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CHAPTER 1

INTRODUCTION



11 GENERAL BACKGROUND AND INTRODUCTION

Awareness of environmentd issues has proven a potent driving force in the
deveopment of environment friendly processes and technologies in the chemicd industry
[1,2]. This hes manifested itsdlf in determined effort, on behdf of the industry, to develop
catalytic processes which obviate waste production, i.e. solving the problem a the
beginning and not deding with wadte disposd later [3]. Even though the oxidatiion and
hydroxylaion of organic compounds a ambient conditions usng non-corrosive
environment friendly oxidizing agents is of widespread occurrence in naure, such
processes are not in common practice either in the laboratory or in the indusiry. Some of
the extensvdy dudied sysems for the oxidation and hydroxylaion of aromatic
compounds are the Fenton’'s reagent, peracids, the Hamilton-Friedman and the Udenfriend
reagents and the CU**-O," morpholine system. All these oxidation/hydroxylation systems
are homogeneous in rature. Hence there is a need to find an efficient and “clean” oxidation
process, which is likely to be in greater demand in the future, especidly in fine chemicas
industry. As a consequence of the inherent advantages of heterogeneous cadysts, much
efort has been directed towards the development of heterogeneous processes and the
heterogenization of known active homogeneous catdysts [4]. For smilar reasons, sdective
cadytic oxidation of organic compounds utilizing heterogeneous catayds is proving more
important in organic synthess [5]. Even though lot of knowledge has been acquired
regarding heterogeneous cadyss, the fine and specidty chemicd industry is gill based on
goichiometry rather than on catalyss.

Trandtion metd complexes have a metd center, which acts as an active dte, and

posess the tendency to cadyze diverse chemica reections. Trandtion metd complex



promoted oxidation reections are of congderable interest because of their relevance to
organic chemidry. The known active homogeneous metal complexes can be heterogenized
by immobilization, grafting, anchoring or encgpsulating them in an inet polymer or
inorganic support

Various atempts for the development of new catadyst system led to the emergence
of a new class of catays cdled “Zeolite Encapsulated Metd Complexes’ (ZEMC). The
ability of trandtion metd complexes to catayze diverse chemicd reactions is coupled with
the shgpe sdectivity and engineering advantages of zeolites by incorporating catayticaly
active trangtion metd complexes in the cavities and voids of the zeolite As the metd
complex is not bounded to the hog, it is anticipated that it retains solution like activity, and
the zeolite support imparts Sze and shgpe Sdectivity to the catdysts. Additiondly, the
zeolite provides a dabilizing effect and the catayst can be separaed easly from the
product by smple filtration and does not lose its cadytic activity in first cyde itsef due to
irreversble dimerization and irreversble oxidation of ligands. In addition, they behave
functiondly smilar to many enzyme catdysts in some sdective oxidation reactions and,
due to this biomimetic character; they are often referred to as “zeozymes’ (zeolite-based
enzyme mimics) [6-10]. The zeodlite replaces the protein mantle of the enzyme and the
entrgpped metd complex mimics the active Site of the enzyme (e.g. an irorn+porphyrin).

Romanovsky et d [11-14] was the firg to report such catdysts, conssting of meta
phthaocyanines encapsulated indde the supercages of zeolite NaY in 1977. Since then a
number of groups have synthesized such encegpsulated meta complexes and characterized
their physicochemicd and catdytic properties [15-16]. Jacobsen’'s Mn(Sden) complex

encapsulated in NaY has emerged as an important catayst for the oxidation of olefins [17-



18]. Such zeolite encapsulated meta complexes are aso known as ‘Ship- in- a bottle
complexes.

However, the mgor drawback for the use of conventional zeolites is the smal pore
szes (4-13 A), which makes it difficult for subgtrates to diffuse and access the active sites
and for products to diffuse out of the pores. Hence, there has been an ever-growing interest
in expanding the pore szes of the zeolite materids from micropore to mesopore region. In

Table 1.1 different porous materids, along with typica examples, are classified.

Tablel.1

Pore-size regimes and representative porous silica based materials

Type and pore Size (Nm) Examples Actud sizerange® (nm)

Microporous (<2) Zeolites 045" 045(LTA,8MR)
0.56" 0.56 (MFI, 10 MR)
0.74" 0.74 (FAU, 12 MR)
0.75" 1.0(UTD-1, 14 MR)
Mesoporous (2-50) Aerogds >10

Pillad layer days 1, 10°

M41S 2-10
SBA-15 5-20
Macroporous (>50) Glasses >50

MR = membered ring opening.

