the absence of any Ce® species. This became clear from the
NMR studies where no effect of paramagnetic Ce®* was seen. Further XPS data also
supported the absence of Ce™.
2.3.2.4. Solid State *C CP MAS NMR Spectra

The solid state ’C CP MAS NMR spectra of as-synthesized Ce-AI-MCM-41,
Si-MCM-41 and CTA" ions in solution (CDCls) are shown in Figure 2.5. A
comparison of the three spectra shows the presence of intact CTA" ions inside the
pores of the MCM-41 channels. All the three BC NMR spectra are similar and
therefore, the peak assignments are also same. The peaks at ca. 66 ppm in these
spectra can be assigned to the CH, group of the cetyl chain neighboring the nitrogen
atom. The peaks at ca. 53 ppm are due to the three CH; groups bonded to nitrogen
atom, whereas the resonance between 32 and 22 ppm are due to different CH, carbon
atoms of the cetyl chain. The peaks observed at ca. 14 ppm can be attributed to the
terminal CHj3 group of the cetyl chain. The peaks (triplet) at ca. 77 ppm for CTA" in

solution are due to solvent (CDCl3).
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Figure 2.5. °C CP MAS NMR spectra of as-synthesized samples (a) Ce-Al-MCM-41
(38, 34), (b) Si-MCM-41 and (c) CTMA" ions in solution (CDCl5).
2.3.2.5. Solid State ’Si CP MAS NMR Spectra

Although, the *Si CP MAS NMR spectroscopy is a very sensitive probe for the
characterization and identification of crystalline microporous zeolites and metallo-
silicates, in MCM-41, which is an ordered array of amorphous material, the observed
peaks are broad due to the flexibility and broad range of T-O-T angles. All calcined
samples show characteristic peaks at around -102.2 and -110.2 ppm, which is usually
assigned to Q*and Q* species, respectively. However, the peak due to Q’ species is
not observed distinctly for the calcined Si-MCM-41 sample (curve a, Figure 2.6).
Instead, a broad peak centered at -109.6 ppm «Q* species) is observed, probably due

to condensation of neighboring of Q’ species to form Q* species during calcination.
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Figure 2.6. »Si CP MAS NMR spectra of calcined samples (A) Si-MCM-41, (B) Al-
MCM-41 (30), (E) Ce-AI-MCM-41 (80, 32), (F) Ce-Al-MCM-41 (59, 33) and (G)
Ce-Al-MCM-41 (38, 34).
2.3.2.6. Solid State >’A1 MAS NMR Spectra

The solid state ”’ Al MAS NMR spectra of AI-MCM-41 and Ce-Al-MCM-41
are shown in Figure 2.7, exhibiting a strong and sharp signal at 51-52 ppm. The signal
at around 51-52 ppm could be assigned to tetrahedrally coordinated Al in the MCM-
41 network. Near absence of any signal at around 0 ppm indicate these samples are
substantially free from octahedrally coordinate nonframework Al in the MCM-41

network.
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Figure 2.7. Al MAS NMR spectra of calcined samples (B) AI-MCM-41 (30), (E)
Ce-AlI-MCM-41 (80, 32) and (F) Ce-Al-MCM-41 (59, 33) and (G) Ce-AI-MCM-41
(38, 34).
2.3.2.7. X-ray Photoelectron Spectroscopy

The Ce 3d XPS spectra of Ce-Al-MCM-41 are shown in Figure 2.8. The
binding energies for different samples with varying Si/Ce and at comparable Si/Al
ratios are summarized in Table 2.3. The binding energies of the Ce 3d, Si 2p and Al
2p core levels, found around 882.5 eV, 103.6 eV and 74.8 eV, respectively, agree well
with the values reported in the literature.'”***! The increase in binding energies of Si
2p, Al 2P and Ce 3ds;; indicate the incorporation of cerium in the silica framework.
The binding energies (882.5 eV and 916.0 eV) of Ce indicated that the only Ce (IV)
species are present. The characteristic binding energy at 916 eV corresponds to

22,23

tetravalent cerium Ce (IV). This peak is not observed for Ce (III) and it is thus

possible to differentiate the two-oxidation states.
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Figure 2.8. The Ce 3d XPS spectra of calcined (a) pure CeO,, (b) Ce-MCM-41 (30),

(c) Ce-Al-MCM-41 (80, 32), (d) Ce-AI-MCM-41 (59, 33) and (e) Ce-Al-MCM-41

(38, 34).

Table 2.3. Binding energies for AI-MCM-41, Ce-MCM-41 and Ce-Al-MCM-41

samples.
Serial Binding energy (eV)
Catalysts
no. Si 2p Al 2p Ce 3d5/2
1 AI-MCM-41 (30) 103.4 74.6 -
2 Ce-MCM-41 (30) 103.4 - 881.8
3 Ce-Al-MCM-41 (108, 32)  103.5 74.7 882.0
4 Ce-Al-MCM-41 (80, 32) 103.6 74.8 882.2
5 Ce-Al-MCM-41 (59, 33) 103.7 74.9 882.5
6 Ce-Al-MCM-41 (38, 34) 103.8 75.0 882.7
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2.3.2.8. Scanning Electron Microscopy

Figure 2.9 presents the scanning electron microscopy (SEM) micrographs of a
representative Ce-Al-MCM-41 catalyst. In this figure two different kinds of particle
morphology that are typical of MCM-41-type materials can be observed. One is
winding worm type (Figure 2.9 A) and other one is a hexagonal type (Figure 2.9

B)."™™" The winding worm and hexagonal particles are of ca. 10 um. The hexagonal

morphology is indicative of long-range ordering of Ce-Al-MCM-41 samples.

Figure 2.9. Scanning electron micrographs of calcined Ce-AlI-MCM-41 sample
having different types of particle morphology: (A) winding worm type and (B)
hexagonal type.
2.3.2.9. Transmission Electron Microscopy

Figures 2.10 A and 2.10 B present the transmission electron microscopy
(TEM) pictures of Ce-Al-MCM-41 parallel fringes corresponding to the side-on view
of the long pores as well as a hexagonal system of lattice fringes along the pore
direction. The equidistant parallel fringes of Ce-AI-MCM-41 (Figure 2.10 A) show
unique feature of separate layers and the addition of such layers, one after one,
resulting to the formation of a bunch of layers. Therefore, it supports that the
formation of MCM-41 begins with the deposition of two to three monolayers of

silicate precursor onto isolated surfactant micellar rods. Subsequently, these silicate-
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encapsulated composite species spontaneously form the long-range order

characteristic of MCM-41, '#>24

Figure 2.10. Transmission electron micrographs of calcined Ce-Al-MCM-41 (a)
parallel fringes (side-on view) and (b) hexagonal array (viewed along the pore
direction).

2.3.2.10. Infrared Spectroscopy Study

2.3.2.10.1. O—H Stretching Bands

Figure 2.11 presents the hydroxy region vibrational bands of CexAIMCM-41
samples, containing similar Si/Al ratio (~ 25) but different amounts of Ce including a
sample of Ce-MCM-41 where no Al is present (Figure 2.11, curve b). As seen in
Figure 2.11 (curve b), the samples containing only Ce and no Al exhibit the presence
of strong silanol groups (=Si—-OH, 3744 cm™) while a negligibly small absorbance
was noticed in the lower frequency region. Presence of aluminum gave rise to a broad
infrared band with a maximum at 3630 cm (Figure 2.11, curve a), the value of full
width at half maxima (FWHM) being ~ 140 cm’. Furthermore, a considerable
increase in the intensity of this band was observed in case of the samples consisting
of both Ce and Al. In addition, a broad absorbance band at frequency of ca. 3530 cm’

and tailing towards lower wave number side was also observed in Ce-Al-MCM-41
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samples (Figure 2.11, curves c and d). The presence of the low frequency vibrational
band at ca. 3530 cm™ becomes apparent on deconvolution of the v (OH) bands, as
shown in the plot given in the inset of Figure 2.11 as a typical case. A specific
correlation is also noticeable in the intensity of different IR bands and the extent of
heteroatom substitution in MCM-41. Thus, in the case of samples D-G containing
comparable amount of Al (Table 2.2), the intensity of the silanol band at 3744 cm’
was found to decrease progressively while that of the low frequency region bands
increased with increasing Ce/Al content (Figure 2.11, curves a, ¢ and d). These data
are plotted in Figure 2.12. Further, the overall acid site concentration, as estimated
from the area under v (OH) region absorbance bands increased progressively as a

function of Ce/Al ratio.

The hydroxy region vibrational bands of MCM-41 have been reported widely,
and their frequency and concentration are found to depend on various factors, such as
Si/Al ratio and the extent of dehydroxylation.zs’%’27 The 3744 cm™ band arises due to
isolated Si-OH groups. The band at 3660 cm™, observed for AI-MCM 41 and absent
in Si-MCM-41 samples, is assigned to the hydroxy groups on coordinatively
unsaturated aluminum oxide species that serve as Lewis acid sites. The lower
frequency band at ~ 3530 cm’ has also been reported earlier and has been assigned to
hydrogen-bonded silanol groups.26 The present study observes that intensity of lower
frequency region bands, particularly the one at 3530 cm™ increases considerably with
increasing cerium content and also with increasing Ce/Al atom ratio (Figure 2.11
curves ¢ and d). It is also observed that the increase in the intensity of these bands is
normally accompanied by decease in the concentration of silanol groups (3744 cm’

band) (Figure 2.12). The pyridine adsorption results, discussed later, have similarly

demonstrated that the concentration of Bronsted and Lewis acid sites increases
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considerably as a result of Ce incorporation in AI-MCM-41. The 3630 cm™ band can

therefore be assigned to bridge-bonded species, in agreement with the IR spectral

features of microporous zeolites such as H/ZSM-5, FAU and BEA, where the O—H

stretching bands at ~3650 cm’ is identified with the Al-(OH)-Si type species.28
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Figure 2.11. Hydroxy region IR spectra
of activated Ce-Al-MCM-41 samples
containing similar Si/Al ratio (~ 25) but
different Ce content. The absorbance
values of individual bands are given in
parentheses, curves (a) sample B, no Ce;
(b) sample C, no Al; (c¢) Sample E,
Ce/Al = 0.6; (d) sample F, Ce/Al = 0.9.
Inset: Deconvolution of v (OH) bands in

Figure 11 d.
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Figure 2.12. Variation of intensity
(absorbance) of different O-H stretching
bands in Figure 2.11, as a function of
increasing Ce/Al ratio in Ce-Al-MCM-41
samples, curves (a) 3744; (b) 3630; and (c)

3520 cm™.
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In a recent IR study by Géra-Marek and Datka,” a similar low frequency band
in H/MCM-41 and H/MCM-48 alumino-silicates has indeed been attributed to
Si—(OH)—-Al groups, giving rise to the Bronsted acidity in these mesoporous
materials. The band at ~ 3530 cm’l, with a negative shift of ~ 200 cm’l, with respect
to the vibrational band of silanol group, represents a weak bonding and may arise due

to hydroxyl groups associated with isolated cerium sites (Figures 2.11, curve d).
2.3.2.10.2. Pyridine Adsorption

Figure 2.13 presents IR spectra of AI-MCM-41 (sample B), recorded at 420 K
after exposure at this temperature to four consecutive pulses of pyridine vapor (9.5
pmol g’1 each). For a lower pyridine coverage (curve a), mainly a pair of bands at
1613 and 1452 cm™, arising due to 8a v(C-C) and 19b v(C-C) vibrations of pyridine
adsorbed at Lewis acid (designated as L) site is clearly seen. Another pair of bands is
observed at 1636 and 1545 cm™ due to the vibrations of pyridine molecules bound at
bridge-bonded Bronsted (B) sites. Yet another intense band in this spectrum at 1490
cm™ arises due to contribution of both the Lewis and the Bronsted acid sites in
pyridine adsorption. With increasing pyridine loading, a new pair of bands is observed
at 1595 and 1444 cm™ (referred to as L, sites), while the intensity of the other bands
mentioned above also increased progressively, the ratio B/L; remaining almost the
same (Figure 2.13, curves b-d). Cooling of the sample to ambient temperature (~300
K) resulted in a pronounced increase in the intensity of 1595 and 1444 cm™ band,
while the intensity of the other bands changed only marginally. Similarly, the
intensity of the L, bands decreased to a greater extent on subsequent evacuation for
10-15 minutes of the IR cell, as compared to the intensity of all other bands

mentioned above. These data are presented in Figure 2.14.
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Figure 2.13. IR spectra of AI-MCM- Figure 2.14. IR spectra of AI-MCM-41
41 (sample B) exposed to different (sample B) exposed at 420 K to
doses of pyridine at 420 K, curves saturation coverage of pyridine (curve a)
(a) 9.5; (b) 19.0; (c) 28.5; and followed by cooling to 300 K (curve b)
(d) 38.0 umol gEI- and then evacuation (curve c).

Similarly, in the case of Ce-MCM-41 sample, the intensity of 1613 and 1452
cm™ bands was very small and the ratio of 1444 and 1452 cm™ bands increased
progressively with increasing Ce-content. The intensity of the 1544 cm” and
corresponding higher frequency bands at 1636 and 1623 cm” due to Bronsted acidity
was considerably low in Ce-containing samples as compared to AI-MCM-41. The
intensity of these bands was negligibly small for the samples even with higher Ce
content. Typical IR spectra of Ce-MCM-41 as a function of pyridine loading at 420 K
and on subsequent cooling to ambient temperature followed by pumping are shown in

Figures 2.15 and 2.16. As seen from absorbance values given in parentheses in
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Absorbance

Figures 2.13 to 2.16, the intensity of various IR bands particularly the bands at 1595
and 1444 cm™ is much higher in the case of Ce-MCM-41sample, as compared to Al-

MCM-41 sample.
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Figure 2.15. IR spectra of Ce -MCM- Figure 2.16. IR spectra of Ce-MCM-41

41(sample C) exposed to different (sample C) exposed at 420 K to
doses of pyridine at 420 K. Curves saturation coverage of pyridine (curve a),
(a) 9.5, (b) 19.0, (c) 28.5 and followed by cooling to 300 K ( curve b)
(d) 38.0 umol g'l, and then evacuation ( curve c).

Figure 2.17 exhibits comparative IR spectra of different samples, recorded at
300 K after saturated adsorption of pyridine at 420 K followed by cooling to ambient
temperature and subsequent pumping for 10-15 minutes. These results reveal that the
relative intensity of IR bands is influenced differently when Ce alone or Ce + Al were
substituted in a sample. In the case of Ce-MCM-41 (curve a), observe mainly a pair
of strong bands at 1595 and 1444 cm™, while the intensity of the other bands due to

adsorption of pyridine at above-mentioned L; and B sites was very small as compared
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to AI-MCM-41 (spectrum b). In the case of samples having co-substituted Ce and Al

(curves c-e), an important change to be noticed is a progressive increase in the

intensity of the Bronsted site IR bands (1545, 1621 and 1636 cm’™), as reflected in the

absorbance values marked on these spectra. A progressive increase is also noticeable

in the intensity of the 1444 and 1595 cm™ band as a function of increasing Ce content.

Absorbance (a.u)

1700 1600 1500 1400

Frequency (em™)

Figure 2.17. IR spectra of Ce-Al-

MCM-41samples, recorded at 300 K

after exposure to saturation coverage

of pyridine at 420 K followed by

cooling to room temperature

and subsequent evacuation.Curves (a)

sample C, Ce-MCM-41; (b) sample

B, AI-MCM-41; (c) sample E, Ce/Al

=0.4; (d) sample F, Ce/Al = 0.6; (e)

sample G, Ce/Al =0.9.
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Figure 2.18. IR spectra of Ce-Al-
MCM-41samples, recorded at 420 K
after exposure to saturation coverage
of pyridine at 420 K followed by
evacuation for 10 min at same
temperature. Curve (a) Ce-MCM-41;
sample C, (b) AI-MCM-41, sample B
and (c) Ce-Al-MCM-41, sample F,

Ce/Al =0.6.

Ph. D. Thesis, University of Pune, October 2007

65



Chapter 2 Synthesis and characterization

Further, the relative intensity of above-mentioned IR bands was found to
change considerably when the samples exposed to saturation coverage of pyridine
were evacuated at 420 K instead of room temperature. Figure 2.18 presents such
representative spectra recorded at 420 K. An important feature of these results is a
considerable decrease in the relative intensity of L, (1444 cm™) bands as compared to
that in Figure 2.17. The concentration of the individual acid sites in different Ce-Al-
MCM-41 samples, calculated from the area under corresponding lines and using
calibration values as mentioned in experimental (section). The change in their relative
concentrations as a function of Ce and Al contents are given in Table 2.4 for
comparison. The ratio of L,/L; (1452/1444) was found to decrease further when the
sample temperature was raised above 420 K indicating a weak binding of pyridine at

L, acid sites.

The IR bands appearing at 1595 and 1444 cm™ (L) in Figures 2.13-2.18 have
been attributed earlier to different kinds of adsorption sites, i.e. to hydrogen-bonded
pyridine because of the closeness of their frequency to that of the uncoordinated

L1 27-30
pyridine

and also to certain weak Lewis acid sites on the basis that similar pair of
bands has been reported for the adsorption of pyridine over materials that exhibit a
strong Lewis acid character, such as zeolites, metal oxides and clays.3 32 In the
present study, it observe that these bands are reasonably stable under evacuation at
420 K (Figure 2.17), a trend not expected from hydrogen-bonded pyridine. At the
same time, the intensity of these bands is decreased considerably on rise in
temperature (Table 2.4), thus indicating the weak bonding of pyridine at these sites. A
similar pair of strong bands was observed in previous study on adsorption of pyridine

over titania, which exhibited high catalytic activity for Lewis-acid catalyzed ortho-

selective methylation of phenol.33 In view of these observations, the pair of bands at
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1595 and 1444 cm™ (L, sites) may be attributed to weak Lewis acid sites. Based on
the ratio of L,/L; sites in different samples (Table 2.4), it can be concluded that the L,
adsorption sites are promoted by the presence of Ce in a sample. These results are in

consonance with the spectral feature in Figures 2.11. This interpretation finds support

in the study of Yiu and Brown, reporting a similar pair of distinct Lewis acid sites in

adsorption of pyridine over cation-exchanged mesoporous solid acid catalysts.”'

Table 2.4. Concentration of Bronsted (B) and Lewis (L;, L) acid sites and total

acidity in Ce-AI-MCM-41 catalysts.

Acid site concentration (umol L, B L, B Total

o pyridine g™)° /L /Ly /Ly /L; Acidity
e
/Al (wmol
Sample” L, L, B NH;
mole At At |
. (1444 (1454 (1545 Total g)
ratio 420 K¢ 300 K°

cm'l) cm'l) cm'l)

- 624 1402 1200 3226 04 085 1.6 04 3345
- 169.7  40.0 00 209.7 42 00 137 0.0 160.6
03 532 956 1705 3193 05 1.7 1.8 04 338.6
04 586 101.1 1900 3497 06 19 23 06 3657
0.6 1203 110 1540 3843 1.1 15 25 0.7 4197
09 1400 115 207.0 4620 12 18 35 1.1 4683

Q Mm99 Q w

*: B = AI-MCM-41 (0, 30); C = Ce-MCM-41(30, 0); D = Ce-Al-MCM-41 (108, 32); E = Ce-
Al-MCM-41 (80, 32); F = Ce-Al-MCM-41 (59, 33) and G = Ce-Al-MCM-41 (38, 34).

® Spectra recorded at 420 K, on samples exposed to pyridine and then evacuated at
same temperature. © Spectra recorded at 300 K, on samples exposed to pyridine at 420
K followed by cooling to room temperature and subsequence evacuation. 4 Measured

by using TPD methods.
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Curve (a) in Figure 2.19 shows IR spectrum of pyridine adsorbed (9.5 pumol

g'l) over Ce-Al-MCM-41 (Si/Ce = 59, Si/Al = 33, sample F) at 420 K, followed by
cooling to room temperature and subsequent evacuation for 10 min. The L, sites,
represented by a pair of IR bands at 1595 and 1444 cm™, and L; sites corresponding
to weak bands appearing at 1613 and 1452 cm™ in the form of shoulder bands and
arising due to well reported 8a v(C-C) and 19b v(C-C) vibrations of strongly bonded
pyridine.”*”° The relative intensity of these two pairs of IR bands was found to
change considerably on elevation of sample temperature subsequent to pyridine
exposure. The spectra thus obtained at sample temperatures of 373, 423 and 473 K are
shown as curves b, ¢ and d, respectively, in Figure 2.19.

The intensity ratio L,/L; decreases to a great extent on the rise of sample
temperature, indicating a relatively weak binding of pyridine molecules at L, sites.
Another pair of bands observed at 1636 and 1545 cm™ corresponds to the well
documented vibrations of pyridine bound at bridge-bonded Bronsted (B) sites.”
However, another intense band appearing at 1490 cm™ in these spectra arises due to
participation of both the Lewis and Bronsted acid sites. The relative intensity of these
bands was found to depend considerably on the Ce content in the Ce-Al-MCM-41
samples. For instance, plots a and b in Figure 2.20 show, respectively, the intensity
ratios of 1545 cm™ and 1444 cm™ bands (B/L,) and 1444 cm™ and 1454 cm™ bands
(L/L;)) as a function of [(Ce+Al)/(Si+Ce+Al)] (at comparable Al contents) in
different Ce-Al-MCM-41 samples. The same intensity ratios B/L, and L,/L, are
plotted against Ce/Al mole ratio in various Ce-Al-MCM-41 samples studied (Figure
2.21). These plots clearly suggest that with increasing Ce concentration in Ce-Al-
MCM-41 samples, the concentration of Bronsted acid sites (vis-a-vis Lewis acid) and

also that of the weak Lewis acid sites (L, due to Ce) compared to that of L; (due to Al
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sites) also increase. As reported in our recent publication,’ the probable new Bronsted
acid sites generated when both Ce and Al are present in silicate network is presented
in Scheme 2.1. It is plausible that the polarized =Ce-O-H bonds, due to hydrogen
bonded neighboring =Si-OH in the vicinity of =Ce- (OH)-Al= (Scheme 2.1 A) or
=Si- (OH)-Al= (Scheme 2.1 B) moieties can impart additional Bronsted acid sites to
Ce-Al-MCM-41 samples. Since Ce™ sites would possess more electropositive
character compared to that of Si**, the presence of Ce** in the vicinity of Al (=Ce-
(OH)-AI= and / or =Si-(OH)-Al-Si-O-Ce=) moiety may impart higher acid strength to
the bridging OH groups (Bronsted acid sites) via pull of electrons towards itself
thereby further leading to increased ease of deprotonation and therefore higher acid
strength. Furthermore, the Ce** cations in silica network also serve as independent

Lewis acid sites because of their ability to accept a loan pair of the electrons.’

P H+8

C .

———- H

% AN oN/
/CK Al
J N /Cle\

./ |
N NSNS\

A B

Scheme 2.1. Plausible new Bronsted acid sites generated due to simultaneous
incorporation of Ce and Al in Ce-Al-MCM-41 samples.’

In conclusion, the data on acid site distribution in Table 2.4 clearly reveal that
the presence of Ce in Ce-Al-MCM-41 samples results in the increased concentration
of Bronsted acid sites and also that of the overall acid site concentration in these
samples. Also, the substitution of Ce promotes the development of L, Lewis acid

sites, where the binding of pyridine is weak as compared to the Lewis acid sites
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associated with Al cations. Furthermore, the higher acidity of Ce-Al-MCM-41
samples as compared to that of Ce-MCM-41 or AI-MCM-41 (Table 2.4) provides a
clear evidence of a kind of synergism that may exist between the Al and Ce cations in
the dual-substituted samples. The higher values of B/L; ratio in case of the data
collected at 420 K (Table 2.4) are indicative of a greater binding strength of Bronsted
-bound pyridine, which may in turn influence the overall acid strength of dual-

substituted samples, as is observed in the NH3;-TPD results described below.

- 1621 1452
020_. 1490 3 d

1

0.30 1621
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Figure 2.19. IR spectra of Ce-AI-MCM-41 (Si/Ce = 59, Si/Al = 33, sample F)
sample, recorded at 300 K after exposure to saturation coverage of pyridine at 420 K
followed by (a) cooling to room temperature and subsequent evacuation and different

temperature, (b) 373 K, (c) 423 K and (d) 473 K.
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Figure 2.20. Plots of intensity ratio of

different IR bands as a function of total

metal content [(Ce+Al)/(Si+Ce+Al)] in the

sample. Curves (a) 1545/1444 (B/L,); (b)

1444/1452 (L,/L;) for adsorption at 420 K.

The sample notations as per Table 2.1.
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Figure 2.21. Plots of intensity ratio of

different IR bands as a function of

Ce/Al ratio. Curves (a) 1545/

1444(B/Ly,); (b) 1444/1452 (L,/L,) for

adsorption at 420 K. The sample

notations as per Table 2.1.

2.3.2.11. Temperature Programmed Desorption-Ammonia (TPD-Ammonia) Studies

The ammonia-TPD profiles of the catalysts with different MCM-41 samples

are shown in Figure 2.22. As seen in this figure, all the samples show broad

desorption signal in the region 400 to 600 K, indicating a wide distribution of the

surface acid strength. The total amount of ammonia desorbed is listed in Table 2.4,

and the data are plotted in the Figure 2.23 as a function of [(Ce+Al)/(Si+Ce+Al)] in

different samples. These data reveal that as compared to individual acidity of Al-

MCM-41 and Ce-MCM-41, the overall concentration of acid sites is higher in case of

Ce-Al-MCM-41 and it varies almost linearly as a function of Ce content. The
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ammonia-TPD data are thus in consonance with our IR results described above and

confirm the Ce-induced enhancement in the total acidity in Ce-Al-MCM-41 samples.

In addition to increase in the concentration of acid sites, also observe in Figure 2.22 a

progressive increase in TPD peak maximum. These results are indicative of overall

increase not only in the acid site concentration but also in the strength of these sites as

a result of Ce incorporation

Detector response

100 200 300 400
Temperature °C

Figure 2.22.Comparative TPD-NHj3

spectra of activated Ce-Al-MCM-41

samples as a function of composition.

The sample notations as per Table 2.1.

Total acidity (wmol NH, gh

0 : . . . .
4 6 8 10

[(Ce +Al)/ (Si + Ce + Al)] x 10'

Figure 2.23. Plots of total acidity
(umol NHj3; g'l) vs total metal content in
Ce-Al-MCM-41 samples. The sample

notations as per Table 2.1.

Ph. D. Thesis, University of Pune, October 2007

72



Chapter 2 Synthesis and characterization

2.4. SYNTHESIS AND CHRACTERIZATION OF TRIFLIC ACID
FUNCTIONALIZED Zr-TMS CATALYST
2.4.1. MATERIALS

Zirconium (IV) butoxide (80 wt % solution in 1-butanol, Aldrich, USA), 25 wt

% aqueous solution of tetramethylammonium hydroxide (TMAOH, Loba Chemie,
India), 25 wt % aqueous solution of cetyltrimethylammonium bromide (CTMABT,
Loba Chemie, India), and trifluoromethanesulphonic acid (CF3SOsH, triflic acid,

Lancaster, UK),

2.4.1.1. Synthesis of Zr-TMS Catalyst

The Zr-TMS (Zr-TMS, zirconia based transition metal oxide mesoporous
molecular sieves) material was synthesized in the following procedure and gel
compositions as reported by earlier®: 0.07 Zr(OC4Hy)4: 1.4 BuOH: 0.02 CTMABT:
0.014 TMAOH: 1.7 H,0.

A mixture of zirconium (IV) butoxide (80 wt % solution in butanol) and 1-
butanol was stirred for 10 min. Then the required amount of water was added
dropwise into this mixture under stirring to hydrolyze the zirconium (IV) butoxide to
7Zr(OH)4. The precipitated Zr(OH)s mixture was added to an aqueous solution of
CTMABTr (25 wt % aqueous solution) and TMAOH (25 wt % aqueous solution) under
continuous stirring. After further stirring for 2 h, the resulting synthesis gel (pH=
10.5-11.0) was transferred to a round-bottom flask, sealed, and refluxed for 48 h at
363 K under stirring. The solid product was recovered by filtration, washed with
deionized water, acetone and dried at 373 K for 2 h. The surfactant was removed from

the synthesized material by extraction with a mixture containing 100 g ethanol and 2.5
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g of HCI (36 wt %) per gm of the solid material under reflux for 48 h.***> The Zr-
TMS was washed with water and acetone and dried at 373 K for 6 h.
2.4.1.2. Synthesis of Zr-TMS-TFA Catalyst

The mesoporous solid Zr-TMS material was functionalized by triflic acid
(trifluoromethanesulfonic acid, CF3SO3H, TFA-triflic acid, Scheme 2.2) by known
procedure by using molar composition8 of 0.07: Zr-TMS: 0.7 dry toluene: 0.03 triflic
acid.

The triflic acid (0.03 mol) was added to a mixture of toluene and Zr-TMS
under N, atmosphere and refluxed at 363 K for 2 h. Then the mixture was cooled,
filtered, washed with acetone, and dried at 373 K for 6 h. The unreacted triflic acid
was removed by soxhlet extraction using a mixture of dichloromethane (100g) and
diethyl ether (100 g) per gm of the catalyst for 24 h. Then the solid product was dried
at 393 K for 10 h. The synthesis of the catalyst is shown in Scheme 2.2. The different

loading of triflic acid (5 to 25 wt %) on Zr-TMS were synthesized.

Water Extraction
Zr (OC,H —— > ZrrTMS s 7/ —_— (1
(OCH:  —Tvmer 363 K Zr-TMS ()
TMAOH Template 24 h Template free
Zr-TMS
OH Q OH
OH | 363K, 2h OH ||
*  HO—S—CF, >
OH Dry Toluene o s CF B
3
OH o) oH ||
Zr-TMS TEA o
Zr-TMS-TFA

Scheme 2.2. Synthesis of triflic acid functionalized mesoporous zirconia (Zr-TMS-
TFA) catalysts; (1) Synthesis and template removal of Zr-TMS material, (2)

Functionalization of triflic acid over Zr-TMS material by post synthesis route.
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2.4.1.3. Synthesis of Amorphous Zr-TMS-TFA-A Catalyst

The functionalized triflic acid amorphous Zr-TMS catalyst was prepared by
the reported procedure8 as follows. A mixture of 1-butanol (1.4 mol) and zirconium
(IV) butoxide (0.07 mol) placed in a 3-necked 250 ml round-bottom flask equipped
with a magnetic stirrer. The mixture was heated at 363 K for 10 min and then 0.28
mol of water was added dropwise into this mixture under stirring to hydrolyze the
zirconium (I'V) butoxide to get Zr(OH),. Now, the triflic acid (0.03 mol) was added
slowly to the Zr(OH)4 material and stirred at 363 K for 2 h. The mixture was cooled,
filtered, washed with acetone and dried at 373 K for 6 h. The unreacted triflic acid
removed by soxhlet extraction by using a mixture of dichloromethane (100 g) and
diethyl ether (100 g) per gm of the catalyst for 24 h. Then the solid product was dried
at 393 K for 10 h. The synthesized materials were white in color and functionalized
amorphous material was designated as Zr-TMS-TFA-A (sample Q).
2.4.2. CHARACTERIZATION
2.4.2.1. Powder X-Ray Diffraction

The powder X-ray diffraction (XRD) patterns of all the synthesized catalysts
are shown in Figure 2.24. The template free zirconia containing transition metal
silicate (Zr-TMS) and triflic acid loaded (5-25 wt %) Zr-TMS catalysts exhibited a
single, broad reflection at low angle 2theta (2.5-4.0°) and it is matched with the
reported XRD pattern of ordered mesoporous 7r0, "

From Figure 2.24, it is seen that there is no high order reflection indicating
absence of long range ordering. Other reflections observed at about 31° (broad) and at
about 50° (small) in all the samples, are attributed to the tetragonal, monoclinic, and
cubic phases of ZrO,. They are readily formed after calcinations of the sample at

higher temperature.” The broad reflection at 20 = 31° may also be due to the
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presence of amorphous material as was reported in siliccous MCM-41.* The
crystallinity of the triflic acid loaded Zr-TMS materials decreased as the triflic acid
loading increased. Moreover, low intensity and the absence of high order reflections
indicates the order and mesostructure were different from that measured for the
mesopoporous silica.’® The amorphous triflic acid loaded Zr-TMS catalyst also

showing low intensity reflections at about 5, 31 and 50° (260).

Intensity (a.u)
{

20 (Degree)

Figure 2.24. XRD pattern of (a) Zr-TMS, (b) Zr-TMS-TFA-5, (c¢) Zr-TMS-TFA-10,
(d) Zr-TMS-TFA-15, (e) Zr-TMS-TFA-20, (f) Zr-TMS-TFA-25 and (g) Zr-TMS-
TFA-25-A catalysts.
2.4.2.2. Porosity Measurements

The BET isotherms of Zr-TMS (A) and Zr-TMS-TFA-25 (B) are shown in
Figure 2.25. The inset shows the corresponding pore-size distributions. These two
graphs show the type IV isotherm which indicates the chararcteristics behavior of

ordered mesoporous materials.’®*’ The BET surface area of the Zr-TMS and triflic
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acid functionalized Zr-TMS catalysts are given in Table 2.5. The surface area of Zr-

TMS decreased by different loading of triflic acid as is observed in Table 2.5 and in

accordance with the reported literature.**>*** The specific surface area, pore volume

and average pore diameter of Zr-TMS are 382 ng'l, 0.38 cm’ g'l, 453 A (sample J),

respectively. The corresponding values for functionalized Zr-TMS were 285 m’g”,

0.24 cm3g'l, 343 A (sample P), respectively which are comparable to synthesized Zr-

TMS material using surfactant CTMABr (cetyltrimethylammonium bromide).*®’

From Table 2.5, it is clear that decrease in surface area, pore diameter and pore

volume of Zr-TMS-TFA-25 may attribute to the functionalization of Zr-TMS by

triflic acid. The pore size distributions and isotherms of Zr-TMS confirm the retention

of mesopores. These results are comparable with those previously reported for a

. .37
mesoporous zirconia.
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Figure 2.25. N, adsorption-desorption isotherms and corresponding pore size

distribution curves (inset) for (A) Zr-TMS (sample J) and (B) Zr-TMS-TFA-25

(sample P).
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2.4.2.3. Elemental Microanalyses

The results microanalyses of carbon and sulfur contents of the catalysts are
shown in Table 2.5. The sulfur content was assigned to the loading of triflic acid and
it was seen that acid loading over Zr-TMS increased with increasing in the amount of
triflic acid introduced.

Table 2.5. Physiochemical properties of the Zr-TMS catalysts.

Elemental Total
Loading of BET Total  Average
analysis acidity ©
Sample Triflic acid surface  pore pore
Catalyst output (mmol/
name (wt %) area volume diameter .
(wt %) g)

m’gh) (em’gh) (A

C S Input Output

J
Zr-TMS - - - - 382 0.38 45.3 0.47
Zr-TMS-

K 082 09 5.0 4.3 365 0.35 41.2 0.72
TFA-5*
Zr-TMS-

L 14 1.8 10.0 8.5 340 0.32 39.6 0.87
TFA-10
Zr-TMS-

M 1.5 27 15.0 12.7 327 0.29 374 0.98
TFA-15
Zr-TMS-

N 1.7 3.6 20.0 16.9 298 0.26 35.6 1.33
TFA-20
Zr-TMS-

P 1.9 49 250 229 285 0.24 343 1.44
TFA-25
Zr-TMS-

Q TFA-25- 22 52 250 243 54 0.21 31.0 1.48

Ab

R CF;SOsH - - - - - - - -

*Numbers denote wt % (input) of triflic acid loading over Zr-TMS.
® A denotes amorphous.

¢ Measured by using TPD-NH; method.

Ph. D. Thesis, University of Pune, October 2007 78



Chapter 2 Synthesis and characterization

2.4.2.4. FTIR-Spectroscopy

The infrared spectra of Zr-TMS, Zr-TMS-TFA and Zr-TMS-TFA-A catalysts
are shown in Figures 2.26. The strong and broad band between 3600-3200 cm™
corresponds to the stretching mode of hydroxyl groups present on the surface (as
Zr(OH),). The weak unresolved band between 850-700 cm’! is attributed to Zr-O
stretching modes. The sharp band in the region 1650-1600 cm’ is due to the bending
mode of associated water molecules. The IR-spectra of Zr-TMS-TFA (Figures 2.26,
curves b-d) and Zr-TMS-TFA-25-A (Figure 2.26, curve e) show additional bands (at
1273, 1180, 1038 and 615 cm'l) that are absent in Zr-TMS (Figure 2.26, curve a). The
broad and intense band at 1273 cm™ and medium band at 1180 cm™ are due to S=O

stretching mode of the incorporated triflic acid. 4647

4000 3000 2000 1000
Wavenumber (cm'l)

Figure 2.26. FTIR spectra of (a) Zr-TMS, (b) Zr-TMS-TFA-5, (¢) Zr-TMS-TFA-15,

(d) Zr-TMS-TFA-25 and (e) Zr-TMS-TFA-25-A catalysts.
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The C-S link in Zr-TMS-TFA also gives a medium band at 615 cm™. This
band is assigned to the SO, deformation mode and a sharp band at 1038 cm™ is
assigned to C-F band.***” Moreover, the spectra of Zr-TMS-TFA and Zr- TMS-TFA-
A are similar to the reported silver triflate spectrum.48 Further, from the Figure 2.26, it
can be seen that the stretching (3200-2800 cm™) and bending (1500-1300 cm™) modes
of the methyl groups of CTMABr completely disappear after 48 h of extraction.””
Thus, all these results indicate that the final material was free from surfactant and that
the Zr-TMS was functionalized with TFA.
2.4.2.5. Temperature Programmed Desorption-Ammonia (TPD-Ammonia) Studies

The total acid strength of the functionalized Zr-TMS as well as amorphous Zr-
TMS catalysts are shown in Table 2.5. Since, the functionalized materials are
covalently bonded to the solid support, the same could not be treated above 573 K
otherwise above this temperature triflic acid will be decomposed and lost from the
solid support.*****4 The total number of acid sites on the catalysts was found to
increase proportionally with increased loading of triflic acid supported on Zr-TMS.
The observed total acid strength of the amorphous catalyst (Zr-TMS-TFA-25-A) was
comparable than that of mesoporous catalysts (Zr-TMS-TFA-25, Table 2.5).
2.4.2.6. UV-Visible Spectroscopy

The diffuse reflectance UV spectra of Zr-TMS, Zr-TMS-TFA catalyst are
shown in Figure 2.27 An absorption at about 206 nm is attributed to the ligand-to-
metal charge transfer involving isolated Zr(IV) atoms in tetrahedral coordination

(curves a and b).SO’51

There is an increase in the intensity of 206 nm band in Zr-TMS-
TFA-A materials with increasing Zr content. Similar observation were observed in the

case of Zr-BEA.> These electronic transitions are clearly distinguishable from those

in Zr-TMS-TFA-25 (curve b) and ZrO, (monoclinic symmetry) which show
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absorptions at about 206 and 240 nm, respectively. However, no band was observed at

240 nm corresponding to zirconia (ZrO; ) in our samples.
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Figure 2.27. UV-Vis spectra of (a) Zr-TMS, (b) Zr-TMS-TFA-25 and (c¢) Zr-TMS-
TFA-A-25 catalysts.

The absorption edge of zirconium oxide based powders is due to O Zr *
charge transfer transitions, corresponding to the excitation of electrons from the
valence band (having O 2p character) to the conduction band (having Zr 4d
character). The coordination of zirconium in oxides varies generally from six-fold to
eight-fold, with examples provided by perovskite-type SrZrO; (6-fold), baddeleyite-
type zirconia (7-fold) and cubic zirconia ZrSiO4 (8-fold). The position of the edge
shifts is located at lower energy for octahedral Zr ** (inflection point near 300 nm for
the perovskite), than for the heptacoordinated Zr + of monoclinic ZrO, (inflection

point near 240 nm).” For Zr** in 8-coordination the edge is at the highest energy
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(inflection point near 220 nm). These data refer to bulk polymorphs, while different
positions of the absorption bands are expected for isolated Zr polyhedra.
2.4.2.7. X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectrum of Zr-TMS-TFA-25 (sample P, Table 2.5)
is shown in Figure 2.28. The samples exhibit the same environment of zirconium
showing binding energy at about 179.0 eV for 3ds;; and 181.5 eV for 3ds, species,53
confirming the formation of stable zirconium. A hump observed at about 170.5 eV is
due to the satellite peak of zirconium. Zr-TMS-TFA-25 shows a line broadening at

about 165.0 eV characteristic for the S* of the thiol group of TFA.

160 165 170 175 180 185
Binding Energy (eV)

Figure 2.28. X-ray photoelectron spectra of Zr-TMS-TFA-25 catalyst (sample P,

Table 2.5).
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2.4.2.8. Solid State C CP MAS NMR Spectrum

To confirm the presence of —CF5 group in the material, the solid state °C CP
MAS NMR spectrum (Figure 2.29) was recorded at 75.47 MHz with a rotational
speed of 8 KHz for Zr-TMS-TFA-25 (sample P, Table 2.5). The quartet nature of the
Bc spectrum, arising due to the BC-F scalar coupling (Jcr = 310 MHz),
unambiguously shows the presence of CF; group. Moreover, the chemical shift

observed at = 123.1 and 115.3 ppm is very close to that reported for Na-O-SO,—CF;

(=120 ppm),54 indicating that the —CF3 group is intact in the sample.

o]
-
o
200 160 120 80
Chemical shift (ppm)

Figure 2.29. Solid-state °C CP MAS NMR spectrum of Zr-TMS-TFA-25 catalyst

(sample P, Table 2.5).
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2.5. SYNTHESIS AND CHARACTERIZATION OF MCM-41 AND SBA-15
MATERIALS, AND IMMOBILIZATION OF 1, 5, 7-TRIAZABICYCLO [4.4.0]
DEC-5-ENE IN MCM-41 AND SBA-15 MATERIALS THROUGH POST-
SYNTHESIS ROUTES
2.5.1. MATERIALS
Fumed silica (Surface area = 384 m’ g_l, Sigma Aldrich, USA), poly(ethylene

glycol)-block-poly(propylene glycol)- poly(ethylene glycol) (P123, average molecular
weight 5800, Aldrich, USA), tetraethyl orthosilicate (TEOS, Aldrich, USA) were
employed as a starting material. Cetyltrimethylammonium bromide (CTMABTr; Loba
Chemie, India) was used as a structure directing agent, a 25 wt % aqueous solution of
tetramethylammonium hydroxide (TMAOH, Loba Chemie, India), 3-glycidoxypropyl
trimethoxysilane (Aldrich, USA), 1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD,
Aldrich, USA) were used without further purification.
2.5.1.1. Synthesis of Si-MCM-41 Material

The hydrothermal synthesis was carried out in autoclave according to reported
procedure.'™® The molar gel compositions of the synthesis gel was: 1 SiO»: 0.30
TMAOH: 0.25 CTMABTr: 125 H,0. In a typical synthesis of a Si-MCM-41 sample,
3.0 g of fumed silica was slowly added to 5.47 g of TMAOH (25 wt %) in 10.0 g of
water under vigorous stirring. Subsequently, an aqueous solution of 4.55 g of
CTMABET dissolved in 30.0 g of water. The remaining 72.5 g of water was added and
the stirring was continued for 15 min. Finally, the synthesis gel was taken in teflon-
lined auto-clave for 48 h. The materials thus obtained were filtered, washed
thoroughly first with deionized water and then with acetone, and dried at 353 K. All

the samples were calcined at 773 K for 8 h in the presence of air.
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2.5.1.2. Synthesis of SBA-15 Material

Mesoporous silica SBA-15 was synthesized according to the reported
plrocedure.g’10 In a typical synthesis, 10 g of amphiphilic triblock copolymer,
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(average molecular weight = 5800, Aldrich Co.), was dispersed in 75 ml of water and
300 ml of 2M HCI solution while stirring. 21.25 g of tetraethyl orthosilicate (TEOS,
Aldrich Co.) was added to it. The gel was continuously stirred at 313 K for 24 h, and
then finally crystallized in a teflon-lined autoclave at 373 K for 48 h. After
hydrothermal treatment, the solid product was filtered, washed with deionized water,
acetone and dried in air at room temperature. The solid product (SBA-15) was
calcined in air at 773 K for 6 h.
2.5.1.3. Immobilization of 1, 5, 7-Triazabicyclo [4.4.0] dec-5-ene in MCM-41 and
SBA-15 Material

Silicous SBA-15 and MCM-41 were obtained by the above procedure and the
solid residual templates were removed by calcinations. In a typical procedure for
immobilization of 1, 5, 7-triazabicyclo [4.4.0] dec-5-ene in MCM-41 and SBA-15
matelrial,lz’13 3 g of vacuum dried MCM-41 and SBA-15 was allowed to react with 4.5
mmol of 3-glycidoxy propyl trimethoxy silane (Scheme 2.3) in dry toluene at
refluxing temperature for 24 h. Then, the samples were cooled to room temperature,
filtered, washed with acetone and dried. This material is designated as glycidylated
MCM-41/SBA-15 (Scheme 2.3). Now, the glycidylated MCM-41/SBA-15 (1.0 g) was
allowed to react with 2.2 mmol of 1, 5, 7-triazabicyclo [4.4.0] dec-5-ene (TBD) in dry
toluene (15 ml) at 298 K for 10 h. The excess TBD was removed by soxhlet
extraction with DCM. The sample was designated by MCM-41/SBA-15-TBD

(Scheme 2.3) and stored under vacuum.
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Scheme 2.3. Guanidine modified MCM-41 and SBA-15 material. [Source. Ref. 21]
2.5.2. CHARACTERIZATION
2.5.2.1. Powder X-Ray Diffraction

The X-ray diffraction patterns of (a) MCM-41 and (b) MCM-41-TBD
materials are shown in the Figure 2.30. The typical hexagonal phase (p6mm) of
MCM-41 [main (100) peak with weak (110), (200) and (210) reflections] is clearly
visible in all the samples. These results indicate the reflection of highly ordered
mesoporosity even after incorporation of organic functional group. However, a slight
decrease in the peak intensities was observed in the case of the organo base functional
group (TBD) loaded samples, which might be due to partial filling of organic group
inside the mesopores.