P Bimodal pore-size distribution.



The recently discovered mesoporous materials (MCM-41, SBA-15) synthesized by
dlicate condensation around surfactant micdles and by using a triblock co polymer-
poly(ethylene oxide)-poly(propylene oxide) poly(ethylene oxide) [EO,-POn-EO,] as
dructure directing agent respectively, due to their regular arays of uniformly szed
channds with pore diameter in the range of 2-20 nm, afford new opportunities for the
caidytic converson of subdraies with larger molecular sze. These materids dso ae
promisng for the immobilization of larger metd complexes and clugers of potentid
cadytic ggnificance [19-23]. Another mgor interest of these materials concerns with their
excdlent properties as support for impregnation of 12-tungstophosphoric acid for different
catdytic functions[24].

In congrained environments these encagpsulated complexes lose some of ther
degrees of freedom they had in the neat dtate, adopt particular geometries, hooks on to
groups on the support, dter their stoichiometries, changes their coordination sphere and
geometry, relaxes or redricts their sphere of influence depending on whether they are
accommodated indde the soddite cages of microporous materids or in the regular
channels of mesoporous materids and thus exhibit atered resctivity so as to promote

reaction in geometry restricted (shape sdective) or redox potentia controlled pathways.

12 MICROPOROUSMATERIALS:; ZEOLITES
Zeolites are crysdline microporous slica based solids, which are used extensvely
in adsorption and catalytic process. The practical importance of these materids has led the

dudies focused on the characterization and applications of different types of zeolites and



related materids such that they form an important pat of materia science, inorganic
chemidry and catdyss [25-32].

Zeolites are dasdfied as coyddline maerids in which the S and Al ae
tetrahedradly coordinated by oxygen atoms in a three dimensond network. The
crystalographic unit cdl of the zeolites may be represented as.

Myn[(AIO2)x (SO2)y] ZH.0

Where M is a charge compensating cation with vdency ‘n'. The rdio ‘x/y' may have any
vaue ranging from zero to one. The number of water molecules, which can be reversbly
adsorbed and desorbed in the zeolite pores, is represented by ‘Z'. The presence of trivalent
Al aoms in the latice develops a unit negaive charge per Al aom in the framework,
which is compensated by a cation such as proton (H") producing acidity in zeolites. The
cation is quite mobile and may be exchanged to varying degrees by other cations like B,
Ga*t, Fe, cr¥', Ti*t, zr*" and V**°*[33-39].

Moreover, zeolites and related materids have earned the reputation of ‘green
cadydss in oil refining, petrochemigtry and organic synthesis in the production of fine and
oecidty chemicds due to severd important environmenta factors eg. wade
minimization, smple operation, easy work up, regeneration and reuse of the catayst for
severd times.

1.2.1 Synthesisof Microporous Materials: Zeolites

In the late 1940's Milton developed a method that involved hydrotherma
ayddlization of reactive dkai med duminoglicate gds a low temperatures and
pressures. During the synthess of low dlica zeolites with dkai meta duminoglicates it

was proposed that the hydrated akdi cation templates or stabilizes the formation of zeolite



dructurd  subunits. Alkdi  hydroxide reective forms of dumina dlica and water were
combined to form agel and crystdlization was carried out at around 373K.

In the 1960's, addition of quarternary ammonium cations to akai duminoslicate
ges was darted, initidly to produce intermediate slica zeolites. Subsequently, it led to the
discovery of high dlica zeolites and dlica molecular deves. The synthetic chemistry of
both high slica and early low glica molecular Seves is Smilar except for the addition of
quaternary ammonium ions and the crystalization temperatures. The pH of the gd in both
types of zeolites is high and is around 10 © 14. The framework composition of the zeolite
is generdly determined by the dlica to adumina ratio and the cryddline framework
gructure. Organic (template), inorganic cations, and OH ion concentration aso influence
zeolite dructure. During cryddlization both the duminum and slicon dissolve to form
duminate and glicate ions. These ions are brought together (by template / or metd ion) to
form agel by condensation or polymerisation.