Figure 2.30 shows the XRD profiles of pure SBA-15 and organo base
functionalized SBA-15 materials. All the samples showed very similar XRD patterns.
The samples showed three well-resolved diffraction peaks due to (1 0 0), (1 1 0) and
(2 0 0) reflection in the 20 range of 0.5-5° that could be indexed according to a 2D
hexagonal p6mm symmetry.9’10 Organic base incorporation did not alter the long-

range ordering of the mesoporous structure. Inter-planar spacing (djop) and unit cell
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Intensity

parameter (ap) of various functionalized SBA-15 materials are listed in Table 2.6. The
d-spacing (d; ¢ o), estimated from the position of the low-angle peak is in the range of
9.8 to 10.4 nm. The unit cell parameter calculated using the equation ay = 2d;g A3

(Table 2.6) is in good agreement with the values reported by others authors.”"°
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Figure 2.30. Powder X-ray diffraction pattern of (a) MCM-41 and (b) MCM-41-TBD
and (a) SBA-15 and (b) SBA-15-TBD catalysts.
2.5.2.2. Porosity Measurements

Figure 2.31 shows N, adsorption-desorption isotherm and the corresponding
pore size distribution curve for the calcined SBA-15 and SBA-15-TBD samples. The
nitrogen adsorption / desorption isotherms of both the samples are of type IV isotherm
(Figure 2.31) and exhibit a H1 hysteresis loop, which is typical of mesoporous
solids.”'**>~® Furthermore, the adsorption branch of each isotherm showed a sharp
inflection at a relative partial pressure value of about 0.55 to 0.64. This is the
characteristic of capillary condensation within uniform pores. The position of the

inflection point indicates mesopore structure, and the sharpness of these steps
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Volume (cc/g)

indicates the uniformity of the mesopore size distribution. A good match between the
points of inflection on the adsorption branch of both isotherms suggests that samples
have similar pore sizes (Figure 2.31). The low mesopore volume was observed in case
of SBA-15-TBD because the mesopores were partially blocked by functionalized
organic base (Table 2.6). The organic-functionalized materials show some loss of
surface area and a pronounced reduction in the pore volume. The calculated ‘pore
diameter’ is reduced from a value of 27.6 and 67.1 A in the parent MCM-41 or SBA-

15 to about 26.0 and 58.5 A in the MCM-41-TBD or SBA-15-TBD catalysts,

respectively.
5
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Figure 2.31. (A) N, adsorption-desorption isotherms and (B) corresponding pore size

distribution curves for (a) calcined SBA-15 and (b) SBA-15-TBD catalysts.
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Table 2.6. Physiochemical properties of MCM-41 / SBA-15 TBD catalysts.

TBD Elemental TBD S d P Pore Pore
Catalysts  (mmol analysis (mmol) (mBz];T) ( IAOS) ( A”) diameter volume
inpuy  C  H N (output) & A)  (cm'g)

MSIM _ - - 980 379 438 276 1.01
MCM- 363

sRD | 22 119 33 39 092 375 434 260 0.25
SBA-15 - - - 733 966 1117  67.1 0.95
S‘?;E'];S' 22 160 38 41 097 391 916 1059 585 0.52

* ap, unit cell parameter = 2d,00/3
2.5.2.3. Elemental Microanalyses

The results microanalyses of carbon, hydrogen and nitrogen contents of the
catalysts are shown in Table 2.6. The nitrogen content was assigned to the loading of
TBD over MCM-41/SBA-15 materials. The output amount was calculated with
respect to nitrogen content.
2.5.2.4. FTIR-Spectroscopy

Figure 2.32 represent the FTIR spectra of (a) SBA-15, (b) glycidated SBA-15
and (c) SBA-15-TBD catalysts. The FTIR spectroscopy confirms the presence of the
organic groups. The peaks around 1230, 1090, 804 and 465 cm™" are the typical Si-O-
Si band attributed to the condensed silica network present in all samples. The Si-OH
vibration band at 970 cm™' decreases after the first grafting suggesting the successful
anchoring reaction between Si-OH and 3-glycidoxypropyl trimethoxysilane. The
vibrational frequency of Si-OH decreases from 970 to 952 cm™ by organo-
functionalization of 3-glycidoxypropyl trimethoxysilane and TBD over calcined SBA-
15 sample. The IR peaks at 3325 and 3300 cm™" are due to free N-H bond. In the case
of TBD functionalized SBA-15 sample, these peaks are absent indicating that TBD is

attached with porous material. Characteristic peaks, due to C—H stretching vibrations
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of propyl spacer and cycloalkane ring, were appeared in the range of 2863-2950 cm ™.
The spectrum ¢ displays two new peaks at 1541 and 1465 cm™ ' which are attributed
to C=C and C=N bands, respectively. The peak of C-N is usually observed at 1000-
1300 cm™'. In the 1236-1310 cm™ regions, the dominant contribution to the
frequencies of the vibrational forms in which the different deformations of C—H bonds
of methylene groups occurs are located. The stretching modes of C—C and C-N bonds
mixed with the C-H bending modes of methylene groups appear in the 1400-1270
cm™ range. The absorption bands in the 1100-880 and 800-450 cm™ regions are
connected with stretching and deformational skeleton modes of rings and O-H

deformation mode at 1300-1400 cm™.

806

Transmittance (a.u)

4000 3000 2000 1000
Wavenumber (cm'l)
Figure 2.32. FTIR spectra of (a) SBA-15, (b) glycidated SBA-15 and (c) SBA-15-
TBD catalysts.
2.5.2.5. Scanning Electron Microscopy
Figure 2.33 represent the scanning electron microscopy (SEM) images of

calcined SBA-15 sample (A) and TBD immobilized SBA-15 sample (B). It consists

Ph. D. Thesis, University of Pune, October 2007 90



Chapter 2 Synthesis and characterization

of many rope-like domains with relatively uniform sizes, which are aggregated into
grain-like macrostructures.”’”® After organofunctionalization by TBD, SBA-15
shows a similar particle morphology, which reflects the stability of the macroscopic

structure.

Figure 2.33. SEM micrographs of (A) calcined SBA-15, and (B) SBA-15-TBD
catalysts.
2.5.2.6. Transmission Electron Microscopy

Transmission electron microscopy (TEM) images of calcined (A) SBA-15 and
(B) SBA-15-TBD samples show well-ordered hexagonal arrays of mesopores with 2D
pbmm hexagonal structure (Figure 2.34). The ordered mesoporous structure of the
SBA-15 was slightly affected by functionalization of TBD over calcined SBA-15

sample. 9,57,58

Figure 2.34. TEM micrographs of (A) calcined SBA-15, and (B) SBA-15-TBD

catalysts.
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2.5.2.7. Solid State ’Si CP MAS NMR Spectrum

Figure 2.35 shows the *’Si MAS NMR spectrum of the SBA-15-TBD. It was
observed from NMR spectrum that the strong resonances at § = —102 and —110 ppm
are due to the presence of of Q3 [(Si0);=Si—-OH] and Q4 [(S10);=Si-O-Si=] species,
respectively, present in the silicate framework of SBA-15-TBD materials. The
presence of close-packed conformation of organic group is also manifested from the
spectrum of the SBA-15-TBD sample. The two additional signals at § = —59 and —68
ppm are assigned to terminal (7°) and cross-linked (7 *) siloxane groups, respectively,
attached with pendant organic groups. These results suggest that the co-condensation

process, the organic functional groups are anchored to the surface walls.

-150 -100 -50 0
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Figure 2.35. 2Si CP MAS NMR spectrum of SBA-15-TBD catalyst.
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2.5.2.8. Solid State C CP MAS NMR Spectrum

The *C CP MAS NMR spectrum of SBA-15-TBD catalyst is shown in Figure

2.36. The three distinct °C signals observed at § ~ 9, 22 and 41 ppm, were assigned to

Ci, C; and C; atoms, respectively, of the propyl chain attached with SBA-network

(Scheme 2.3). The characteristic peaks in the cycloalkane viz. C=N (& = 158 ppm

(Ci10)), C-N bond (8 = 73 ppm, (Cg, Cy4), 8 = 46 ppm (C7, Cy)) and C-C bond (8 = 22

ppm (Cg)) were also observed (Figure 2.36).

22
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Figure 2.36. °C CP MAS NMR spectrum of SBA-15-TBD catalyst.
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Chapter 3: Part A Friedel-Crafts benzylation reaction

3.1.1. INTRODUCTION

Ce-incorporated MCM-41 exhibited high activity for various catalytic
reactions, such as: acylation of alcohols, vapor phase dehydrogenation of
cyclohexanol to cyclohexane, hydroxylation of I-naphthol with peroxides, and
alkylation of naphthalene."* Similarly, Ce-incorporation in silica network of MCM-41
has been found to impart catalytic activity in the oxidation of cyclohexane3 and n-
heptane.4 While Ce-MCM-41 has been found to be quite promising catalyst for Lewis
acid-induced acylation reactions,2 H/AI-MCM-41 can catalyze both, the Lewis and
Bronsted acid catalyzed reactions owing to its Lewis and Bronsted acidity. Further,
Ce-Al-MCM-41 samples, with simultaneous incorporation of Ce and Al in MCM-41,
was found to exhibit higher catalytic activity for Bronsted acid catalyzed
isopropylation of naphthalene and benzylation of benzyl alcohol as compared to Al-
MCM-41 with comparable Al contents.>” How such dual incorporation of Ce and Al
can enhance the Bronsted acidity as well as the total acidity of these Ce-Al-MCM-41
catalysts is an aspect that has been discussed in (Chapter 2, Section 2.3.2.10 and
2.3.2.11) detailed using FTIR and TPD (ammonia) techniques.

The benzylation of toluene with benzyl chloride and benzyl alcohol, the
reactions catalyzed by Lewis and Bronsted acid sites, respectively,ﬁ’7 are chosen as
model catalytic reactions for studying Lewis acidity and Bronsted acidity in the Ce-
Al-MCM-41 catalysts. Schemes 3.1.1 and 3.1.2 depict the reaction products that
would form when benzyl chloride and benzyl alcohol is used as alkylating agent,
respectively. The main products in both the cases are 1, 4-methyldiphenylmethane (1,
4-MDPM) and 1, 2-methyldiphenylmethane (1, 2-MDPM). However, in the case of
Lewis acid catalyzed route (Scheme 3.1.1) a small amount of 1-benzyl-3- (4-methyl

benzyl) benzene (BMBB) and methylphenylbenzyl chloride (MPBC) is also obtained,
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whereas in the case of Bronsted acid catalyzed benzylation of toluene the main side
product formed is dibenzyl ether (DBE) along with minor amount of

methylphenylbenzyl alcohol (MPBA) (Scheme 3.1.2).

C. @» 0@ G

0-/p-MDPM BMBB

cl
L . Ph
cl
é MPBC

Scheme 3.1.1. Lewis acid catalyzed benzylation of toluene using benzyl chloride.
CH

@3
—
OH
CH,
o-/p-MDPM

OH
©/\o© é_/l:’h
ﬁ +
OH
DBE

MPBA

Scheme 3.1.2. Bronsted acid catalyzed benzylation of toluene using benzyl alcohol.
Hence, in the present section (3.1.1), systematic studies on the benzylation of

toluene using benzyl chloride as well as benzyl alcohol catalyzed by different Ce-Al-

MCM-41 samples are reported. For comparative purpose Ce-MCM-41 and Al-MCM-

41 catalysts are also included in the study.
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3.1.2. PROCEDURE FOR FRIEDEL-CRAFTS BENZYLATION REACTION

The reactions were performed in liquid phase batch-mode using a glass
reactor. Prior to activity measurement, a catalyst sample (0.1g) was activated in air
(423 K, 2h) and then cooled to room temperature. Benzylation of toluene was carried
out by using two alkylating agents, i.e. benzyl chloride and benzyl alcohol. The
substrate to alkylating agent molar ratio was ~20:1. The reactions were carried out in
the absence of any solvent. The progress of the reaction was followed for duration of
6 h, by which time a complete conversion of the substrate was obtained in each
experiment. The reaction mixture was centrifuged after cooling to room temperature.
The separated organic layer was diluted with dichloromethane and the product was
analyzed with the help of a Varian model-CP-3800 gas chromatograph equipped with

a capillary column. The product identity was also confirmed by using a GC-MS.

3.1.3. RESULTS AND DISCUSSION
3.1.3.1. Catalytic Activity in Friedel-Crafts Benzylation Reaction

Table 3.1.1 presents the data obtained for reaction of toluene and benzyl
chloride (Lewis catalyzed route) over Cex-Al-MCM-41 samples at two different
temperatures. The main products are 1, 2- and 1, 4-MDPM. In addition, two other
products formed by (i) benzylation of benzylchloride to methylphenylbenzyl chloride
(MPBC) (Scheme 3.1.1) and (i) further benzylation of MDPM to 1-benzyl-3- (4-
methyl benzyl) benzene (BMBB) were also obtained (Scheme 3.1.1), particularly at

lower temperature.

The conversion increases significantly by increasing the reaction temperature
from 363 K to 373 K (Table 3.1.1). The results in this table also reveal that the Ce-
MCM-41 (Si/Ce = 30) and AI-MCM-41 (Si/Al = 30) samples exhibit comparable

catalytic activity at both the reaction temperatures, confirming that the incorporation
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of Ce in MCM-41 gave rise to a significant number of Lewis acid sites (L,). It is of
further interest to note that the presence of both the Ce and Al resulted in significant
increase in substrate conversion, the extent of which increased with the increase in
Ce/Al mol ratio at comparable Al contents. The selectivity for o- and p- isomers of the
main reaction product remained unaffected of Ce content at both the reaction
temperatures (Table 3.1.1). However, at the same time a progressive increase in the
yield of MDPM as a function of increasing Ce content with a consequent decrease in
the yield of BMBB and MPBC was also observed. This is more clearly seen from

Figure 3.1.1 A and B.

Table 3.1.1. Liquid-phase benzylation of toluene with benzyl chloride at two reaction

temperatures.”

BC Product Selectivity ° (%)
Temp. Conv.
Sample Catalysts o- p-
(K) (mole BMBB MPBC
MDPM MDPM
%)
B Al-MCM-41 363 39 34 38 12 16
(-, 30) 373 64 45 47 8 0
c Ce-MCM-41 363 42 37 38 13 12
(30, -) 373 68 44 48 8 0
B Ce-Al-MCM-41 363 53 38 44 8 10
(80, 32) 373 75 45 49 6 0
. Ce-AI-MCM-41 363 59 41 45 6 8
(59, 33) 373 81 45 51 4 0
Ce-Al-MCM-41 363 60 41 45 9 5
(38, 34) 373 83 48 50 2 0

* Reaction condition: Catalyst = 0.1 g; reaction time: 6 h; toluene: benzyl chloride
(BC): 20: (1 mole/ mole). "MDPM = 1, 4-methyldiphenylmethane; BMBB = 1-

benzyl-3-(4-methyl benzyl) benzene; MPBC = methylphenylbenzyl chloride.
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Figure 3.1.1. Liquid-phase benzylation of toluene with benzyl chloride at (A) 363 K
and (B) 373 K two reactions temperatures.

Table 3.1.2 summarizes the results obtained using benzyl alcohol via Bronsted
acid catalyzed route. As expected in the light of above-mentioned FTIR results
(Chapter 2, Figures 2.15, 2.16, 2.17 and 2.18), the Ce-MCM-41 sample exhibited no
activity at all for Bronsted acid catalyzed alkylation of toluene using benzyl alcohol.
On the other hand, AI-MCM-41 shows considerably high activity, giving rise to the
formation of methyldiphenylmethane (MDPM) as a major product. As in the case of
benzyl chloride, here also two side products, namely methylphenylbenzyl alcohol
(MPBA) formed by the benzylation of benzyl alcohol and dibenzyl ether (DBE)
which is formed by etherification via self-condensation of benzyl alcohol, as shown in
Scheme 3.1.2, were also obtained. The rise in reaction temperature from 363 to 373 K
resulted in increased conversion even though the selectivity for MDPM remained
almost the same. However, as in the case of data presented in Table 3.1.1, the
incorporation of Ce along with Al resulted in increased conversion of the substrate

and also in the increased yield of MDPM (Table 3.1.2). An increase in the selectivity
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for DBE as a result of rise in temperature is also observed (Table 3.1.2). These results
clearly suggest a synergistic effect of Ce incorporation in AI-MCM-41 in enhancing
the acidity and consequently catalytic activity in both Lewis and Bronsted acid
catalyzed reactions. In this case also, it is clearly seen from Figure 3.1.2 A and B.

Table 3.1.2. Liquid-phase benzylation of toluene with benzyl alcohol at two reaction

temperatures.”

BA Product Selectivity b (%)
Temp.
Catalysts Conv.
Sample (K) 0- p-
(mole %) DBE MPBA
MDPM  MDPM

B Al-MCM-41 373 22 37 39 13 11
(- 30) 383 62 37 39 24 0
Ce-MCM-41 373 0 0 0 0 0

C
(30, -) 383 0 0 0 0 0
Ce-Al-MCM-41 373 29 41 43 9 7

E
(80, 32) 383 70 40 42 18 0
Ce-Al-MCM-41 373 32 44 45 7 4

F
(59, 33) 383 76 40 42 18 0
Ce-Al-MCM-41 373 33 43 45 5 7

G
(38, 34) 383 78 45 43 12 0

“Reaction condition: Catalyst: 0.1 g; reaction time: 6 h; toluene: benzyl alcohol (BA):
20: 1 (mole/mole) ® MDPM = 1,4-methyldiphenylmethane; DBE = dibenzyl ether;

MPBA = methylphenylbenzyl alcohol.
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Figure 3.1.2. Liquid-phase benzylation of toluene with benzyl alcohol at (A) 373 K

and (B) 383 K two reactions temperatures.

It is pertinent to emphasize that no enhancement at all was observed in the
catalytic activity of Ce-exchanged or Ce-impregnated Al-MCM-41 vis-a-vis H/Al-
MCM-41, either in Lewis or Bronsted acid catalyzed reactions.> Hence, the Ce-
induced enhancement in the catalytic activity cannot be attributed to the presence of
extra-network Ce** species, either at the exchange site or possibly existing as

occluded CeO, moieties.
3.1.4. CONCLUSIONS

In conclusion, the results of present study point to a synergism between Ce
and Al cations, when co-substituted in siliceous MCM-41 during hydrothermal
synthesis, resulting in increase in the concentration of both the Lewis and the
Bronsted acid sites, compared to that in corresponding AI-MCM-41 and Ce-MCM-41
samples. The IR spectra of chemisorbed pyridine reveal that the dual-substituted

samples contained at least two distinct Lewis acid sites, designated as L, and L, the
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L,/L, ratio increasing progressively with the Ce/Al atom ratio. The sites L;, found in
abundance in AI-MCM-41, are identified with the conventional Lewis acid sites
related to the presence of AIP" at defect sites. The L, sites, associated with weakly
bound pyridine, are identified with the isolated Ce species in silicate network. The
decrease in the intensity of the silanol groups (Si—OH) and the consequent increase in
the concentration of Bronsted acid sites on Ce incorporation provide an evidence for
creation of new Bronsted acid sites as hydrogen bonded polarized =Ce-OH or =Si-OH
bonds in the vicinity of regular Bronsted acid sites (Bridged OH moieties). The
ammonia TPD results (Figures 2.22 and 2.23, Chapter 2) indicate that not only the
concentration but the strength of the Bronsted acid sites also increases as a result of
Ce-substitution. This may be attributed to the presence of more electropositive
character of Ce™* vis-a-vis Si** in the vicinity of AI’*. The over all acid character of
Ce-Al-MCM-41 samples is in complete harmony with catalytic activity data, where
the presence of Ce is found to enhance the catalytic activity for both the Lewis and the

Bronsted promoted benzylation reactions.
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3.2.1. INTRODUCTION

In 1974-1976, Mukaiyama and co-workers' introduced a version of the
Mukaiyama-Michael addition reactions involving the conjugate addition of silyl enol
ether or silyl ketene acetals to a, B-unsaturated carbonyl compounds. These so called
Mukaiyama-Michael reactions via nucleophilic carbon-carbon bond formation have
now become a powerful method for the preparation of 1, 5-dicarbinyl compounds, and
are known to be catalyzed by Lewis acid catalysts.“'8 Several authors have reported
the reaction between enol silanes with «, B-unsaturated carbonyl compounds using
several homogeneous Lewis acid such as TiCls, SnCly, Ti (O-iPr)4Ti (OEt)s,
stoichiometric amounts and at lower temperatures.3 ? The utility of bifluorides such as
(Me;N)3S*MesSiF, and(Me;N);S™MesSiF,™, "' and the per chlorate PhsCClO,'* in
the homogenous condition for the Michael and aldol type reactions has also been
highlighted. Among the heterogeneous catalyst, solid acid catalysts such as
amorphous SiO, —Al,03 and zeolites are also known to be the potential candidates for
the promoting C-C bond formation'*"” However, only a few heterogeneous catalysts
and inorganic salts, like CsF and Al-clay montmorillonite,lg'19 have shown the low
temperature catalytic activity for such reactions. Recently, the Mukaiyama-Michael
reactions of silyl enol ether / silyl ketene acetal with o, B-unsaturated carbonyl
compounds using microporous titanium silicate (TS-1) have been reported. ***' These
Michael products have demand in the field of pharmaceuticals as they are used in the
total synthesis of the antitumor diterpenoid bruceantin and the cytotoxic natural
product sesbanimide A.**** Michael addition is extremely important in the organic
synthesis and preparation of bridged- or fused-ring bicyclic ketone.** The Michael

product of 1, 5-dicarbonyl compounds can also serve as starting materials for

25-28 29-30

preparing many heterocyclic compounds, and polyfunctional compounds.
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The present section deals with the studies on the catalytic application of Ce-
MCM-41, AI-MCM-41 and Ce-Al-MCM-41 catalysts in Mukaiyama-Michael
reaction. To explore the catalytic activity of these -catalysts, 1-phenyl-1-
(trimethylsilyloxy) ethylene and 2-cyclohexen-1-one was chosen as starting reactant

for this particular reaction as shown in reaction Scheme 3.2.1.