1.2.2 Encapsulation of Metal Complexesin Microporous materials

Heterogenization of homogeneous catdysts has been an interesting area of research
and from the industrid point of view; this could provide an ided method for combining the
advantages of homogeneous cadyds (high activity and sdectivity etc) with the
engineering advantages of heterogeneous catalyss (easy catdyst separetion, long cataytic
life, continuous operation, easy catayst regenerability and recycle etc.) [39-41]. Zeolites
such as faujaste (NaY and NaX), which are microporous materias taving the cage sze
(1.2 nm) and a 3D chamber with SIO2:ALO3; = 3 to 5, have been used extensvely in the

preparation of zeolite encapsulated trandtion metd complex catayds [6-8, 42-46].



There are different methods of encgpsulating transition metal complexes.
1.2.2.1 Adsorption method

Meta carbonyl complexes are usudly encapsulated in zeolites by adsorbing them
from the gas phase and on dry zeodlites [47]. Multinudear clusters like Rhg(CO)ss,
Rhy(CO)12 and Irg(CO)12 as well as bimetdlic derivatives like Ry xIr(CO)16, X=(0-6) have
been encapsulated in Y type zeolite by the reaction of CO/H, or CO/H,O with rhodium or
iridium ion exchanged Y zeolites[48-54].
1.2.2.2 lon exchange method

Cationic trangtion metd complexes can be encapsulated by direct ion exchange
with the counter ion baancing the negaive charge of AlO, tetrahedra of the zeolite
framework. The complex must be sable and sufficiently smdl to pass through the pore
openings of the zeolite Peigneur e d [55] encapsulated [Cu(ethylene diamine),]*
complexesin faujastes by this method.
1.2.2.3 Zeolite synthesis method

This method is applicable to complexes that are dable under zeolite synthess
conditions. This method leads to encapaulation of well-defined intrazeolite complexes
without contamination from free ligands as wdl as uncomplexed and partidly complexed
meta ions. The important condition that has to be satisfied for encgpsulation using this
method is there should be no requirement of subsequent template molecule remova, which
may necessitate cacinations of the zeolite a higher temperature leading to therma damage
to the complex. Phthaocyanines have been encgpsulated in fayastes and

auminophosphate molecular seves by this method [56-57].



1.2.2.4 Flexible ligand method

The principle involved in ths method is the diffuson of ligands into an aready
meta exchanged zeolite pores. Diffuson of the ligands can be caried out ether by
dissolving the ligand in an gppropriate solvent or by diffusng it ingde the metd
exchanged zeolite in molten form (for details refer chapter 2). The ligand employed in the
later method should not decompose during adsorption on the meta exchanged zeolites.
This method is exemplified by the encapaulation of metd sden complexes in synthetic
faujadte- type zeolites. The sden ligand is diffused into the cavities of zeolite wherein it
complexes with the trangtion metd cation in ion exchange podtions forming meta sden
complexes in the cavities of the zeolite. This complex is too large to exit the cavities

through the channdls whose dimensions are smaller than the cavities.

13 MESOPOROUSMATERIALS

The synthesis of mesoporous molecular Seves cdled M41S is one of the most
exciting discoveries in the fidd of maerids synthess in the last decade [58-60]. The
M41S family is classfied into three members MCM-41 (hexagonal), MCM-48 (cubic)
and MCM-50 (lamelar). These mesoporous dlicate and duminoglicate materids, with
well-defined pore szes of 0.2-10 nm, bresk past the pore Size congraint of microporous
zeolites. With high surface area and control of pore sizes are among the many desirable
properties that have made such materids the focus of great interest. The synthess of these
materids opens definitive new posshilities for preparing catalysts with uniform pores in
the mesoporous region, which will dlow the ingress and egress of rdaively large

molecules in their mesopores for cataytic transformations.  Obvioudy, lot of research



activity has occurred within a few years, which incdudes new invedtigations on different
aspects such as synthess procedures and syntheds mechaniams, heteroatom insartion,
dability, physco-chemical characterization, adsorption, metd complex immobilization and
catalytic properties [61-64].

In 1998, Stucky e d [65] synthesized a new ordered hexagona mesoporous slica
with much thicker wals named SBA-15 usng triblock co polymer- poly(ethylene oxide)-
poly(propylene oxide) poly(ethylene oxide) [EO,-POn-EO,] as dtructure directing agent.
These mesoporous materials because of ther high surface area, tunable pore size and well
modified surface properties [66-67] are finding use as adsorbents for the remova of toxic
heavy metd ions from waste water [68], enzyme carriers [69], cataysts [70], and materias
to sequester and release proteins [ 71].