OSiMe,
osu\/le3
@ Catalyst (jj\)‘\ 1N HCI é\)‘\ + SiMeCl
Solent o
1,5-dicarbonyl compound

Scheme 3.2.1. Mukaiyama-Michael reaction of 1-phenyl-1-(trimethylsilyloxy)
ethylene and 2-cyclohexen-1-one.
3.2.2. GENERAL PROCEDURE FOR MUKAIYAMA-MICHAEL REACTION

The catalytic reaction was performed in liquid-phase, under N, atmosphere
using two necked round bottom flask. The samples were activated at 423 K under
vacuum prior to their use as catalyst. In a typical procedure, the 10 mmol of substrate
(e.g. 1-phenyl-1-(trimethylsilyloxy) ethylene / 2-cyclohexen-1-one) was added in dry
dichloromethane (DCM) and catalyst (0.2 g) was added to the reaction vessel and the
reaction mixture was stirred magnetically at 313 K for 9 h. The progress of the
reaction was monitored over the period of 24 h by gas chromatography (Varian
model-CP-3800) equipped with capillary column and flame ionization detector (FID)
as well as by thin layer chromatography (TLC). After completion of the reaction, the
catalyst was filtered out and the filtrate was diluted with DCM and then washed with
IN HCI and finally washed with water. The organic layer was separated and dried
with anhydrous Na,SOs The solvent was removed by rotary evaporator and the
product was purified through column chromatography using silica gel (100-200

mesh), petroleum ether: ethyl acetate (3:1) and confirmed through GC, GC-MS, 'H
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NMR, "*C NMR techniques. The product (Entry 1, Table 3.2.4) got 85 % isolated
yield. M.P. 71-73 °C, R¢ 0.32 (petroleum ether: ethyl acetate = 3:1); 'H NMR (200
MHz, CDCl3) dppm: 7.91-7.89 (m, 2H), 7.56-7.48 (m, 1H), 7.45-7.40 (m, 2H), 3.05-
2.80 (m, 2H), 2.53-1.98 (m, 7H), 1.75-1.59 (m, 1H), 1.47-1.35 (m, 1H); >C NMR (50
MHz, CDCls) 6 209.52, 197.52, 136.27, 132.33, 127.85, 127.2, 46.85, 43.83, 40.35,
34.06, 30.27, 24.11; C, H, and N analysis C 78%, H 8% (calculated), C 77.78%, H
7.58 % (observed).
3.2.3. RESULTS AND DISCUSSION
3.2.3.1. Effect of Reaction Time

Figure 3.2.1 shows the catalytic efficiency of various Ce-AI-MCM-41 samples
having different Ce-contents at comparable Si/Al ratio for the condensation of 2-
cyclohexen-1-one (o, B-unsaturated compounds) with 1-phenyl-1-(trimethylsilyloxy)
ethylene (silyl enol ether) to produce the corresponding 1,5-dicarbonyl compound
(Michael 1,4-addition, Scheme 3.2.1.). Although, the reaction was carried out for 24
h, there was only marginal increase after 9 hours of the reaction. The trend of the
product yield obtained over different catalyst was: Ce-MCM-41 < AI-MCM-41 < Ce-
AI-MCM-41. Among Ce-Al-MCM-41 samples having comparable Al content and
varying Ce contents, the conversion / product yield followed the order: D< E < F = G.

From Figure 3.2.1, it is observed that the catalytic activity of Ce-MCM-41 and
AI-MCM-41 samples was only marginally different; a significant increase in the
Michael product yield was observed when both Ce and Al were present together in a
sample. Thus, the conversion / product yield obtained over Ce-AI-MCM-41 samples
was found to be higher than that obtained using Ce-MCM-41 or Al-MCM-41
samples. This enhancement of catalytic activity may be attributed to the increase in

total acidity (Table 2.4, Chapter 2), as reported in our recent paper.’
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Figure 3.2.1. Effect of reaction time on conversion over various Ce-Al-MCM-41
catalysts. The sample notations as per Table 2.1 (Chapter 2).

A direct correlation was found (Figure 3.2.2) between the conversion obtained
over different catalyst samples (B-G) and the ratio of the intensity of certain IR bands
i.e. 1444/1452 cm™ bands (Lo/L;, curve a) and 1545/1444 cm’ bands (B/L,, curve b)
on one hand and the total acidity, as measures by the TPD ammonia measurements,
(curve c) on the other. As the Ce content in Ce-Al-MCM-41 samples increases, the
conversion also increases progressively. Almost linear correlation between the
conversion and intensity ratios of B/L, as well as L,/L; bands (of Ce-Al-MCM-41
samples having comparable Al and increasing Ce contents) clearly indicates that both
the Lewis acid sites, generated due to Ce and Al incorporation, may play an important
role in catalyzing the Michael reaction. It is further supported by similar direct
correlation between the conversion and the total acidity of the samples (curve c,
Figure 3.2.2). As observed in Figure 2.23 (Chapter 2), the total acidity of these

samples, as obtained by ammonia TPD, is plotted against their mole fraction of Ce
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and Al [(Ce+Al)/(Si+Ce+Al)]. As expected, here also direct correlation was observed

between Ce contents in Ce-Al-MCM-41 samples and the total acidity of the samples.
4 500

-400

Y

w
1

-300

-200

Intensity ratio
P
Total acidity (umol NH, g

—
1
T
—
o
o

0 — T T T T T 0
0 20 40 60 80 100

Conversion (%)

Figure 3.2.2. Plots of conversion / yield vs intensity ratio and total acidity (Lumol NH;
g of Ce-AI-MCM-41 samples. Curves (a) 1545/ 1444(B/L,); (b) 1444/1452 (L,/L;)
for adsorption at 420 K and (c) total acidity (wmol NH3 g'l). The sample notations as
per Table 2.1, Chapter 2.

However, it will be pertinent to compare the intrinsic activity of these catalysts
samples with respect to per mole of Ce, Al and Ce + Al in different samples. In Table
3.2.1, the conversion and the corresponding TON values obtained over samples B-G
using DCM as solvent at 313 K and 9 h of reaction time are reported. The TON was
calculated with respect to Ce and Al individually as well as Ce+Al present in the Ce-
Al-MCM-41 samples. Since, the Al contents were comparable in samples B and D-G,
it is interesting to compare the TON of these samples with respect to their Al contents.
The TON (with respect to Al) increased in the order: B > D > E > F > G in

accordance with increasing Ce-content in the samples, as expected. However, when
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the TON of the sample C to G calculated with respect to Ce-contents in these samples
is compared, quite different trend (C << D > E > F > G) was observed. The Ce
contents of the samples D-G follow the opposite trend (D < E < F < G) at comparable
Al content, indicating that as the concentration of Ce is increased, more and more Ce
gets buried inside the walls of MCM-41 and therefore not available for the reaction.
This is further supported by the fact that almost comparable values of TON were
obtained for all the samples, when both Ce and Al were taken into consideration for
TON calculations (Table 3.2.1). The catalyst Ce-Al-MCM-41 (Si/Ce = 59, Si/Al = 33,
sample F) was chosen for the detailed activity measurements by using different
solvents and different substrates.

Table 3.2.1. Mukaiyama-Michael reaction of 1-phenyl-1-(trimethylsilyloxy) ethylene

and 2-cyclohexen-1-one over different MCM- 41 materials.”

Mole ratio Conv. TON ¢
Sample Catalyst
Si/Ce Si/Al (mole%)  ce Al Ce+Al
B AI-MCM-41 0 30 56 520 520
C Ce -MCM-41 30 0 41 404 - 40.4
D Ce-ALMCM-41 108 32 61 202.8 603 465
E Ce-A-MCM-41 80 32 74 1839 732 523
F Ce-A-MCM-41 59 33 85 1585 874 563
G Ce-A-MCM-41 38 34 88 107.8 924 497

* Reaction Condition: 10 mmol of 1-phenyl-1-(trimethylsilyloxy) ethylene, 10 mmol
of 2-cyclohexen-1-one, catalyst amount = 200 mg, 10 ml of dry DCM , reaction time
9 h, reaction temperature 313 K. ®Conversion (Conv.) with respect to 2-cyclohexen-1-
one and based on GC analysis, products isolated by column chromatography using
solvent ethyl acetate: petroleum ether (1:3), and confirmed by GC-MS, 'H NMR and
3C NMR. “TON with respect to moles of 2-cyclohexen-1-one converted per mole of

single metal (Al or Ce) or total metal content (Al + Ce).
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3.2.3.2. Effect of Solvent and Temperature

Various authors have reported for the Mukaiyama-Michael reaction between
silyl enol ether and enone in the presence of different organic solvents with a variety
of homogeneous and heterogeneous catalysts.>'"'? The catalytic activity of Ce-Al-
MCM-41 (sample F) catalyst for Mukaiyama-Michael reaction of 1-phenyl-1-
(trimethylsilyloxy) ethylene with 2-cyclohexen-1-one with various solvent was
measured. These results are given in Table 3.2.2. Each reaction was continued for 9 h
at 313 K. It is important to note that the Michael product was always found to be ~100
%; regardless of the conversion level and the rest is an essentially unconverted
starting material. Michael products were obtained by hydrolyzing the product with IN
HCI, extracted by dichloromethane (DCM) and purified by column chromatography.
The Mukaiyama-Michael reaction was carried out at room temperature (298 K) and at
313 K. Furthermore, all the reactions were performed under perfectly dry conditions
at 313 K. Among the investigated solvents, dichloromethane (DCM) was found to be
the superior solvent for this particular reaction as can be seen in Table 3.2.2.
According to Hughes-Ingold Rules of solvent effects, the transition state is capable
of greater solvation and then the reaction rate will be increased by more polar solvent

with higher solvation leading to the lowering of required activation energy.
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Table 3.2.2. Effect of solvent and temperature in Mukaiyama-Michael reaction
between 1-phenyl-1-(trimethylsilyloxy) ethylene and 2-cyclohexen-1-one over Ce-Al-

MCM-41 (Si/Ce = 59, Si/Al = 33, sample F) catalyst.”

a, B-
Silyl enol unsaturated Temp. Conv.!  TONE
Solvent Product
ether carbonyl (K) (mole %)
compound
DCM® 298 59 39.1
0 DCM® 313 85 56.3 0
SiMe,
Phjk @ THF®* 313 72 47.7 é\j\
MeCN! 313 73 48.4 Ph
MeNO,* 313 75 497

*Reaction condition: 10 mmol of 1-phenyl-1-(trimethylsilyloxy) ethylene, 10 mmol of
2-cyclohexen-1-one, catalyst = 200 mg, 10 ml of dry DCM, reaction time 9 h, reaction
temperature 298-313 K. b Dry dichloromethane (DCM), ° Dry tetrahydrofuran (THF),
d Dry acetonitrile (MeCN), © Dry nitromethane (MeNO,), f Conversion (Conv.) with
respect to 2-cyclohexen-1-one and based on GC analysis, ® TON with respect to moles
of cyclohexenone converted per mole of combine metal (Al + Ce).

3.2.3.3. Recyle Studies

The stability of the heterogeneous catalysts was evaluated by recovering them
from the hot reaction mixtures by filtration. In the Figure 3.2.3 the conversion and
TON obtained during recycle studies of the catalyst Ce-Al-MCM-41 (Ce+Al, sample
F) are plotted as a function of number of recycles at identical reaction condition. The
same catalyst sample was used for four consecutive cycles without any activation.
While, the conversion decreased progressively from ca. 85 to 78 % in 4™ cycle, the

rate of decrease was more in the case of first two recycles and then almost stabilized
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at ca. 78% during 3™ and 4™ recycle. This decrease in the conversion during first few
recycles was mainly due to partial leaching of Ce and Al, which was confirmed by the
AAS analysis of Ce and Al in the filtrate obtained by separating the solid catalyst
after the reaction (Table 3.2.3). The TON, calculated on the basis of remaining Ce and
Al contents in the solid catalysts, remained unchanged during course of the recycles,

as expected.

[/277} Conversion
NN TON
S~
~
N 60
N N N N
g YA NA
=} NN NN N N
‘7 N\ N \ N\
N N NN
b N N \ N
S 4047\ /N \ \
2 \ N \ N
g % \ N
Q NN N NN NN
@] NN NN NN N
N N N NN
N\ N\ N NN
N N \ N
2017 7N 7N 7N 7N
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N N N N\ N
N N N \ N
NN NN NN N NN
N NN NN N NN
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0 NN NN N N A\

Fresh' Ist ' 2nd ' 3rd ' 4th
Number of recycles

Figure 3.2.3. Effect of conversion / yield and turn over number (TON, Ce+Al) vs

number of catalyst recycles for Mukaiyama-Michael reaction.
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Table 3.2.3. Recycle studies Mukaiyama-Michael reaction of 1-phenyl-1-
(trimethylsilyloxy) ethylene and 2-cyclohexen-1-one over Ce-Al-MCM-41 (Si/Ce=59,

Si/Al=33, sample F) catalyst.

Recycle Molar ratio * TON®

Catalyst Conv."
No
amount (g)  Si/Ce Si/Al (mole %) Ce Al Ce+Al

Fresh 0.20 59.3 333 85 158.5 87.7 56.3
Ist 0.19 59.7 33.7 81 158.1 87.6 56.4
2 0.18 60.5 34.8 79 156.1 88.2 56.3
3 0.17 61.4 35.2 78 156.4  88.0 56.3
4 0.16 62.2 36.1 78 156.0 89.1 56.7

*Solid product calculated by AAS, ® Conversion with respect to 2-cyclohexen-1-one
and based on GC analysis, "TON with respect to moles of 2-cyclohexen-1-one
converted per mole of combine metal (Al + Ce).
3.2.3.4. Effect of Different Substrates

The conversion of different a, B-unsaturated carbonyl compounds with 1-
phenyl-1- (trimethylsilyloxy) ethylene to give corresponding Mukaiyama-Michael
product is given in Table 3.2.4 (Scheme 3.2.2). Entry 1 and 2 compare the reactivity
of cyclic ketones, where six membered 2-cyclohexen-1-one gave slightly higher
conversion (Entry 1) than that obtained when five membered 2-cyclopenten-1-one is
taken as substrate (Entry 2). While 2-cyclohexen-1-one can aquire more stable chair
conformation, 2-cyclopenten-1-one can aquire less stable envelop form.

A number of acyclic o, B-unsaturated ketones were investigated (Entry 3-8,
Table 3.2.4) for the Mukaiyama-Michael reaction using Ce-AI-MCM-41 (sample F)
catalyst in the identical reaction condition. Among the various substrates, the highest

conversion was obtained for the reaction of 1-phenyl-1- (trimethylsilyloxy) ethylene
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and benzylideneacetophenone (Entry 5, Table 3.2.4). However, slightly less
conversion was observed for benzalacetone (Entry 6) because of the negative
mesomeric (-I) effect. Due to phenyl group (Entry 5), the beta carbon in enone
possesses more electropositive character, so, attack of nucleophile to electrophlile will
be easier at beta carbon in enone to get Michael product. Since, electron-withdrawing
group on the beta carbon in enone increases the electrophilicity by delocalization of
electron results in facile nucleophilic reactions. In the other case, the conversion /
yield of Michael product decreases with increasing with electron donating groups or
increasing carbon chain length in a parent enones because electron donating groups
attached with beta carbon in enone decrease electropositive character as observed for

entries 3,4 and 7, 8 (Table 3.2.4).

1
Q Me,Si0 R o T o

acyclic _Catalyst INHCI

——/\_/\._ Dry DCM \\ Ph - SiMe,Cl . R Ph
1 R3
. [=k] R 313K R2
R2
R2

/& +

Ph

OSiMe,

0
3 Catalyst 1N HCI
cyclic Dry DryDOM > S|Me Cl
313K

Scheme 3.2.2. Mukaiyama-Michael reaction of 1-phenyl-1-(trimethylsilyloxy)

ethylene with different o, B-unsaturated carbonyl compounds.
Where, n = o, (2-cyclopenten-1-one) and n = 1, (2-cyclohexen-1-one).

The catalytic activity of Ce-AI-MCM-41 (sample F) was examined for the
Mukaiyama-Michael addition of silyl enol ether with different a, B-unsaturated esters
(Entry 9-14, Table 3.2.4) in the identical reaction condition. This reaction is very
difficult and thermodynamically disfavored in the presence of homogeneous

catalyst.”?* In the case of methyl acrylate (Entry 9), the slightly high conversion was
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obtained than that of methylmethacrylate (Entry 10). This is due to the extra methyl
group (electron donating group, +I effect) is substituted in B-carbon. This makes [-
carbon less electropositive and it leads the lower conversion / yield of Michael
product. Slightly higher conversions were observed for ethyl crotonate and ethyl
cinnamate (Entry 12, 14) than methyl crotonate and methyl cinnamate (Entry 11, 13),
probably due to the presence of more electron-withdrawing groups such as ethyl ester
(-COOQE}) and phenyl group. Since, ethyl ester (-COOEt) and phenyl group have more
electron-withdrawing power than methyl ester (-COOMe) and methyl groups.

Table 3.2.4. Mukaiyama-Michael reaction of 1-phenyl-1-(trimethylsilyloxy) ethylene
(silyl enol ether) with different o, - unsaturated carbonyl compounds over Ce-Al-

MCM-41 (Si/Ce = 59, Si/Al = 33, sample F) catalyst.

) ) Conv.”
o, B- Unsaturated Silyl enol Time
Entry Product (mole
carbonyl compounds ether (h)
P)
0
1 2-Cyclohexen-1-one dﬁ 9 85
Ph
0}
2 2-Cyclopenten-1-one &)C‘)\ 9 77
Ph
0 0
3 Methyl vinyl ketone OSiMe, H3prh 7 70
, Ph f 9
4 Ethyl vinyl ketone - Mph 6 73
_ 0O PhO
5 Benzylideneacetophenone o wph 2 97
O PhO
6 Benzalacetone Mewph 3 90
O Me O
7 3-Methylpent-3-en-3-one Mewph 7 65
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O sH (@)
8 3-Nonen-2-one 7 62
Me Ph

(0] (0]
9 Methyl lat 9 69
ethyl acrylate MeOwPh
(0] (0]
10. Methylmethacrylate MeoWPh 9 63
Me
11. Methyl trans-crotonate 9 62
Y )\Ph MeOwPh
o Me o
12. Ethyl crotonate 9 66
EtOwPh
O Ph O
13. Methyl t -Ci t 8 71
ethyl trans-cinnamate MeOwPh
O Ph O
14. Ethyl cinnamate 8 74
y EtOwPh

* Reaction condition: 10 mmol of silyl enol ether,10 mmol of a,B- unsaturated
carbonyl compounds, catalyst = 200 mg, 10 ml of dry dichloromethane (DCM),
reaction temperature 313 K, reaction time 2-9 h.
® Conversion (Conv.) with respect to ketone/ester and based on GC analysis.
3.2.4. CONCLUSIONS

Cerium-containing AI-MCM-41 mesoporous materials are promising catalysts
for Mukaiyama-Michael reactions of silyl enol ether and a, f-unsaturated carbonyl
compounds. The increased in Michael product yield may be due to simultaneous
incorporation Ce and Al in Ce-Al-MCM-41 lead to increased acidity. The Ce-Al-
MCM-41 samples showed higher catalytic activity for the Mukaiyama-Michael

reactions reactions, as compared to the Ce-MCM-41 and Al-MCM-41 catalysts
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having comparable Ce or Al contents. The product yield (75-85 %) was slightly
influenced by the nature of the solvent employed as reaction medium. The best result
was obtained by using dichloromethane as solvent. For Mukaiyama-Michael
reactions, the substrate reactivity increases when phenyl group (electron-withdrawing
group) is attached with o, B-unsaturated carbonyl compounds and decreases with
increasing electron donating groups or increasing carbon chain length in a parent
enones. Moreover, ketones showed comparatively high conversion than esters. The
reusability of the catalysts enables its use several times without substantial decrease in

activity.
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3.3.1. INTRODUCTION

The Mukaiyama-aldol condensation of silyl ketene acetal / silyl enol ether and
aldehyde is a facile method for the Lewis acid—catalyzed C—C bond formation under
the homogeneous conditions and at sub—ambient temperatures.l'5 These reactions
have been investigated in heterogeneous mode using solid Lewis acid catalysts, such

6-11 Further, solid bases,

as clays, naffion-117, amorphous silica-alumina and zeolites.
such as zeolites substituted with alkali or alkaline earth metals, alkaline earth oxides,
hydrotalcites and AIPOs have also been utilized for the nucleophilic reactions, e.g.
Michael, Aldol, and Knoevenagel type condensation reactions involving carbonyl
compounds.12 The Mukaiyama-type aldol and Michael reactions of silyl ketene acetal
with aldehydes and «, B-unsaturated carbonyl compounds have been reported using

15 and mesoporous materials such as Sn-MCM-41'® and Ti-

microporous materials
MCM-41".

In the present section, the catalytic properties of Ce-substituted AI-MCM-41
samples were examined for Mukaiyama-aldol condensation. For catalytic model
reaction, methyl trimethylsilyl dimethylketene acetal and benzaldehyde were taken as
staring materials (Scheme 3.3.1). Although, the effect of organic solvent was studied
using different solvents by keeping all other reaction conditions the same, the
reactions were also carried out under solvent free condition. The effect of various

aldehydes and silyl enol ethers on the conversion and the selectivity of these reactions

have also been investigated in detail.