1.3.1 Synthesis of Mesoporous Materials: MCM-41 and SBA-15

The synthess of mesoporous materids (MCM-41) was carried out origindly under
aqueous dkdine condition [72]. Smila to zeolite synthess organic molecules
(surfactants) function as templates forming an ordered organic-inorganic  composite
materid [73]. Via cdcindion the surfectant is removed, leaving the porous dlicate
network. However, in contrast to zeolites, the templates are not single organic molecules
but liquid-cryddline sdf-assembled surfactant molecules. The formation of organic-
inorganic composites is based on dectrodatic interactions between the postively charged
aurfactants and the negatively charged dlicate species. Amongst the various building
mechanisms of MCM-41 invedtigated ealier, the “liquid-crysd templating” (LCT)
mechanism suggested by Beck et d. [59] seems to include dl the mechanisms proposed

ealier, (Scheme-1.1). They proposed two man pahways, in which ether the liquid-crystal



phase is intact before the dlicate species are added (pathway 1) or the addition of the
dlicate results in the ordering of the subsequent Slicater encased surfactant micedles
(pathway-2). The reason for the gpparently different reaction pathway results from changes
in surfactant properties, depending on the surfactant concentration in water and the
presence of other ions [74-75]. MCM-41 can be synthesized with surfactant concentrations
as low as the criticd micdle concentration (CMC) up to concentrations where liquid
crystals are formed [76]. In very dilute agueous solutions (~ 10° to 102 ma ! surfactant

concentration) the existing species are spherica micdles.
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Scheme-1.1  Mechanigtic pathways for the formation of MCM-41

On the contrary the synthess of mesoporous SBA-15 is achieved by use of a
triblock copolymer surfactant in acid media [65]. Less atention has been focused on the
synthesis and gpplications of SBA-15 mesoporous silica since it was discovered in 1998. It

has been proposed that the assembly of the mesoporous slica organized by triblock



copolymer species in acid media occurs through a (SSHY)(X'1IY) pathway [77].
Furthermore, the relaive times required for slica mesophase precipitation to occur depend
on the presence of CI' anion when used in the form of hydrochloric acid. However, this
unique mesoporous materia can provide more posshilities for the design and synthesis of
open pore structures because of its high surface area and easily controllable uniform pore
gzethat may be extended to ca. 30nm.
1.3.2 Metal Substituted Mesoporous Materials

In order to generate potentid cataytic activity, the incorporation of heteroatoms
into the inet framework or wals of the pure dgliceous mesoporous materids is an
important method to modify the nature of the framework and make them cadyticadly
active. The incorporation of trivdent metd ions such as Al [78], B [79], Ga[80] etc in the
walls of dglica network mesostructure produces framework negetive charges that can be
compensated by protons providing acid Stes and therefore, such materids are important
from the point of view of add cadyss For reactions involving high molecular mass
hydrocarbons, low diffuson resistance is observed due to the large pore diameters. The
incorporation of trangtion metds such as Ti [81], V [82], Co [83] and Mn [84] etc is ds0
important to prepare mesoporous catalysts with redox catalytic properties.
1.3.3 Immobilization of Metal Complexesin Mesoporous Materials

The immobilization of metd complexes on the surface of mesoporous glicates
dlows the prepaaion of multifunctiond molecular deves with desred catdytic
properties. Mesoporosity and very high surface area of mesoporous materids (particularly
MCM-41 and SBA-15) have been largely used for the immobilization of different metds

as wdl as bulky metd complexes. The process of metd immobilization includes wet



impregnation [85], vapor deposition [86], trestment with (NHs)2MFs (M=S**, Ti**
etc[87] ad med dkoxides [88] ion excheange with metd sdts etc.[89-90].
Immohbilization on mesoporous materids can be done using different techniques.
1.3.3.1 Impregnation Method

In this method the metd complexes are incorporated in the mesoporous hexagond
channels of MCM-41 by smply embedding or impregnating the trangtion metal complex
into the mesopores [91]. Leaching of trandtion metd complex is a mgor potential problem
when the complexes are incorporated using this method and used for oxidation reactions
performed in liquid phase.
1.3.3.2 lon exchange method