(0] OSiMe, 0 OH

0
OSiMe, Catalvst
— + Ph)]\H L _INHCL + SiMe,Cl
MeO Ph MeO Ph

B-hydroxy carbonyl compound
Scheme 3.3.1. Mukaiyama-aldol condensation of methyl trimethylsilyl

dimethylketene acetal with benzaldehyde.
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3.3.2. GENERAL PROCEDURE FOR MUKAIYAMA-ALDOL CONDENSATION

The catalytic liquid-phase reaction was performed under N, atmosphere using a
two-necked continuously stirred round bottom flask, equipped with a water
condenser. The catalyst was pre-activated at 423 K in a vacuum oven and the
reactions were carried out under dry condition. In a typical procedure, the methyl
trimethylsilyl dimethylketene acetal (10 mmol) in dry dichloromethane (DCM) was
added to a pre-activated catalyst (0.21 g), followed by addition of benzaldehyde (10
mmol) to reaction vessel which was maintained at 313 K. The reactions under solvent
free conditions (neat substrate) were also carried out at 373 K. The progress of the
reaction was monitored over the period of 24 h by gas chromatography (Varian
model-CP-3800) equipped with capillary column and flame ionization detector (FID)
as well as by thin layer chromatography (TLC). After completion of the reaction, the
catalyst was filtered out and the filtrate was diluted with DCM and then washed with
IN HCI and finally washed with water. The organic layer was separated and dried
with anhydrous Na,SOs The solvent was removed by rotary evaporator and the
product was purified through column chromatography using silica gel (100-200
mesh), petroleum ether : ethyl acetate (3:1) as eluent and products confirmed through
GC, GC-MS, 'H NMR, ">C NMR techniques. White powder; M. P. 66-67 °C, 'H
NMR (200 MHz, CDCl3) dppm: 1.12 (s, 3H), 1.17 (s, 3H), 3.29 (d, 1H), 3.72 (s, 3H),
491 (d, 1H), 7.22-7.44 (m, 5H). *C NMR (50 MHz, CDCls) & 19.0, 23.2, 47.7, 52.5,
78.4,127.6, 139.9, 178.2.

3.3.3. RESULTS AND DISCUSSION
3.3.3.1. Effect of Reaction Time
In Figure 3.3.1, the conversion or yield (as selectivity is 100%) obtained on

AI-MCM-41 (sample B), Ce-MCM-41 (sample C) and Ce-Al-MCM-41 (samples D-
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G) in the Mukaiyama-type aldol condensation of methyl trimethylsilyl dimethylketene
acetal with benzaldehyde (Scheme 3.3.1) to produce corresponding beta-hydroxy
ester using dichloromethane as a solvent are plotted as a function of reaction time.
Although, the reaction was continued for 24 h, there was only marginal increase after
6 hours of the reaction. The trend of the product yield obtained over different catalyst
was: Ce-MCM-41 < AlI-MCM-41 < Ce-Al-MCM-41. Among Ce-Al-MCM-41
samples having comparable Al content and varying Ce contents, the product yield
followed the order: D < E < F < G, where the Ce contents in the sample also follow
the same order. This enhancement of catalytic activity may also be attributed to the
increase in total acidity (Table 2.4, Chapter 2) due to the simultaneous incorporation
of Ce and Al in MCM-41.

Similar to the case of Michael reaction (Part 3B of this chapter), here also a
direct correlation was observed between the conversion obtained over different
catalyst samples (B-G) and their intensity ratios: 1444/1452 cm” bands (Lo/L4, curve
a, Figure 3.3.2) and 1545/1444 cm™! bands (B/L,, curve b, Figure 3.3.2) on one hand
and the total acidity, as measures by the TPD ammonia measurements, (curve c,
Figure 3.3.2) on the other. As the Ce content in Ce-AI-MCM-41 samples increased,
the conversion also increased progressively. Almost linear correlation between
conversion and intensity ratios of B/L, as well as L,/L; bands of Ce-Al-MCM-41
samples having comparable Al and increasing Ce contents is interesting and clearly
indicates that both Lewis acid sites, generated due to Ce incorporation, play important
role in catalyzing the aldol condensation. It is further supported by similar direct

correlation between conversion and the total acidity of the samples (Figure 3.3.2).
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Figure 3.3.1. Plots of conversion vs reaction time for Mukaiyama-aldol condensation
over different Si/Ce ratio in Ce-Al-MCM-41 samples. The sample notations as per
Table 2.1, Chapter 2.

After establishing the overall ‘acidity-activity’ correlation of these Ce-Al-
MCM-41 samples, it is worthwhile to find out the intrinsic activity (turn-over
numbers) of these samples per mole of Ce, Al and Ce+Al present in the amount of the
catalyst taken. In Table-3.3.1, the conversion and the corresponding TON values
obtained over samples B-G using DCM as solvent at 313 K and 6 h of reaction time
are reported. The TON was calculated with respect to Ce and Al individually as well
as Ce+Al present in the Ce-Al-MCM-41 samples. Since, the Al contents were
comparable in samples B and D-G, it is interesting to compare the TON of these
samples with respect to their Al contents. The TON increased in the order: B > D > E
> F > G in accordance with increasing Ce-contents in the samples, as expected.

However, when the TON of the sample C to G calculated with respect to Ce-contents

in these samples are compared, quite different trend (C << D > E > F > G) was
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observed. The Ce contents of the samples D-G follow the opposite trend (D < E < F <
G) at comparable Al content, indicating that as the concentration of Ce is increased,
more and more Ce gets buried inside the walls of MCM-41 and therefore not available
for the reaction. The catalyst Ce-Al-MCM-41 (Si/Ce = 59, Si/Al = 33, sample F) was
chosen for the detailed activity measurements under solvent free condition as well as

by using different solvents and different substrates.
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Figure 3.3.2. Plots of conversion/yield vs intensity ratio and total acidity (wmol NHj
g™) of Ce-AI-MCM-41 samples. Curve (a) 1545/ 1444(B/Ly); (b) 1444/1452 (L,/L,)
for adsorption at 420 K and (c) total acidity (umol NHj g'l). The sample notations as

per Table 2.1, Chapter 2.
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Table 3.3.1. Mukaiyama-aldol condensation of methyl trimethylsilyl dimethylketene

acetal with benzaldehyde over different Ce-AI-MCM- 41 catalyst. *

Mole ratio ~ Conv.” TON ¢
Sample Catalyst (mole
Si/Ce  Si/Al Ce Al Ce+Al
%)
Al-MCM-41 0 30 53 - 46.9 46.9
Ce -MCM-41 30 0 42 394 - 394

Ce-AI-MCM-41 108 32 63 199.5 59.4 45.7
Ce-AI-MCM-41 80 32 70 165.7 66.0 47.2
Ce-Al-MCM-41 59 33 76 134.9 74.4 47.9
Ce-Al-MCM-41 38 34 79 92.2 79.0 42.5

Q MmUY O ®

*Reaction Condition : 10 mmol of methyl trimethylsilyl dimethylketene acetal and, 10
mmol of benzaldehyde, catalyst = 0.21 g, 10 ml of dry DCM , reaction time 24 h,
reaction temperature 313 K.
® Conversion (Conv.) with respect to benzaldehyde and based on GC analysis.
“ TON with respect to moles of benzaldehyde converted per mole of single metal (Al
or Ce) or total metal content (Al + Ce).
3.3.3.2. Effect of Solvent

Mukaiyama-aldol condensation was found to depend upon the nature of the
solvent employed for a reaction.” '* " 2% Therefore, this reaction was carried out in
the presence of different solvents using the Ce-AI-MCM-41 (Si/Ce = 59, Si/Al = 33,
sample F) catalyst and the data obtained are given in Figure 3.3.3.

Among the various solvents tried out in this study, the highest conversions
were obtained using dichloromethane (DCM) for this particular reaction (Table 3.3.2)
at 313 K reaction temperature. Whereas, considerably low activity was observed in

the presence of acetone, tetrahydrofuran (THF) and 1, 4-dioxane, the conversions
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obtained with DMF (N, N-dimethylformamide) and acetonitrile (MeCN) solvents
were comparable. As mention earlier, according to Hughes-Ingold hypothesis of
solvent effects,” the transition state is capable of greater solvation than the reagents,
so the reaction rate will be increased by a more solvating solvent and lowers the

activation energy.

100
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N
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Figure 3.3.3. Plots of conversion vs reaction time for Mukaiyama-aldol condensation
using different solvents over Ce-Al-MCM-41 (Si/Ce = 59, Si/Al = 33, sample F), (a)
DCM, (b) MeCN, (c) DMF, (d) Toluene, (e) Diethyl ether (DEE), (f) THF, (g) 1,4-

Dioxane and (h) Acetone.
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Table 3.3.2. Mukaiyama-aldol condensation of methyl trimethylsilyl dimethylketene
acetal and benzaldehyde with different solvents over Ce-Al-MCM-41 catalyst (Si/Ce

=159, Si/Al = 33, sample F)."*

Entry Solvent Conv- TON ¢
(mole %)
1 DCM 76 47.1
2 Toluene 39 24.2
3 DMF 65 40.3
4 THF 30 18.6
5 Diethyl ether 34 21.1
6 Acetonitrile 68 42.2
7 Acetone 20 124
8 1,4-Dioxane 22 13.6
9 No solvent 71 44.0
10°  No solvent 95 59.9

* Reaction Condition : 10 mmol of methyl trimethylsilyl dimethylketene acetal, 10
mmol of benzaldehyde, catalyst = 0.21 g, 10 ml of solvent, reaction time 6 h,
reaction temperature 313 K.
® Reaction temperature 373 K.
¢ Conversion (Conv.) with respect to benzaldehyde and based on GC analysis.
4 TON with respect to moles of benzaldehyde converted per mole of (Al + Ce).
3.3.3.3. Effect of Different Catalysts and Reaction Temperatures

The Mukaiyama-aldol condensation under the solvent-free reaction condition
was also studied. The results are summarized in Table 3.3.3. Under solvent free
condition, low volatility of the solvent used posed no constraint in carrying out the
reaction at higher temperature. The reactions were conducted at two different

temperatures, viz. 313 and 373 K. These results obtained for a typical Mukaiyama-
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aldol reaction involving methyl trimethylsilyl dimethyketene acetal and benzaldehyde
are plotted in Figure 3.3.4. For comparison, the data obtained for this reaction at 313
K in the presence of DCM as solvent are also included in this figure (curve b). Sample
F gave considerably higher yields (~ 95 %) in a solvent free system by raising the

temperature to 373 K, keeping all other experimental conditions same.

100

Conversion (%)

0 T T T T T T T T T
0 5 10 15 20 25
Reaction time (h)
Figure 3.3.4. Plots of conversion vs reaction time for Mukaiyama-aldol condensation

(a) no solvent at 313 K, (b) DCM as solvent at 313 K and (c) no solvent at 373 K over

Ce-Al-MCM-41 catalyst (Si/Ce = 59, Si/Al = 33, sample F).
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Table 3.3.3. Solvent free Mukaiyama-aldol condensation of methyl trimethylsilyl

dimethylketene acetal with benzaldehyde over different catalysts.”

Temp. Conv.” TON*®
Sample Catalyst

(K) (mole %) Ce Al Ce+Al

313 49 - 43.4 43.4
B Al-MCM-41

373 65 - 57.5 57.5

313 40 37.5 - 37.5
C Ce-MCM-41

373 59 55.4 - 554

313 71 126.1  69.5 44.8
F Ce-AI-MCM-41

373 95 168.7 93.1 59.9

“Reaction condition: 10 mmol of methyl trimethylsilyl dimethylketene acetal, 10
mmol of benzaldehyde, catalyst = 0.21 g, reaction time 6 h, reaction temperature 313-
373 K.
® Conversion (Conv.) with respect to benzaldehyde and based on GC analysis.
“ TON with respect to moles of benzaldehyde converted per mole of single metal (Al
or Ce) or total metal content (Al + Ce).
3.3.3.4. Recycle Studies

In Figure 3.3.5, the conversion and TON obtained during recycle studies of the
catalyst Ce-AI-MCM-41 (sample F, Ce+Al) are plotted as a function of number of
recycles under solvent-free condition at 373 K for 6 h. The same catalyst sample was
used for six consecutive cycles. While, the conversion decreased progressively from
95 % to ca. 80 % up to 6" cycle (" recycle), the rate of decrease was more in the case
of first three recycles and then almost stabilized at ca. 80% during 4™ and 5™ recycle.
This decrease in the conversion during first few recycles was mainly due to partial
leaching of Ce and Al, which was confirmed by the AAS analysis of Ce and Al in the

filtrate obtained by separating the solid catalyst after the reaction (Table 3.3.4). The
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TON, calculated on the basis of remaining Ce and Al contents in the solid catalysts,

remained unchanged during course of the recycles.

100 Conversion
W vt TON
Z. 80- e
o 7
=
§60_VVVVVVV
Sl
=i 01
- 1111
s o
S
o
TV V1
N2 A7 V7 % N N A7 |
Fresh Ist 2nd 3rd 4th 5th 6th
Number of recycles

Figure 3.3.5. Effect of conversion and turn over number (TON, Ce+Al) on number

recycles of catalyst for Mukaiyama-aldol condensation.
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Table 3.3.4. Recycle studies of solvent free Mukaiyama-aldol condensation of methyl
trimethylsilyl dimethylketene acetal with benzaldehyde over Ce-Al-MCM-41

(Si/Ce = 59, Si/ Al = 33, sample F) catalyst.

Recycle Molar ratio* b TON ¢
Catalyst Conv.

No amount (g) Si/Ce Si/Al (mole %) Ce Al  Ce+Al

Fresh 0.21 59.3 333 95 168.7 93.1 599
1 0.20 62.7 36.0 90 166.8 94.1  60.1
o 0.19 63.4 374 87 1634 944 598
3 0.18 64.6 38.1 84 160.2 92.8  58.7
4 0.17 65.1 39.4 82 1575 936  58.7
5t 0.16 66.8 40.4 80 1575 936  58.7
6" 0.15 67.1 40.7 79 156.2 93.1 583

*Solid product calculated by AAS.
®Conversion (Conv.) with respect to benzaldehyde and based on GC analysis.
“TON with respect to moles of benzaldehyde converted per mole of single metal (Al
or Ce) or total metal content (Al + Ce).
3.3.3.5. Reaction of Different Silyl Ketene Acetal or Silyl Enol Ether with
Benzaldehyde

The Mukaiyama-aldol condensations were investigated for the different silyl
ketene acetals or silyl enol ethers with benzaldehyde (Scheme 3.3.2) at 373 K under
solvent free condition and the results obtained are presented in Table 3.3.5. The
reaction of ester derivative of silyl enol ether (Entry 1, 2 and 3) with benzaldehyde
was faster than the ketone (Entry 4 and 5) derivative of silyl enol ether due to (+)
mesomeric effect. Since, the B-carbon associated with the electron donating (+ I

effect) group, hence the nucleophilic addition is more preferable as seen with Entry 1,
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2 and 3 in Table 3.3.5. Lower conversion was observed when electron withdrawing
groups were attached with B-carbon at silyl enol ether as seen with Entry 4 and 5
(Table 3.3.5). The product selectivity was found to be 100 % in each silyl enol ether /

silyl ketene acetal.

OSiMe, )L Catalyst, 373 K O OSMe, q  OH
>_< * Ph No Solvent, 6-h ~_ —_— + SiMe,Cl
Ry Ph Ri Ph
Rs R2 Rs RZ

B-hydroxy carbonyl compound
Scheme 3.3.2. Mukaiyama-aldol condensation of different silyl ketene acetal or silyl
enol ether with benzaldehyde.
Where, entry 1 R;=OMe R,, R3=Me
entry 2 R;=O0OPh R, =H, R3; =Me
entry 3 R;=0OMe R,,R3=H
entry4 R;=Ph R,, R3=H

and entry 5 R;=Ph R, =H, R3; =Me
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Table 3.3.5. Solvent free Mukaiyama-aldol condensation of different silyl ketene
acetal / silyl enol ether with benzaldehyde over Ce-Al-MCM-41 ( Si/Ce = 59, Si/ Al

= 33, sample F) catalyst.”

Silyl enol ether / Conv.
Entry
Silyl ketene acetal (mole %)
Me OSiMe,
1 > 95
Me OMe
Me OSiMe
2. >= 7 87
H OPh
H 0SiMe,
3. > 81
H OMe
H OSiMe,
4 > 75
H Ph
Me OSiMe,
5 > 78

H Ph

* Reaction Condition: 10 mmol of silyl ketene acetal / silyl enol ether, 10 mmol of
benzalaldehyde, catalyst amount = 0.21 g, reaction time 6 h, reaction temperature 373
K. ® Conversion with respect to benzaldehyde and based on GC analysis.

3.3.3.6. Reaction of Methyl Trimethylsilyl Dimethylketene Acetal with Different
Adehydes

The conversions obtained in condensation of different aldehydes with methyl
trimethylsilyl dimethylketene acetal (Scheme 3.3.3) at 373 K under solvent free

condition are shown in Table 3.3.6.

. 0 [
= N g, L e g
A, : __INHCI + SiMe,Cl
e No Solvent, 6-h MeO%R MeOJ%R
B-hydroxy carbonyl compound

Scheme 3.3.3. Mukaiyama-aldol condensation of methyl trimethylsilyl
dimethylketene acetal with different aldehyde.
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The reactivity of aldehydes can be explained on the basis of their +I effect. As
the electron density on carbonyl carbon increases, the reactivity of aldehyde
decreases. Since, the order of +I is increasing from top to bottom (Entry 1 to 8, Table
3.3.6), the conversion also follows the reverse order, as expected.

Table 3.3.6. Solvent free Mukaiyama-aldol condensation of methyl trimethylsilyl
dimethylketene acetal with different aldehydes over Ce-Al-MCM-41 ( Si/Ce = 59,

Si/Al = 33, sample F) catalyst.”

Methyl
Entry Aldehydes trimethylsilyl Conv.”
(mole %)
dimethylketene acetal
1. 4-Nitrobenzaldehyde 98
2. 4-Cyanobenzaldehyde 96
3. Benzaldehyde 95
4, 4-Methoxybenzaldehyde Me  _ OSiMe, 85
5. Furfuraldehyde Me OMe 83
6. Propionaldehyde 80
7. Isobutyraldehyde 76
8. Octyldehyde 72

* Reaction condition: 10 mmol of methyl trimethylsilyl dimethylketene acetal, 10
mmol of aldehydes, catalyst amount = 0.21 g, reaction time 6 h, reaction temperature
373 K. ® Conversion with respect to aldehyde and based on GC analysis.
3.3.4. CONCLUSIONS

The cerium containing AI-MCM-41 samples can be used as efficient solid
catalyst for carbon-carbon bond formation reaction such as Mukaiyama-aldol
condensation as compared to the Ce-MCM-41 and AI-MCM-41 catalysts having

comparable Ce or Al contents. Quite high conversions could be obtained even under
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solvent free condition by raising the reaction temperature. The silyl ketene acetal
showed better activity than silyl enol ether. Further, higher conversions were observed
when aromatic aldehydes containing an electron-withdrawing (-I effect) group in
para-position of the benzene ring. Aliphatic aldehydes are less active than aromatic
aldehydes due to electron-releasing effect of the alkyl groups attached to —C=0
groups. The high conversion can be explained by total acid strength of Ce-containing

AI-MCM-41 samples.
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Chapter 4: Part A Michael-addition of indole to o, -unsaturated carbonyl compound

4.1.1. INTRODUCTION

Indole derivatives have attracted considerable attention from both the
synthetic and medicinal chemists. For example, the indole alkaloids such as harmicine
and tryptophan have been investigated for their therapeutic use covering a wide range
of medicinal applications.' The electrophilic substitution of 3-substitued indoles to
o, -unsaturated ketones is used to prepare important building blocks for the synthesis
of biologically active compounds and natural products.2 Also, nitrogen-containing
compounds are of significant importance in biologically active substances, dyes, and
fine chemicals.” Further, the B-amino carbonyl group is a common moiety in a large
variety of biologically active compounds such as alkaloids and polyketides.4 They
serve as attractive precursors in the preparation of y-amino alcohol, B-lactums, -
amino acid derivatives and chiral auxiliaries,’ many of which serve as antibiotics or
other drugs.6 Moreover, indoles can undergo two types of reactions: at NH (Michael
reaction) and at C3 (Michael as well as Friedel-Crafts reactions).

The Michael-addition of a, B -unsaturated carbonyl compound to indoles has
been attempted in the presence of various Lewis acids such as FeCls, LiCl, HgC12,7

lanthanide salts (Ln= La, Sm, Yb),® InCl; and InBrs;,” Pd,'® CeCl;'' Bi(NOs);,"
Bi(OTf)g,13 SC(DS)3,14 copper salts,15 and acidic clays16 etc. Again, acid catalyzed
reaction of indoles requires careful control of the acidity to prevent unwanted side
reactions, such as dimerization and polymerization.17

Although, Michael-addition of indole to enone has been reported under
solvent free condition, the yield of C-adduct product was lower.'®'**® Solvent-free
reactions have many advantages such as reduced pollution, lower costs and simplicity.

The present section deals with carbon-carbon bond formation reaction such as

Michael-addition of indole to o, -unsaturated carbonyl compound using
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trifluoromethanesulfonic acid (triflic acid, TFA) functionalized on Zr-TMS (Zr-TMS-
zirconia based transition metal oxide mesoporous molecular sieves) catalyst. The
reactions were carried out under solvent free condition. For a model catalytic
reaction, 3-methylindole and cyclohexenone were chosen as starting materials as
shown in Scheme 4.1.1. The effects of various reaction conditions, such as different
loadings of triflic acid over Zr-TMS, different amount of catalyst, effect of
temperature, recyclibilty of the catalyst, effect of different indole and o, B -

unsaturated ketone, have been studied.

cH, O o
3
@j\g Catalyst
+ \
N Solvent
H 353 K N

C2 -Adduct

N-Adduct

Scheme 4.1.1. Michael-addition of 3-methylindole and cyclohexenone.
4.1.2. GENERAL PROCEDURE FOR MICHAEL-ADDITION OF INDOLES
TO a, B-UNSATURATED CARBONYL COMPOUNDS

The catalytic liquid-phase reaction was performed in a two-necked round
bottom flask equipped with a water condenser and accompanied by vigorous stirring
(magnetic) under N, atmosphere. The catalyst was pre-activated at 393 K in vacuum
oven and was used for the reactions under extremely dry condition. In a typical
procedure, a mixture of indole (10 mmol) and o, -unsaturated carbonyl compound
(10 mmol) was added to a preactivated catalyst (0.1 g). The reaction mixture
(Scheme 4.1.1) was stirred magnetically at 353 K for 2 h. The progress of the reaction
was monitored by gas chromatography (Varian model-CP-3800) equipped with

capillary column and flame ionization detector (FID) as well as by thin layer
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chromatography (TLC). After completion of the reaction, the catalyst was separated
by filtration. The filtrate was diluted by dichloromethane (DCM), washed with 1N
HCI twice and finally washed with water three times. The organic layer was separated
and dried with anhydrous Na,SO,4 The solvent was removed by rotary evaporator to
produce crude product and then the corresponding product was purified through
column chromatography using silica gel (100-200 mesh), petroleum ether: ethyl
acetate = 3:1) The formation of the product was confirmed by employing GC, GC-

MS, 'H NMR, and "°C NMR techniques.

The 'H NMR spectrum of C2-adduct is shown below

Product: 3-(3-methyl-1H-indol-2-yl) cyclohexanone

Chlorqfor -d
N~ ODONOLUTON T-—OOLONOTVOWONOWDT NN
CIRERERERRRRY LOIIINROOLOLONNN=FH RN X

0.87 0.95 1.93 0.99 445297 2.34
(- U U4 - | | —
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
3(ppm)
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The "H NMR spectrum of N-adduct is shown below

Product: 3-(3-methyl-1H-indol-1-yl) cyclohexanone

Chlorqform-d
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090 299093 0.92 197 3.00 1.22
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75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0
&(ppm)

4.1.3. RESULTS AND DISCUSSION
4.1.3.1. Effect of Loading of Triflic Acid over Zr-TMS Materials

The catalytic activity of the samples for different loading of triflic acid (TFA)
on Zr-TMS was examined for the reaction between 3-methylindole and
cyclohexenone (Scheme 4.1.1). These results are plotted as a function of reaction time
in Figure 4.1.1. The conversion of 3-methylindole was found to increase from 38 to
87 % with increasing loading of triflic acid on Zr-TMS from 5 to 25 wt% (Table
4.1.1). The selectivity of C2-adduct was also found to increase with increasing
loading of triflic acid, with a consequent decrease in the selectivity of N-adduct
(Table 4.1.1). This trend finds correlation with the increase in the number of acid site

on functionalization of the Zr-TMS by triflic acid. The Michael products of N-adduct
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and C2-adduct were successfully isolated and characterized by 'H NMR
spectroscopy.

e N-adduct & ~ 4.72-4.57 (m) and C2-adduct 6 ~ 3.47-3.34 (m).

These differences are comparable with the changes in the methyl chemical shift noted
in N-methyl and C2-methyl indoles. Analogous differences were also observed in the
C NMR spetra :

e N-adduct C3' ~ 54.8 ppm; C2-adduct C3' ~ 36.9 ppm

e N-adduct C1’ ~ 209.6 ppm; C2-adduct C1’ ~ 211.7 ppm.

The catalytic activities of amorphous Zr-TMS-TFA-A (sample Q) and pure
triflic acid (sample R) are also shown in the Table 4.1.1 for reaction between 3-
methylindole and cyclohexenone. It was observed that the pure triflic acid
(homogeneous condition) gives rise to slightly higher conversion compared to that
obtained over amorphous Zr-TMS-TFA-25-A (~ 81 %, sample Q) catalyst. However,
the selectivity of C2-adduct was considerably lower with a consequent increase in N-
adduct selectivity over sample R vis-a-vis sample Q. Under the similar reaction
conditions, the conversion of 3-methylindole over Zr-TMS-TFA-25 (sample P)
catalyst is found to be higher (87 %) when compared to that obtained over sample Q
(81 %). However, the selectivity of C-adduct over Zr-TMS-TFA-25 (sample P, 95 %)
is quite high as compared to Zr-TMS-TFA-A (sample Q, 77 %).

The Michael-addition of 3-methylindole to cyclohexenone has also been
carried out by Ce-Al-MCM-41(Si/Ce = 38, Si/Al = 34) catalyst under identical
reaction condition for comparison purpose (curve G, Figure 4.1.1). However, the
conversion of 3-methylindole was found to be significantly lower than that of Zr-
TMS-TFA-25 catalyst (Table 4.1.1). The low conversion of 3-methylindole over Ce-

Al-MCM-41 sample can be explained by total acidity of Ce-Al-MCM-41 and Zr-

Ph. D. Thesis, University of Pune, October 2007 143



Chapter 4: Part A Michael-addition of indole to o, -unsaturated carbonyl compound

TMS-TFA catalyst. The total acidity of Ce-Al-MCM-41 (sample G, Table 2.1)
catalyst was found to be rather low than Zr-TMS-TFA-25 (sample P, Table 2.5)
catalyst. Hence, this result reveals that Michael-addition of 3-methylindole to

cyclohexenone needs high acidity in the catalyst. All further reactions were examined

over the Zr-TMS-TFA-25 (sample P, Table 2.5) catalyst.

100
—]]J
| —=—x
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—aA—M
801 —e—n
P —O—P
§ { =<—Q
N —o—R
——G
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%
5)
=
S 40+
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Reaction time (min)
Figure 4.1.1. Plot of conversion vs reaction time for Michael-addition of 3-

methylindole and cyclohexenone using different loading of triflic acid over Zr-TMS

catalyst.The sample notations as per Table 2.1 and 2.5, Chapter 2.
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Table 4.1.1. Michael-addition of 3-methylindole with cyclohexenone over different

Zr-TMS and MCM-41 catalysts (Table 2.1 and 2.5, Chapter 2).*

d Selectivity (%)
Conv. TON °©
Sample Catalysts C- N-
(mole %)
adduct  adduct
J Zr-TMS 38 - 74 24
K Zr-TMS-TFA-5 67 238.2 78 22
L Zr-TMS-TFA-10 74 131.5 86 14
M Zr-TMS-TFA-15 79 93.6 89 11
N Zr-TMS-TFA-20 83 73.7 93 7
P Zr-TMS-TFA-25 87 56.8 95 5
Q Zr-TMS-TFA-25-A° 81 50.5 77 23
R CF3SO3H ¢ 90 - 70 30
Ce-AI-MCM-41
G 25 28.2 95 5
(34, 38)

* Reaction condition: 3-methylindole (10 mmol), cyclohexenone (10 mmol), catalyst
amount = 0.1g, reaction time 120 min (2 h), reaction temperature 353 K.
® Amorphous material, ¢ Triflic acid taken 0.05g
4 Conversion (Conv.) with respect to 3-methylindole and based on GC analysis.
“ TON is given as moles of 3-methylindole transformed per mole of sulfur.
4.1.3.2. Effect of Catalyst Amount

The effect of catalyst amount on conversion of 3-methylindole was studied for
2 h at 353 K as Zr-TMS-TFA-25 (sample P) catalyst. From Figure 4.1.2, it is seen that
the conversion increases with increasing catalyst amount (curves a-d). The reaction
showed only marginal increase in the conversion as escalating catalyst amount from
0.08 to 0.1 gram (curves ¢ and d). There is no significant difference for the selectivity
of C-adduct and N-adduct with increasing amount of catalyst from 0.04 to 0.1 gram

(Table 4.1.2).
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Figure 4.1.2. Plot of conversion vs reaction time for Michael-addition of 3-
methylindole and cyclohexenone using Zr-TMS-TFA-25 catalyst (sample P) for
different amount of catalyst. Curves (a) 0.04 g, (b) 0.06 g, (c) 0.08 g, (d) 0.1g, (e) C-
adduct (0.1g catalyst, 353 K) and (f) N-adduct (0.1g catalyst, 353 K).

Table 4.1.2. Michael-addition of 3-methylindole with cyclohexenone for different

amount of catalyst Zr-TMS-TFA-25 (sample P, Table 2.5, Chapter 2).*

Catalyst Amount Conv. " Selectivity (%)
(gram) (mole %) C-adduct  N-adduct

0.04 52 92 8

0.06 71 93 7

0.08 82 95 5

0.1 87 95 5

* Reaction condition: 3-methylindole (10 mmol), cyclohexenone (10 mmol), reaction
time 120 min (2 h), reaction temperature 353 K.

® Conversion (Conv.) with respect to 3-methylindole and based GC analysis.
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4.1.3.3. Effect of Temperature

The triflic acid (TFA) functionalized Zr-TMS-TFA-25 (sample P) catalyst was
used to study the effect of temperature in Michael-addition of 3-methylindole to
cyclohexenone under solvent free condition for 2 h. From Figure 4.1.3, it is seen that
the temperature has remarkable effect for conversion of 3-methylindole. The
conversion of 3-methylindole was increased with increasing temperature from 298 to
353 K (curves a-c), as expected. The conversion increases with increasing
temperature upto 353 K and then remained almost unchanged (Table 4.1.3). The

selectivity of C-adduct however remained quite high (88-95 %, Table 4.1.3)

100
C
80- d
S b
R
7]
S
(=} a
S 40-
20-

0 T T T T T T T T T T T T T
0 20 40 60 80 100 120 140
Reaction time (min)
Figure 4.1.3. Plot of conversion vs reaction time for Michael-addition of 3-
methylindole and cyclohexenone using Zr-TMS-TFA-25 (sample P) catalyst at

different temperature. Curves (a) 298 K, (b) 333 K, (c) 353 K and (d) 373 K.
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Table 4.1.3. Michael-addition of 3-methylindole with cyclohexenone at different

temperature over Zr-TMS-TFA-25 (sample P, Table 2.5, Chapter 2) catalyst.”

Temperature Conv." Selectivity (%)
(K) (mole %) C-adduct  N-adduct
298 44 88 12
333 66 93 7
353 87 95 5
373 81 90 10

* Reaction condition: 3-methylindole (10 mmol), cyclohexenone (10 mmol), catalyst
amount = 0.1 g, reaction time 120 min (2 h), different reaction temperature.

® Conversion (Conv.) with respect to 3-methylindole and based GC on analysis.
4.1.3.4. Recycle Studies

The conversion and turn over number (TON) obtained for various cycles of
test runs using the Zr-TMS-TFA-25 catalyst (sample P) for Michael-addition of 3-
methylindole with cyclohexenone under solvent-free condition at 353 K for 2 h, are
plotted in Figure 4.1.4. After the reaction, the catalyst was filtered from hot reaction
mixture and the same catalyst was reused for four times without any activation. The
conversion decreased slowly from 87 to 77 % (4m recycle) as shown in Table 4.1.4.
The selectivity of C-adduct and N-adduct remained almost same. Marginal decrease
in the conversion during recycle studies was mainly due to partial leaching of triflic
acid. This was confirmed by chemical analysis for C and S (Table 4.1.4) of the fresh
and used catalyst after each cycle. However, the turn over number (TON), calculated
on the basis of sulfur content in the solid catalyst, and was found to be nearly the

same from the first to fourth recycle.
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Michael-addition of indole to o, -unsaturated carbonyl compound
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Figure 4.1.4. Conversion / turn over number (TON) when Michael-addition of 3-

methylindole and cyclohexenone was carried out on a catalyst sample for four

consecutive cycles.

Table 4.1.4. Recycle studies of Zr-TMS-TFA-25 catalyst for the Michael-addition of

3-methylindole with cyclohexenone under solvent free system.

Elemental

Recycle ) Selectivity (%) b
N analysis (wt%) Conv.? TON
0
(mole %) C- N-
C
adduct adduct
Fresh 1.91 4.90 87 95 5 56.8

I* 1.83 4.76 83 95 5 55.5

2 176 4.67 80 94 6 54.6

3 1.70  4.55 78 93 7 54.8

4 1.65 4.52 77 93 7 54.8
* Conversion with respect to 3-methylindole and based on GC analysis.
® TON is given as moles of 3-methylindole transformed per mole of sulfur.
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4.1.3.5. Michael-Addition of Different Indoles with Cyclohexenone

The results obtained for the Michael-addition of different substituted indoles

with cyclohexenone in the absence of any organic solvent are presented in Table

4.1.5. Among the various substrates investigated, 5-nitroindole (Entry 1) shows better

activity than other indoles. This may be due to presence of strong electron-

withdrawing (-NO; group) group in the 5-position of indole.

Table 4.1.5. Michael-addition of substituted indoles with cyclohexenone over Zr-

TMS-TFA-25 catalyst (sample P).”

C-adduct Conv.
Product (mole %)

Entry Indole

Selectivity (%)

C-adduct N-adduct

3. @ D 87
N N
H H
0}
0 e
N N
N
H

100 0
97 3
95 5
90 10

* Reaction Condition: 10 mmol of indole, 10 mmol of cyclohexenone, catalyst amount

=0.1 g, no solvent, reaction temperature 353 K, reaction time 120 min (2 h).

®Conversion (Conv.) with respect to indole and based on GC analysis.
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4.1.3.6. Michael-Addition of Different Indoles with Different a, B -Carbonyl
Compounds

The Michael-addition of different indoles with different o, [ -unsaturated
carbonyl compounds have been carried out under the identical reaction condition, and
the results are summarized in Table 4.1.6. The compounds having electron-
withdrawing group in 5-position of indole, generate more Michael product than other
indole as obtained in Table 4.1.5 (Entry 1, 2) and Table 4.1.6. (Entry 2 and 3). The
high conversion of Michael product of C-adduct was obtained for the reaction
between 3-methyl pent-3-ene-2-one and S-nitroindole (Entry 3, Table 4.1.6) rather
than with 3-nonen-2-one (Entry 4, Table 4.1.6). This is because of the only methyl
group which is present at B-carbon in the enone of 3-methyl pent-3-ene-2-one (Entry
3, Table 4.1.6). However, in case of 3-nonen-2-one (Entry 4, Table 4.1.6), with longer
carbon chain leads to less electrophilicity. Less conversion was obtained for the
reaction between 5-nitroindole and chalcone (Entry 5, Table 4.1.6) because of the
presence of two bulkier groups attached to o,3-unsaturated ketone.
Table 4.1.6. Michael-addition of different indoles with different o, B-unsaturated

carbonyl compounds over Zr-TMS-TFA-25 catalyst (sample P)."

o, B- ,  Selectivity (%)
Conv.
Unsaturated C-adduct
Entry Indoles (mole C- N-
carbonyl Product
%) adduct adduct
compounds
o H,C Q
CH,
HaCJH/\CHa AN CH, 85 92 8

N
L Q0
NC Q ’ CH,
2. m Hach\K\CHs Ne \ CHa 92 95 5
H
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* Reaction Condition: 10 mmol of indole, 10 mmol of o, P-unsaturated ketone,
catalyst = 0.1 g, no solvent, reaction temperature 353 K, reaction time 120 min (2 h).
® Conversion (Conv.) with respect to indole and based on GC analysis..
4.1.4. CONCLUSIONS

In conclusion, a methodology has been developed for the Michael-addition of
indole to a,B-unsaturated ketone by using triflic acid functionalized Zr-TMS as a
catalyst. The conversion and selectivity of C-adduct increases with the increase in the
triflic acid loading from 5 to 25 wt %. Further, high Michael adduct (C-adduct, 100
%) was observed in the reaction between S-nitroindole and 3-methyl pent-3-ene-3-
one. Based on these observations, the observed catalytic activity trend can be
explained on the basis of the total acid strength of triflic acid functionalized Zr-TMS
catalysts. The total acidity of the catalyst is found to increase with increasing loading

of triflic acid, as confirmed by TPD-ammonia measurements (Table 2.5, Chapter 2).

Ph. D. Thesis, University of Pune, October 2007 152



Chapter 4: Part A Michael-addition of indole to o, -unsaturated carbonyl compound

4.1.5. REFERENCES

1.

(a) R. J. Sundberg, The Chemistry of Indoles; Academic: New York, 1996, p.
113. (b) R. Livingstone, In Ansell, M. F., Ed. Rodd’s Chemistry of Carbon
Compounds, Elsevier: Oxford, 1984, Vol. 4.

(a) V. Snieckus, The Alkaloids, Vol. 11, Academic, New York, 1968. (b) G. W.
Gribble, Comprehensive Heterocyclic Chemistry, Vol. 2, 2nd ed., Pergamon,
New York, 1996, p. 203. (c) R. Gibe, M. A. Kerr, J. Org. Chem. 2002, 67, 6247.
(a) M. S. Gibson, in: S. Patai (Ed), The Chemistry of Amino Group,
Interscience, New York, 1968, p. 61. (b) J. March, Advanced Organic
Chemistry, 4th ed., Wiley, New York, 1992, p. 768.

(a) R. Baltzly, E. Lorz, P. B. Russell, F. M. Smith, J. Am. Chem. Soc. 1955, 77,
624. (b) C. B. Pollard, G. C. Mattson, J. Am. Chem. Soc. 1956, 78, 4089. (c) P.
Traxler, U. Trinks, E. Buchdunger, H. Mett, T. Meyer, M. Muller, U. Regenass,
J. Rosel, N. Lydon, J. Med. Chem. 1995, 38, 2441. (d) J. Staunton, B.Wilkinson,
Top. Curr. Chem. 1998, 195, 49.

(a) M. Tramontini, Synthesis 1973, 703. (b) Y. F. Wang, T. Izawa, S.Kobayashi,
M. Ohno, J. Am. Chem. Soc. 1982, 104, 6465. (c¢) G. L. Georg (Ed), The Organic
Chemistry of -Lactams, VCH Publishers, New York, 1993. (d) Y. Hayashi, J.
J. Rode, E. J. Corey, J. Am. Chem. Soc. 1996, 118, 5502. (e) S. Kobayashi, H.
Ishitani, Chem. Rev. 1999, 99, 1069.

(a) G. Cardillo, C. Tomasini, Chem. Soc. Rev. 1996, 117. (b) A. Graul, J.
Castaner, Drugs Future 1997, 22, 956. (c) E. Juaristi, H. Lopez-Ruiz, Med.
Chem. 1999, 6, 983.

(a) J. Cabral, P. Laszlo, L. Mahe, M. T. Montaufier, S. L. Randriamahefa,
Tetrahedron Lett. 1989, 30, 3969. (b) M. Perez, R. Pleixats, Tetrahedron 1995,
51, 8355.

(a) S. Matsubara, M. Yoshioka, K. Utimoto, Chem. Lett. 1994, 827. (b) G.
Jenner, Tetrahedron Lett. 1995, 6, 33. (c) Z.-P. Zhan, R.-F. Yang, K. Lang,
Tetrahedron Lett. 2005, 46, 3859.

(a) J. S. Yadav, S. Abraham, B. V. S. Reddy, G. Sabitha, Synthesis 2001, 265.
(b) T. P. Loh, L.-L. Wei, Synlett, 1998, 75. (c) M. Bandini, P. G. Cozzi, M. G.
Giacomini, P. Melchiorre, S. Selva, A. Umani-Ronchi, J. Org. Chem. 2002, 7,
3700.

Ph. D. Thesis, University of Pune, October 2007 153



Chapter 4: Part A Michael-addition of indole to o, -unsaturated carbonyl compound

10.
11.

12.

13.

14.
15.
16.
17.

18.

M. Kawatsura, J. F. Harwig, Organometallics 2001, 20, 1960.

G. Bartoli, M. Bosco, E. Marcantoni, M. Pertini, L. Sambri, E. Torregiani,

J. Org. Chem. 2001, 66, 9052.

(a) N. Srivastava, B. K. Banik, J. Org. Chem. 2003, 68, 2109. (b) B. K. Banik,
M. Fernandez, C. Alvarez, Tetrahedron Lett. 2005, 46, 2479. (c) S. Leitch,
Jennifer Addison-Jones, A. McCluskey, Tetrahedron Lett. 2005, 46, 2915

(a) R. Varala, M. M. Alam, S. R. Adapa, Synlett 2003, 720. (b) M. M. Alam, R.
Varala, S. R. Adapa, Tetrahedron Lett. 2003, 44, 5115.

K. Manabe, N. Aoyama, S. Kobayashi, Adv. Synth. Catal. 2001, 343, 174.

L. W. Xu, J. W. Li, C. G. Xia, S. L. Zhou, X. X. Hu, Synlett 2003, 2425.

N. S. Shaikh, V. H. Deshpande, A. V. Bedekar, Tetrahedron 2001, 57, 9045.
(a) M. Chakrabarty, R. Basak, N. Ghosh, Tetrahedron Lett. 2001, 41, 8331.
(b) I. Komoto, S. Kobayashi, Org. Lett. 2002, 4, 1115.

H. Firouzabadi, N. Iranpoor, M. Jafarpour, A. Ghaderi, J. Mol. Catal A: Chem.
2006, 252, 150.

Ph. D. Thesis, University of Pune, October 2007 154



Chapter 4: Part A Michael-addition of indole to o, -unsaturated carbonyl compound

4.1.6. "H NMR SPECTRA
The representative 'H NMR spectra are given below

Product (Table 4.1.5, Entry 1): 3-(5-nitro-1H-indol-3-yl) cyclohexanone
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Product (Table 4.1.5, Entry 4): 3-(1H-indol-3-yl) cyclohexanone
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Product (Table 4.1.6, Entry 2): 3-(3-Methyl-4-oxopentan-2-yl)-1H-indol-5-

eg e
carbonitrile
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Product (Table 4.1.6, Entry 3): 3-Methyl-4-(5-nitro-1H-indol-3-yl) pentan-2-one
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4.2.1. INTRODUCTION

Coumarin and its derivatives have been attracting great interest because of
their importance in synthetic organic chemistry. Coumarins are structural units of
several natural products,1 and feature widely in pharmacologically and biologically
active compounds.” They have been used widely: as anticoagulants,’ as additives in
food and cosmetics,” and in the preparation of insecticides, optical brighteners,4
dispersed fluorescent and laser dyes.5 Coumarin can be synthesized by using various
name reactions such as Pechmann,6 Perkin,7 Knoevenagel,8 Reformatsky,9 and Wittig

11,12 .
* However, the conventional

reaction'’ by using acidic as well as basic catalysts.
methods for coumarin synthesis requires drastic reaction conditions. For example, 4-
methyl-7-hydroxycoumarin has been prepared by stirring a mixture of resorcinol and
ethyl acetoacetate in concentrate H,SO4 for 12-24 h,13 where 7-hydroxy-4-
methylcoumarin is used as a starting material for the preparation of an insecticide
such as hymecromone. This process results in the formation of several byproducts,
requires long reaction time, and encompasses corrosion related problems.
Heterogeneous catalysts have also been used for the synthesis of coumarins and some

14,15 amberlyst 15,16 montmorillonite clay,17

examples of these catalysts are Nafion,
ionic liquids,18 and solid acid W/ZrO, " Recently, synthesis of 7-hydroxycoumarin
and their derivatives via the Pechmann reaction has been reported by using solid acid
catalysts (e.g. zeolite H-beta).”

Due to the growing concern for the adverse influence of the organic solvents
on the environment, organic reactions without use of organic solvents have attracted
the attention of chemists. Green chemistry as applied to chemical processes can be

considered as a series of reductions (energy, auxiliaries, waste, etc.) and should

always lead to the simplification of the process in terms of the number of chemicals
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and steps involved. Here, solvent-free procedures are described for the synthesis of
compounds having commercial value.

The present section deals with the carbon-carbon bond formation reaction such
as Pechman reaction of phenol and -ketoester for the synthesis of coumarins and
their derivatives. For the model catalytic reaction, ethyl acetoacetate (B-ketoester) and
resorcinol (1,3-dihydroxy phenol) were chosen as starting materials as shown in
Scheme 4.2.1. The effect of loading of different amout of trifluoromethanesulphonic
acid (triflic acid, TFA) over Zr-TMS catalyst (Zr-TMS-zirconia based transition metal
oxide mesoporous molecular sieves), different amount of catalyst, effect of
temperature, effect of different B-ketoester and phenol, and recyclibilty of the catalyst,

have been studied.

HO (6] (6]
HO OH M Catalyst
—— " + R-OH+H,0
+ No Solvent 2
H,C OR 7ok =
CH,
Where R = C,Hs or CH; 7-Hydroxy-4-methyl coumarin

Scheme 4.2.1. Pechmann reaction of resorcinol and B-ketoester.
4.2.2. GENERAL PROCCEDURE FOR PECHMANN REACTION

The catalytic liquid-phase reaction was performed in a two-necked round
bottom flask, equipped with a water condenser and accompanied by vigorously
stirring under N, atmosphere. Prior to the reaction, catalyst was activated at 393 K in
a vacuum oven and was used for the reactions under dry conditions. In a typical
procedure, a mixture of resorcinol (10 mmol) and ethyl acetoacetate (10 mmol) was
added to a preactivated catalyst (0.1 g). The reaction mixture (Scheme 4.2.1) was
stirred magnetically at 373 K for 12 h. The progress of the reaction was monitored by

gas chromatography (Varian model-CP-3800) equipped with capillary column and
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flame ionization detector (FID) as well as by thin layer chromatography (TLC). After
completion of the reaction, the catalyst was separated by filtration and then filtrate
was diluted by dichloromethane (DCM), washed with 1N HCI for two times and
finally washed with water for three times. The organic layer was separated and dried
with anhydrous Na;SO,, The solvent was removed by rotary evaporator to obtain the
crude product, which was then purified through column chromatography using silica
gel (100-200 mesh), petroleum ether: ethyl acetate = 3:1). The product was identified
and confirmed through GC, GC-MS, '"H NMR, BC NMR techniques. Product 7-
Hydroxy 4-methyl coumarin: M. P. 186-189 °C, (petroleum ether: ethyl acetate =
2:1), '"H NMR (200 MHz, CDCl; + 4-drops of dg-DMSO) 8ppm: 9.68 (s, 1H), 7.29-
7.33 (m, 1H), 6.68-6.72 (m, 2H), 5.92-5.95 (m, 1H), 2.27 (s, 3H).""C NMR (100
MHz, CDCls) 6 161.20, 161.12, 154.97, 153.04, 125.70, 112.99, 110.43, 102.6, 18.38.

Product: 7-Hydroxy-4-methyl coumarin

Chloroflorm—d de-DMSO
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4.2.3. RESULTS AND DISCUSSION
4.2.3.1. Effect of Loading of Triflic Acid over Zr-TMS Materials

Figure 4.2.1 shows the time dependenent conversion of the Pechmann reaction
of resorcinol and ethyl acetoacetate to produce corresponding 7-hydroxy-4-methyl
coumarin, using different amount of triflic acid (TFA) loaded on Zr-TMS as catalysts.
Although, the reaction was continued for a period of 12 h at 373 K, there was only
marginal increase after 9h. The conversion of resorcinol was found to be only ~ 38%
in the case of Zr-TMS catalyst. The conversion was found to increase as the loading
of triflic acid on Zr-TMS increased from 5-25 wt %. The product selectivity was
always found to be ~ 100 % in each system (Table 4.2.1.). The product (7-hydroxy-4-
methyl coumarin) has been successfully isolated (Scheme 4.2.1.) and confirmed by 'H

and °C NMR spectroscopy.

100

Conversion (%)

Reaction time (h)

Figure 4.2.1. Plot of conversion vs reaction time for Pechmann reaction of resorcinol
and ethyl acetoacetate for different loading of triflic acid over Zr-TMS catalyst. The

sample notations as per Table 2.1 and 2.5, Chapter 2.
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Table 4.2.1. Synthesis of coumarin by Pechmann reaction of resorcinol and ethyl
acetoacetate over catalysts containing different loading of triflic acid on Zr-TMS and

MCM-41 catalysts (Table 2.1 and 2.5, Chapter 2).*

Conv.? TON ©
Sample Catalyst Selectivity (%)
(mole %)
J Zr-TMS 38 - 100
K Zr-TMS-TFA-5 59 209.7 100
L Zr-TMS-TFA-10 68 120.8 100
M Zr-TMS-TFA-15 74 87.7 100
N Zr-TMS-TFA-20 84 74.6 100
P Zr-TMS-TFA-25 88 57.4 100
Q Zr-TMS-TFA-25-A° 81 50.5 100
R CF;SOsH © 90 - 85
Ce-Al-MCM-41
G 23 26.0 100
(38,34)

* Reaction condition: 10 mmol of resorcinol, 10 mmol of ethyl acetoacetate, catalyst
amount = 0.1 g, no solvent, reaction temperature 373 K, reaction time 9 h.

b Amorphous material.

¢ Triflic acid taken 0.05 g.

4 Conversion (Conv.) with respect to resorcinol and based on GC analysis.

“ TON is given as moles of resorcinol transformed per mole of sulfur.

The same reaction was carried out by using an amorphous catalyst Zr-TMS-
TFA-25-A (sample Q) that contained a loading of 25 wt % of triflic acid. The
conversion was obtained ~ 81 % to be compared with 88 % on catalyst P. This can be
explained by the non-uniform pore size, low porosity, and low surface area of the
amorphous Zr-TMS-TFA-25-A catalyst. On the other hand, the conversion of

resorcinol was observed almost 90 % by use of pure triflic acid (sample R) under

Ph. D. Thesis, University of Pune, October 2007 161



Chapter 4: Part B Synthesis of coumarins by Pechmann reaction

homogeneous system. The product selectivity was found to be only ca. 85 %. This
may be attributed to the selective nature of unsupported triflic acid. The results are
given in Table 4.2.1. Similarly, the turn over number (TON) of Zr-TMS-TFA-25
(sample P) catalyst was also found to be more than that of the amorphous Zr-TMS-
TFA-25-A (sample Q) catalyst.

The catalytic activity of Ce-Al-MCM-41(Si/Ce = 38, Si/Al = 34, sample G,
Table 2.1) was also examined for the Pechmann reaction of resorcinol and ethyl
acetoacetate under the identical reaction condition for comparison purpose as shown
in Figure 4.2.1 (curve G). The catalyst shows lower conversion. It may be recalled
that similar observation were made in case of Michael-addition of 3-methylindole to
cyclohexenone. This lower activity of Ce-Al-MCM-41 vis-a-vis Zr-TMS-TFA
catalyst can be attributed to lower acidity of Ce-AI-MCM-41 over Zr-TMS based
catalyst. This result reveals that Pechmann reaction needs stronger acidity. Further, all
the reactions were examined over the Zr-TMS-TFA-25 (sample P, Table 2.5) catalyst.
4.2.3.2. Effect of Catalyst Amount

To optimize the amount of catalyst for the synthesis of coumarin by Pechmann
reaction of resorcinol and ethyl acetoacetate (Scheme 4.2.1) was carried out under
solvent free condition over Zr-TMS-TFA-25 (sample P, Table 2.5) catalyst. The
reaction was stirred for a period of 12 h at 373 K. From Figure 4.2.2, it is seen that the
conversion is increases progressively with increasing catalyst amount (curves a-d).

The product selectivity of coumarin was found to be ca. 100 % in each case.
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100

Conversion (%)

O T T T T
0 3 6 9 12 15

Reaction time (h)

Figure 4.2.2. Plot of conversion vs reaction time for Pechmann reaction of resorcinol
and ethyl acetoacetate using Zr-TMS-TFA-25 (sample P, Table 2.5) catalyst for
different amount of catalyst. Curves (a) 0.04 g, (b) 0.06 g, (c) 0.08 g and (d) 0.1g.
4.2.3.3. Effect of Temperature

The synthesis of coumarin by Pechmann reaction of resorcinol and ethyl
acetoacetate was carried out for different temperature under solvent free condition
using Zr-TMS-TFA-25 (sample P, Table 2.5) catalyst for 12 h. The product selectivity
of coumarin was found to be ca. 100 % at each temperature. As expected, the
conversion increases by increasing the temperature from 298 to 373 K (Figure 4.2.3,

curves a-d).
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Figure 4.2.3. Plot of conversion vs reaction time Pechmann reaction of resorcinol
and ethyl acetoacetate using Zr-TMS-TFA-25 (sample P, Table 2.5) catalyst for
different temperature. Curves (a) 298 K, (b) 333 K, (c¢) 353 K and (d) 373 K.
4.2.3.4. Recycle Studies

The synthesis of coumarin by Pechmann reaction, as mentioned above, was
carried out on Zr-TMS-TFA-25 catalyst (sample P, Table 2.5) for four consecutive
reaction recycles. The conversion and turn over number (TON) observed in these
experiments, conducted under solvent free condition at 373 K for 9 h, are shown in
Figure 4.2.4. After the reaction, the catalyst was filtered from hot reaction mixture
and reused for four successive test runs without any activation. The conversion was
found to decrease slowly after each cycle reaching to 78 % in 4 recycle of the
reaction. These data are shown in Table 4.2.2. The decrease in the conversion can be
ascribed to the decrease in the carbon and sulfur content in solid catalyst due to partial
leaching / breaking of the TFA as confirmed by elemental analysis (Table 4.2.2). The

turn over number (TON) was however found to be nearly the same for all the four
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cycles of test runs. The TON, values given in the Table 4.2.2 is calculated on the basis
of the sulphur content in the solid catalyst. As seen in the data given in Table 4.2.2,
the product selectivity for formation of 7-hydroxy-4-methyl coumarin is ~100 % in

each recycle.
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Figure 4.2.4. Conversion / turn over number (TON) observed during the consecutive
test runs using a Zr-TMS-TFA-25 catalyst for Pechmann reaction of resorcinol and
ethyl acetoacetate.

Table 4.2.2. Recycle studies of Zr-TMS-TFA-25 catalyst for Pechmann reaction of

resorcinol and ethyl acetoacetate under solvent free system.

Recycle Elemental ,
Conv.* Selectivity X
No analysis (wt %) TON
(mole %) (%)
C S
Fresh 1.91 4.90 88 100 57.4
I 1.83 4.76 83 100 56.3
ond 1.75 4.63 81 100 55.9
31 1.69  4.52 79 100 55.9
4 1.61 447 78 100 55.8

* Conversion (Conv.) with respect to resorcinol and based on GC analysis.

® TON is given as moles of resorcinol transformed per mole of sulfur.
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4.2.3.5. Effect of Different Substrates

The different substrates were examined for the Pechmann reaction and the
results are summarized in Table 4.2.3. All the reactions were performed under the
solvent free condition by using Zr-TMS-TFA-25 (sample P, Table 2.5) as catalyst at
temperature of 373 K for 9 h. The Pechmann reactions were carried out with different
phenol and B-ketoester (e.g. ethyl acetoacetaec and methyl acetoacetate) as shown in
Table 4.2.3. Same products are obtained in both the cases. It is seen that the slightly
higher conversion was obtained for methyl acetoacetate compared to that obtained for
ethyl acetoacetate. This is because of the more electron-donating group (-OEt group)
is attached with ethyl acetoactate which result less electropositive of -keto carbonyl
group. Hence, the attack of nucleophile to ethyl acetoactate will be less facile than
methyl acetoacetate. The higher conversions were found for the reaction of 1, 3, 5-
trihydroxybenzene (Entry 3) with ethyl acetoacetate and methyl acetoacetate than
other substituted phenols. This is mainly because of the presence of three hydroxyl
groups in the benzene ring and it helps in activating the aromatic ring for
hydroxyalkylation. However, in case of 1, 3-dihydroxy-5-methylbenzene (Entry 2),
the significantly low conversion was observed than that of other phenols. This may be

due to the presence of methyl group meta to the position of hydroxyalkylation.
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Table 4.2.3. Synthesis of coumarin derivatives by Pechmann reactin under solvent

free condition over Zr-TMS-TFA-25 catalyst (sample P).”

B-ketoesters, Conv. b (mole %)
Entry Phenols Product
Ethyl acetoacetate Methyl acetoacetate

HO OH HO Op°
1. \©/ 88 91 ~
HO OH HO o (0]
\©/ 71 74 W
CH,
HO OH HO ¢} (o}
3. \Q/ 93 96 \Q;j
OH
HO 4 OH Ho ° °
\(j 82 87 P

a
(e}
5. 85 90 O O | on

*Reaction condition: 10 mmol of phenol, 10 mmol of B-ketoester, no solvent, reaction
temperature 373 K, catalyst amount = 0.1 g, reaction time 9 h.
® Conversion (Conv.) with respect to phenol and based on GC analysis.
4.2.4. CONCLUSIONS

In conclusion, a methodology has been developed for the synthesis of
coumarin and its derivatives by Pechmann reaction by using triflic acid functionalized
over Zr-TMS catalyst under solvent free condition at 373 K. The conversions were
found to increase with increasing loading of triflic acid from 5 to 25 wt %. The
product selectivity was always found to be ~ 100 %. Further, the higher conversion

was observed in the reaction between 1, 3, S5S-trihydroxybenzene and
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methylacetoacetate. The recycling studies support the stability of the catalyst at the
reaction temperature. The catalytic activities are explained on the basis of the total
acid strength of triflic acid functionalized Zr-TMS catalysts and the total acidity of the
catalysts increasing with increasing loading of triflic acid, as confirmed by TPD-

ammonia measurements (Chapter 2, Table 2.5).
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4.2.6. '"H NMR SPECTRA

The representive 'H NMR spectra are given below

Product (Table 4.2.3, Entry 2): 4, 5-Dimethyl-7-hydroxy coumarin

Chlorolforrn-d

b & & 3 & R & o S
ds-DMSO |
HO 0._0 I
Z I
CH, CH,

Il 1 Jn .0

1.00 1.96 0.97 3.92 3.21
— — —l [H] Ll H
10 9 8 7 6 5 4 3 2 1
d (ppm)

Product (Table 4.2.3, Entry 3): 4-Methyl-5, 7-dihydroxy coumarin

ChIorc|>form-d

M~ 0 OO M < —
© < 34 MOON & o)) .
[ ¥ N WO W 1o o o
[/ -
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4
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Product (Table 4.2.3, Entry 5): 4-Methyl-2H-benzo [h] chromene-2-one

Chloroforlm-d
N T NN DM N QO © W [ o S
0 © N © YOO o, Ado 0 0 © S
NN NNMNNNNNNDN O — T
A L T O N M N N =
O
1]
|
|
! —
|
I 1 |
}
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Chapter 5 Michael-addition of B-nitrostyrene to malonate

5.1. INTRODUCTION

There are many organic superbases such as 1,5,7-triazabicyclo [4.4.0] dec-5-
ene (TBD), 3,4,6,7,8-hexahydro-1-methyl-2H-pyrimido [1,2-a] pyrimidine (MTBD),
1,4-diazabicyclo [2,2,2] octane (DABCO), 1,8-diazabicyclo [5.4.0] undec-7-ene
(DBU) and tetramethylguanidine (TMG) etc. Among the various organic superbases,
1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD) has been widely utilized in organic
synthesis because of its high pKa value. For example, TBD promote various organic
reactions such as Wittig reaction,” nitroaldol (Henry) reaction,” dialkyl phosphate
addition to carbonyl compounds4 and the addition of azoles to o, B-unsaturated
nitriles and esters,” and Baylis—Hillman reactions.

Several authors have reported Michael-addition of [-nitrostyrene to
malonates,7 1, 3-dicarbonyl compounds,8 ketones,9 aldehydes,10 N—heterocycles11 and
indoles,'” using homogeneous catalyst. The Michael-addition to nitroalkenes has been
developed as a powerful tool in organic synthesis, because Michael adducts are
versatile building blocks for agricultural and pharmaceutical compounds. For
example, the Michael-addition of PB-nitrostyrene to diethyl malonates produced
Michael adducts.

This chapter deals with an effort towards developing green protocol for
synthesis of diethyl 2-(3-nitro-phenylethyl) malonate and its derivatives by Michael-
addition of P-nitrostyrene (nitro-alkene) and malonate using TBD immobilized
mesoporous MCM-41/SBA-15 catalysts. The use of single step solventless conditions
in combination with heterogeneous catalysts represents one of the main aspects of
green chemical methods. For catalytic model reaction, B-nitrostyrene and diethyl
malonate was chosen as starting material as shown in reaction Scheme 5.1. To the

best of my knowledge, this is the first example of solid base heterogeneous catalyst
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for Michael-addition of [-nitrostyrene to malonate. The effect of different
mesoporous materials as support, effect of amount of catalyst; effect of temperature,
recyclability of the catalyst and different substrates have been studied in this chapter.

The product was successfully isolated by column chromatography and identified by

'H NMR spectroscopy.
0 0
0 0
Catalyst EtO OEt
X _-NO /”\)J\ >
Ph/\/ 2 EtO OEt No Solvent NO
373K Ph 2

Scheme 5. 1. Michael-addition of B-nitrostyrene and diethyl malonate.

5.2. GENERAL PROCEDURE FOR MICHAEL-ADDITION OF B-
NITROSTYRENE TO MALONATE

The catalytic liquid-phase reaction was performed in a two-necked round
bottom flask with a water condenser under vigorously stirring in N, atmosphere. The
catalyst was preactivated at 393 K in a vacuum oven and subsequently used for the
reactions under dry conditions. In a typical procedure, a mixture of B-nitrostyrene (10
mmol) and diethyl malonate (10 mmol) was added to a preactivated catalyst (0.2 g).
The reaction mixture was stirred magnetically at 373 K for a period of 12 h. The
progress of the reaction was monitored by gas chromatography (Varian model-CP-
3800) equipped with capillary column and flame ionization detector (FID) as well as
by thin layer chromatography (TLC). After completion of the reaction, the catalyst
was separated by centrifugation and then filtrate was diluted with dichloromethane
(DCM), washed with 1IN HCI for two times and finally washed through water for
three times. The organic layer was separated and dried with anhydrous Na,SO4 The
solvent was removed by rotary evaporator to the produce crude product and then

corresponding product was purified through column chromatography using silica gel
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(100-200 mesh), petroleum ether: ethyl acetate (3:1) and confirmed through GC, GC-
MS, 'H NMR, 3C NMR. The 'H NMR spectra were recorded in a 200 MHz using
CDCl; as solvent.

'H NMR (200 MHz, CDCls) Sppm: 1.03 (t, 3H), 1.25 (t, 3H), 3.84 (d, 1H), 4.04 (q,
2H), 4.16-4.26 (m, 3H), 4.88-4.98 (d q, 2H), 7.20-7.31 (m, 5H).

C NMR (100 MHz, CDCl3) 8ppm: 13.7, 13.9, 42.9, 54.9, 61.9, 62.1, 77.2,77.6,

128.0, 128.3, 128.9, 136.2, 166.8, 167 .4.

Product: Diethyl 2-(2-nitro-1-phenylethyl) malonate

Chlorolformd
— 0O~ T O DT—-— DO ONOODOT=INT IO OO~ OMD
SARRERRRA NNV OONNT™ — OO QMN NANNO QS
N S N N ST SFSFSFSTFSFSTOOOH e o
LG e L e
0 0 [
EtO OEt
NO,
Ph
|
|
1
J 1 M \
5.19 2.01 3.02 1.02 3.23
(] L [y [y
ﬂ"m"wmwmmmwmwﬁwrmwmwmmmmmmwmmmm
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 05 0.0
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5.3. RESULTS AND DISCUSSION
5.3.1. Effect of Reaction Time

Figure 5.1 A shows the effect of reaction time on conversion of B-nitrostyrene
over MCM-41-TBD and SBA-15-TBD catalyst in Michael-addition of B-nitrostyrene
with diethyl malonate (Scheme 5.1) to produce corresponding diethyl 2-(2-nitro-1-
phenylethyl) malonate. Ethanol (EtOH) was used as a solvent in these experiments at
353 K. Although, each experiment was continued for ca. 12 h, there was only
marginal increase in the conversion after 9 hours of the reaction. The individual
experiments were performed for MCM-41-TBD and SBA-15-TBD catalyst under N,
atmosphere. It was observed that the conversion of B-nitrostyrene was reached 65 and
71 % within 9-h over the MCM-41-TBD and SBA-15-TBD catalyst, respectively
(Figure 5.1 A).

The catalytic activity was also examined for Michael-addition of [3-
nitrostyrene and diethyl malonate over (a) MCM-41-TBD and (b) SBA-15-TBD
catalyst under solvent free system at 353 K. The reaction data are plotted as function
of time in Figure 5.1 B. Under solvent free system, 67 and 75 % conversion of [3-
nitrostyrene were obtained within 9-h over the MCM-41-TBD and SBA-15-TBD
catalyst, respectively (Figure 5.1B). The selectivity towards the product over both
catalysts was found to be 100 %. It was observed that there was marginal increase in
the conversion of B-nitrostyrene under solvent free condition (vis-a-vis in the
presence of solvent, ethanol) over the MCM-41-TBD and SBA-15-TBD catalyst
(Table 5.1). Since, SBA-15-TBD catalyst exhibited higher activity compared to that
of MCM-41-TBD under same reaction (Table 5.1); further studies were carried out

using SBA-15-TBD catalyst.
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Figure 5.1. Effect of reaction time on conversion for Michael-addition of f-

nitrostyrene and diethyl malonate over (a) MCM-41-TBD and (b) SBA-15-TBD

catalyst with (A) ethanol as solvent and (B) no solvent at 353 K.

Table 5.1. Michael-addition B-nitrostyrene with diethyl malonate over MCM-41-TBD

and SBA-15-TBD catalyst at different temperature.”

Catalysts Solvent Temperature Conv." TON ¢
(K) (mole %)
MCM-41-TBD  Ethanol 353 63 339
MCM-41-TBD  No solvent 353 67 36.0
SBA-15-TBD  Ethanol 353 71 36.3
SBA-15-TBD  No solvent 353 75 384
SBA-15-TBD  No solvent 373 81 414
SBA-15-TBD  No solvent 333 50 25.6
SBA-15-TBD  No solvent 298 23 11.7

*Reaction condition: B-nitrostyrene (10 mmol), malonate (10 mmol), reaction

temperature 298-373 K, reaction time 9 h, catalyst amount = 0. 2 g.

® Conversion (Conv.) with respect to B-nitrostyrene and based on GC analysis.
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“TON is given as moles of B-nitrostyrene transformed per mole of nitrogen.
5.3.2. Effect of Catalyst Amount

To optimize the amount of catalyst for the Michael-addition of B-nitrostyrene
with diethyl malonate, the reaction was carried out under solvent free condition over
SBA-15-TBD catalyst for 12 h using varying amount of catalyst (3.5 to 13.3 wt %
with respect to P-nitrostyrene). The conversion of P-nitrostyrene was found to
increase when catalyst amount was increased from 0.05 (3.3 wt %) to 0.2 g (13.3 wt
%) (Figure 5.2, curves a-d). The product selectivity was always obtained ca. 100%.
About 10 wt % catalyst is required amount for significant Michael-addition of [3-

nitrostyrene with diethyl malonate.

90
d
754 C
S 5
< 60
= 9 b
=
£
S 45
=
S a
30+
15+
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0 3 6 9 12
Reaction time (h)

Figure 5.2. Plot of conversion vs reaction time for Michael-addition of B-nitrostyrene
with diethyl malonate using different amount of SBA-15-TBD catalyst under solvent
free condition at 373 K. Curves (a) 0.05 g (3.3 wt %), (b) 0.1 g (6.6 wt %), (c) 0.15 g

(10 wt %) and (d) 0.2 g (13.3 wt %).
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5.3.3. Effect of Temperature

The effect of temperature was examined for Michael-addition of -
nitrostyrene with diethyl malonate under solvent free condition over the SBA-15-TBD
catalyst for 12 h (Figure 5.3). Individual experiments were performed at each
temperature under identical reaction conditions. The rate of B-nitrostyrene conversion
was increased with increasing temperature from 298 to 373 K as expected (curves a-
d). However, there was no significant change in conversion as further increasing
temperature from 353 to 373 K (Figure 5.3, curves ¢ and d) and these data are

presented in Table 5.1.
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Figure 5.3. Plot of conversion vs reaction time for Michael-addition of B-nitrostyrene
with diethyl malonate over SBA-15-TBD catalyst at different temperature.

Curves (a) 298 K, (b) 333 K, (c) 353 K and (d) 373 K.
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5.3.4. Recycle Studies

In order to check the recyclibility and stability of the catalyst, the Michael-
addition of B-nitrostyrene with diethyl malonate was carried out for three consecutive
reaction cycles using SBA-15-TBD catalyst. After the reaction, the catalyst was
filtered from hot reaction mixture, washed with dichloromethane and used for three
successive times without any further activation. The conversion and turn over number
(TON) obtained for the period of recycle studies of the SBA-15-TBD catalyst are
plotted as a function of number of recycles under solvent-free condition at 373 K for
12 h (Figure 5.4). The conversion was decreased from 81 to 76 % in the first recycle,
and then it decreases slowly upto 69 % (3" recycle) as shown in Figure 5.4. The
conversion decreased due to loss of nitrogen content (due to leaching) in the solid
catalyst as confirmed by elemental analysis (Table 5.2). Nevertheless, the TON was
found to remain unchanged when calculated on the basis of the N remaining in the

solid catalysts after these consecutive test runs.

17 o
B EEN
B 111"
" RRRE

Fresh st 2nd  3rd

Number of recycles

Figure 5.4. Conversion and turn over number (TON) during successive recycles of a

catalyst sample for Michael-addition of B-nitrostyrene and diethyl malonate at 373 K.
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Table 5.2. Recycle studies of SBA-15-TBD catalyst for Michael-addition of [3-

nitrostyrene and diethyl malonate under solvent free condition.

Elemental analysis

Recycle Conv.* TON ° Selectivity
(Wt%)
No (mole %) (%)
C H N
Fresh 16.0 3.8 4.1 81 414 100
1™ 154 3.6 39 76 40.5 100
ond 143 3.1 3.6 71 41.1 100
3 11.9 2.8 32 69 39.0 100

* Conversion (Conv.) with respect to B-nitrostyrene and based on GC analysis.
® TON is given as moles of B-nitrostyrene transformed per mole of nitrogen.
5.3.5. Michael-Addition of B-Nitrostyrene with Different Malonates

The different substrates were examined for the Michael-addition of [-
nitrostyrene with different malonates over SBA-15-TBD catalyst. All the reactions
were performed under solvent free condition at 373 K for 9 h in N, atmosphere. The
corresponding results are summarized in Table 5.3. The product selectivity of all the
reactions was observed ca. 100 %. As compared to dimethyl malonate (Entry 2), less
conversion was obtained when diethyl malonate was used (Entry 1). This is because
of the less electron delocalization in diethyl malonate (Entry 1) and due to the more
electron donating nature of ethoxy group in it which results in the less electronegative
a-substituted malonate. Hence, the attack of nucleophile to electrophile will be less
facile in diethyl malonate than dimethyl malonate. Slightly less conversion was
obtained in the case of dimethyl methylmalonate (Entry 3) than dimethyl
methoxymalonate (Entry 4). This is mainly because of the more electron-donating

group (-OMe group) present in dimethyl methoxymalonate (Entry 4). Since, methoxy
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group (-OMe) is more electron-donating than methyl group, so, the formation of
nucleophile in o-substituted malonate will be more in dimethyl methoxymalonate
(Entry 4) than dimethyl methylmalonate (Entry 3). In the case of Entry 5, the
significantly low conversion was obtained for the reaction of B-nitrostyrene and
diethyl ethylmalonate. However, no conversion was observed for the reaction of [-
nitrostyrene with diethyl phenylmalonate (Entry 6, 0 %) even after the reaction was
carried out for 24 h. This is mainly because of the presence of more sterically
hindered phenyl group in a-substituted malonate (Entry 6). Hence, it is not possible to
make nucleophilic center in o-substituted malonate. Therefore, attack of nucleophile
to electrophile did not occur in this reaction.

Table 5.3. Michael addition of B-nitrostyrene with different malonate over SBA-15-

TBD catalyst.”
Conv. ¢
Entry Malonate Product
(mole %)
o} @)
1. Diethyl malonate 81 EtO OEt
NO,
Ph
0O o}
Dimethyl
2. 84 MeO OMe
malonate NO,
Ph
o 0O
3 Dimethyl 26 MeO OMe
' methylmalonate on NO,
CH,
0O o}
A Dimethyl %0 MeO OMe
methoxymalonate o NO,

OMe
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0O o}
ethylmalonate o NO,
CZHS
o 0
6.b Diethyl 0 EtO OFEt
phenylmalonate o NO,
Ph

* Reaction condition: B-nitrostyrene (10 mmol), malonate (10 mmol), no solvent,
reaction temperature 373 K, reaction time 9 h, , catalyst amount =0. 2 g.
® Reaction time 24 h.
® Conversion (Conv.) with respect to B-nitrostyrene and based on GC analysis.
5.3.6. Michael-Addition of Different Nitrostyrenes with Different Malonates

The Michael-addition was also carried out with different nitrostyrenes and
different malonates under identical reaction condition and these results are
summarized in Table 5.4. The conversion obtained was 79 and 84 % for the reactions
of diethyl malonate with p-OMe-NO, styrene (Entry 1) and p-CI-NO, styrene (Entry
2), respectively. Similarly, the reaction of dimethyl malonate with p-OMe- NO,
styrene (Entry 3) and p-CI-NO, styrene (Entry 4) gave conversion of 84 and 91%,
respectively. High conversion was observed when the reaction was carried out with p-
CI-NO; styrene (Entry 2, 4) and diethyl malonate as well as with dimethyl malonate.
This is mainly because of the presence of electron-withdrawing group (-Cl) in the 4-
position of nitrostyrene (Entry 2 and 4). Since, chlorine has more electron-
withdrawing power than methoxy (-OMe) group, so, the electropositive character will
be high at B-carbon in nitro styrene. Hence, attack of nucleophile to electrophile will

be more facile which leads to the more conversion of the reaction.
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Table 5.4. Michael-addition of different nitrostyrene with different malonate over

SBA-15-TBD catalyst.”

) Conv. "
Entry Malonate  Nitrostyrene Product
(mole %

Diethyl p-OMe-NO,

malonate Styrene

Diethyl p-CI-NO,

)
o 0o
Et0 OFt
NO,
MeO
o o
EtO OFt
' malonate Styrene NO,
cl
0 0
3 Dimethyl p-OMe-NO, " MeO OMe
' malonate Styrene NO,
MeO
o o
Dimethyl p-CI-NO, MeO OMe
’ NO,
cl

malonate Styrene

* Reaction condition: nitrostyrene (10 mmol), malonate (10 mmol), no solvent,
reaction temperature 373 K, reaction time 9 h, catalyst amount=0. 2 g.
®Conversion (Conv.) with respect to B-nitrostyrene and based on GC analysis.
5.4. CONCLUSIONS

To conclude, a well-organized and environmentally friendly catalyst has been
successfully synthesized by a facile two-step route immobilization and a methodology
has been developed for carbon-carbon bond formation reaction such as Michael-

addition of B-nitrostyrene to malonate. This methodology is applicable to wide range

Ph. D. Thesis, University of Pune, October 2007 183



Chapter 5 Michael-addition of B-nitrostyrene to malonate

of substrates making it a useful addition reaction for the organic chemists. Since,
1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD) is inexpensive and commercially
available, so converting homogeneous TBD into heterogeneous TBD catalyst is a
better option as it can be easily filtered as well as can be recycled for several times.
The loss of activity is observed to some extent after three recycles which may be
because of the decrease of nitrogen content and loss of crystallanity of the SBA-15-

TBD catalyst.
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5.6.'"H NMR SPECTRA
The representative Michael products of "H NMR spectra are given in the following

Product (Table 5.3, Entry 2): Dimethyl 2-(2-nitro-1-phenylethyl) malonate

Chlorolform-d
NOANON~NMONS DONONANODODO == VONANDDWY LW WO
QOO NNAN - QAN RNRQORNNNNN = QN W
L D D D D D D ) St OOO®
R 0 LA 250
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MeO OMe
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. |
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Product (Table 5.4, Entry 1): Diethyl 2-(1-(4-methoxyphenyl)-2-nitroethyl)

malonate
Chloro!orm»d
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Product (Table 5.4, Entry 3): Dimethyl 2-(1-(4-methoxyphenyl)-2-nitroethyl)

malonate
Chloroflorm-d
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N = == OwW®QN NN N G ©Q @ @ @ N N N— == QNN NN
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MeO OMe
NO,
MeO

L

6.07 3.00

=y ]

L B N B i
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Product (Table 5.4, Entry 4): Dimethyl 2-(1-(4-chlorophenyl)-2-nitroethyl)

malonate
Chlorolform»d
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6.1. SUMMARY

The present thesis is divided into six chapters including the present on as
follows:

Chapter 1 presents a general introduction about various aspects of
mesoporous materials and organic-inorganic hybrid mesoporous materials. Different
factors influencing their formation, synthesis mechanism, approaches for surface-
functionalization and commonly used -characterization techniques are briefly
presented. The applications of these materials for different carbon-carbon bond
formation reactions are also discussed. A detailed review of the work done on the
above aspect is also presented here in this chapter. Finally the scope and objectives of
the present work have been outlined at the end of this chapter.

Chapter 2 describes the detailed synthesis of (i) Cerium-containing AI-MCM-
41samples by the direct substitution method, (ii) Zr-TMS (mesoporous transition
metal oxides) along with its functionalization by trifluoromethanesulfonic acid (triflic
acid, TFA), and (iii) SBA-15 catalyst with immobilization of 1,5,7-triazabicyclo
[4.4.0] dec-5-ene (TBD) by post-synthesis route. Different physico-chemical
properties of these catalysts were characterized by powder XRD, Nj-adsorption,
SEM, TEM, FT-IR spectroscopy, °Si CP MAS NMR, *C CP MAS NMR, Al MAS
NMR, UV-Vis, and TPD (ammonia). The acidic nature of MCM-41 with different
extent of substitution by Ce was investigated using in situ FT-IR spectroscopy of
pyridine adsorption.

Chapter 3 describes the catalytic activity of carbon-carbon bond formation
reactions using Ce-Al-MCM-41 catalyst. The chapter is divided into three sections:

3.1. Friedel-Crafts benzylation of toluene by benzyl chloride and benzyl alcohol.
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3.2. Mukaiyama-Michael reaction between silyl enol ether and o, B-unsaturated
carbonyl compound.

3.3. Mukaiyama-aldol condensation of aldehyde with silyl ketene acetal / silyl enol
ether.

Chapter 4 presents the catalytic activity of carbon-carbon bond formation
reactions by using organo-functionalized Zr-TMS-TFA catalyst. This chapter includes
the following two sections:

4.1. Michael-addition of indole to o,B-unsaturated carbonyl compound.
4.2. Synthesis of coumarin by Pechmann reaction.

Chapter 5 presents the catalytic activities of carbon-carbon bond formation
reaction such as Michael-addition of B-nitrostyrene to malonate catalyzed by SBA-15-
TBD.

Chapter 6 provides summary and conclusion
6.2. CONCLUSIONS
6.2.1. Synthesis and Characterization

% Highly ordered Ce-Al-MCM-41 catalyst was synthesized using hydrothermal
method. N, adsorption experiments showed type IV isotherms characteristics
of mesoporous materials. X-ray diffraction patterns confirmed the formation
of MCM-41 structure and no CeO; phase was found in all the Ce-containing
samples such as Ce-MCM-41 and Ce-Al-MCM-41 samples. Further, all the

Ce-Al-MCM-41 samples were found to be EPR inactive, indicating the

incorporation of Ce as Ce** ions and not as Ce’* ions. The oxidation state of

Ce™ was also confirmed by XPS and DRIFT UV-Vis measurements. The solid

state *’Si CP MAS NMR spectra of Ce-AlI-MCM-41 samples showed the

presence of more Q* than Q’ species. The solid state >’Al MAS NMR spectra
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®
L4

of AI-MCM-41 and different Ce-AI-MCM-41 samples revealed the presence
of Al in tetrahedral position and the absence of octahedrally coordinated Al
sites. The detailed quantitative Lewis and Bronsted acid sites of Ce-Al-MCM-
41 samples were calculated by pyridine-FTIR spectroscopy and the total
acidity of the Ce-Al-MCM-41 samples was determined by TPD-ammonia.
Zr-TMS catalysts have been synthesized by sol-gel method. The template was
extracted from the synthesized materials by using ethanol and HCI at 353 K.
The extracted Zr-TMS was further successfully functionalized with triflic acid
(TFA) by post synthesis treatment to obtain covalently-bonded Zr-TMS-TFA
catalysts. Dfferent amount of triflic acid was loaded over Zr-TMS catalyst (Zr-
TMS-TFA). Functionalized amorphous (Zr-TMS-TFA-A) catalyst was also
synthesized and characterized for comparison. All the samples in general were
found to be in agreement with previous values reported for mesoporous ZrO,
and show type IV isotherm characteristics of mesoporous materials. The TPD-
ammonia (TPD-NH3) measurements showed that the catalysts were highly
acidic. The solid state °C CP MAS NMR and FTIR revealed that the —CF;3
group remained intact in the material. The XPS measurement showed peak
broadening and shift in the binding energies of zirconium 3d, silicon 2p,
carbon 1s, sulfur 2p (both sulfide and sulfate sulfur) lines in the case of Zr-
TMS-TFA catalysts.

Organic-inorganic hybrid materials such as immobilization of 1,5,7-
triazabicyclo [4.4.0] dec-5-ene (TBD) over SBA-15 materials have been
successfully synthesized by a facile two-step route. The XRD and isotherm
shows the presence of mesoporosity SBA-15-TBD samples. The presence of

Q4, Q3 and T2, T species in solid state 2Si CP MAS NMR indicates complete
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immoblizatioin of 1,5,7-triazabicyclo [4.4.0] dec-5-ene group on mesoporous
materials. The FT-IR and solid state °C CP MAS NMR spectra of SBA-15-
TBD sample shows that coordination of TBD with SBA-15 material. The
microscopy studies also reveal that the morphology and hexagonal structure of
mesporous SBA-15-TBD catalyst remain unchanged.
6.2.2. Catalytic Activities

% Friedel-Crafts benzylation (alkylation) reaction was carried out using Ce-Al-
MCM-41 samples. The benzylation of toluene with benzyl chloride and benzyl
alcohol was chosen as a model catalytic reaction for distinguishing the Lewis
and Bronsted acidity in the Ce-Al-MCM-41 catalysts where benzyl chloride
and benzyl alcohol were used as alkylating agent. Both the reactions were
carried out in the solvent free system. The main products in both the cases are
1, 4-methyldiphenylmethane (1, 4-MDPM) and 1, 2-methyldiphenylmethane
(1, 2-MDPM). However, in the case of Lewis acid catalyzed route (using
benzyl chloride) the small amount of 1-benzyl-3- (4-methyl benzyl) benzene
(BMBB) and methylphenylbenzyl chloride (MPBC) is also obtained. In the
case of Bronsted acid catalyzed benzylation of toluene with benzyl alcohol the
main side product formed is dibenzyl ether (DBE) along with minor amount of
methylphenylbenzyl alcohol (MPBA). In both the cases, the total (benzyl
chloride or benzyl alcohol) conversion and selectivity of MDPM was found to
increase with temperature. The selectivity of BMBB and DBE was decreased
with the increasing temperature. Similarly, there was no selectivity observed
in MPBC and MPBA at higher temperature. The interesting result is that no
conversion was obtained on Ce-MCM-41 for Bronsted acid catalyzed

benzylation of toluene with benzyl alcohol. Further, this result is supported by
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pyridine-IR study, where no Bronsted peak was found in the Ce-MCM-41
sample.

« The catalytic activities were examined in Mukaiyama-Michael reaction by
using Ce-Al-MCM-41 sample. The Mukaiyama-Michael reaction of 1-phenyl-
1-(trimethylsilyloxy) ethylene and 2-cyclohexen-1-one was chosen for model
catalytic reaction. The product selectivity was found to be ~ 100 %. The
different solvents were employed for this particular reaction at 313 K and
among them dry dichloromethane showed better activity. Effect of different
substrates were also examined and among them high conversion was obtained
for reaction between 1-phenyl-1-(trimethylsilyloxy) ethylene and
benzylideneacetophenone. In the recycle study, the conversion decreases from
85 to 81 % in 1st recycle and then it was stabilized ca. 78 % in the 4™ recycle.

+ Ce-containing AI-MCM-41 samples exhibit promising catalytic activity in
Mukaiyama-aldol condensation of methyl trimethylsilyl dimethylketene acetal
with benzaldehyde in the liquid-phase system. The product selectivity was
found to be ~ 100 %. The different solvents were employed for this particular
reaction at 313 K and among them dry dichloromethane showed better
activity. The Mukaiyama-aldol condensation of methyl trimethylsilyl
dimethylketene acetal with benzaldehyde was also carried out under solvent
free condition at 313 and 373 K. Out of these two temperatures, the highest
activity was observed at 373 K. The catalyst was successfully used for six
consecutive times with no significant loss in catalytic activity. Various
substrates were examined for Mukaiyama-aldol condensation. Among them,
reaction between methyl trimethylsilyl dimethylketene acetal and 4-

nitrobenzaldehyde produced more aldol product.
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¢ Michael-addition of indole to enone was performed on Zr-TMS and Zr-TMS-
TFA catalysts under solvent free system at 353 K. The Michael product of C-
adduct and N-adduct could be differentiated by 'H NMR spectroscopy. The
high selectivity of C-adduct was obtained at higher loading of triflic acid over
Zr-TMS catalyst. For comparison purpose, Michael-addition of 3-
methylindole with cyclohexenone was carried out over amorphous Zr-TMS-
TFA-25-A catalyst and homogeneous triflic acid under identical reaction
condition. In both cases, less selectivity was observed towards the C-adduct
product compared to Zr-TMS-TFA ordered mesoporous materials. The
stability and recyclibility of the catalyst was checked in the Michael-addition
of 3-methylindole with cyclohexenone by using Zr-TMS-TFA-25 catalyst.
The catalyst was used for four consecutive times. The conversion and the
product selectivity for C-adduct marginally decreased during catalyst recycle,
mainly due to partial leaching / breaking of the TFA. The Michael-addition
was also examined for different substrates on Zr-TMS-TFA-25 catalyst in the
identical reaction condition. Among investigated substrates, the highest
conversion was obtained for Michael-addition of 5-nitroindole and 3-methyl
pent-3-ene-2-one under solvent free system over Zr-TMS-TFA-25 catalyst. In
this case, the selectivity of C-adduct product was found to be ~100 %.

« Pechmann reaction of phenol and ethyl acetoacetate was carried for the
synthesis of coumarin over Zr-TMS and Zr-TMS-TFA catalysts under solvent
free system at 373 K. The high conversion was obtained at the higher loading
of triflic acid over Zr-TMS catalyst. The product selectivity of coumarin was
found to be ~ 100 % in each case while less than 100 % was observed in the

case of triflic acid. The catalyst (Zr-TMS-TFA-25) was used successfully for
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four consecutive recycle with marginal loss of catalytic activity along with
100 % product selectivity. The highest conversion was obtained for Pechmann
reaction of 1, 3, 5-trihydroxy phenol and methyl acetoacetate over Zr-TMS-

TFA-25 catalyst under solvent free system under identical reaction condition.

®.
L4

SBA-15-TBD sample exhibit promising catalytic activity in Michael-addition
of B-nitrostyrene to diethyl malonate in the liquid-phase system at 373 K. The
catalyst (SBA-15-TBD) was used successfully for three consecutive recycles
with no significant loss of catalytic activity and also retaining 100 % product
selectivity. The highest conversion was obtained for Michael-addition of p-CI-
nitrostyrene with dimethyl malonate over SBA-15-TBD catalyst under solvent

free system in the identical reaction condition.
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