Immohbilization of metd complex usng this method is modsly done by ion
exchange of the cdcined Al-MCM-41 with known amounts of the complex dissolved in
gppropricte solvent at room temperature. The solid is then filtered, washed with solvent
and then vacuum dried [22].
1.3.3.3 Covalent Anchoring of Metal Complexes

Snce there are chances of leaching of the metd complexes by the previous
methods, immobilization is mogly achieved by modifying the mesoporous materids with
vaious modifying agents and the covadently anchoring the meta complex on to the
functiondized mesoporous materids  Functiondization of mesoporous materids is
achieved by dlandtion of the mesoporous surface by 3-amino or 3-haogeno-propyl

akoxyslane in an gpolar solvent (Scheme-1.2).
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Scheme-1.2  Functiondization of mesoporous materids

The presence of large amount of slanol groups [(-O-)SIOH] in MCM-41 and HMS
materias atracted the researchers primarily for anchoring the organic functiona groups
usng the concept of organic functiondization in dlica and then those organic functiond
groups or ligands were used for anchoring different types of metds, metd complexes and
proteins with or without modification of the parent functiond groups. The chemicd
reectivity of these mesoporous materids facilitates the covdent anchoring of various
functiond groups to the wadls. The preparation of such inorganic-organic hybrid materids
Is of growing interest [92-93] especidly for the attachment of various metd complexes
The advantages of inorganic-organic hybrid materids arise from the fact that inorganic
materials can provide mechanicd, themd or structura gability, while the organic festures
ae more readily modified for specific goplications in catayds, separation or sensng.
These functiondized mesoporous materias are synthesized using two methods.
1.3.3.3.1 In situ Synthesis Method

Organo-functionalized mesoporous slicas were prepared  conveniently at  room
temperature [94] or a higher temperature [95] by the condensation of tetraalkoxyslane
(S(OR)4) and organcsiloxanes (R-Si(OR)3) in the presence of surfactant (template) and
auxiliay chemicds Thus a vaiety of inorganic-organic hybrid materids, where the
organic functiond groups are attached covaently with the dlica surface of MCM-41

through O-Si-C bonds, are very important for their various potentid applications. An



acidic solvent extraction technique is generdly used to remove the surfactant from the
product to yidd an organo-functiondized ordered porous slica materid [94-95].
1.3.3.3.2 Post Synthesis Method

Organo functiona groups can dso be introduced to the pore surface of mesoporous
dlica as the termind groups for organic monolayers by post synthess modification. The
treetment of mesoporous dlica with organosiloxane precursors produces hybrid inorganic-
organic materids by hydrolyss and findly condensation of organosioxane groups [96].
Although, organo functiona groups have been introduced into mesoporous slica in both
ways, in situ and post synthetic methods, metal complexes attached covalently to the pore
surface are introduced only by post synthesis modifications [97-98].
1.3.3.4 Grafting of metal complexes.

Surface dtachment of trangtion metd oxides and metds or bimetd complex
without the use of intermediate Slane coupling agents is achieved by direct reaction of
surface hydroxyl groups with reective gpecies. Titanocene dichloride was anchored to
MCM-41 usng this method [99]. The complex was converted to titanium-oxo species

through calcinationsin air (Scheme-1.3).
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Scheme 1.3  Grafting of titanocene dichloride on mesoporous materids.



Same authors have aso reported the incluson of a cobat complex and studied it
for the oxidation of cyclohexane [100]. The reectivity of chloride ligands towards hydroxyl
groups of the MCM-41host has dso been exploited for the grafting of ethylenebis(indenyl)

zirconium dichloride [101].

14 PHYSCO-CHEMICAL CHARACTERIZATION

A number of techniques have been used to characterize different types of complex
encapsulated/immobilized on microporous and mesoporous materias. Each technique is
unique by itsdf and provides important informaion for understanding digtribution of
complex over the host, degree of complexation, type of coordinaion, influence of host-
guest interaction on the dructure and the dability of the complex. Among the various
techniques used, the most commonly used methods for characterization of complex
encapsulated in micro- and meso-porous materials are spectroscopic methods, such as,
powder X-ray diffraction (XRD), energy dispersve X-ray andyss (EDX), UV-Vis, FTIR,
slid sate magic angle spinning (MAS) NMR, and €eectron paramagnetic resonance
(EPR), etc. They give information about the dructure and location of the complex indde
the cages and channds of the support. In addition to the spectroscopic techniques,
microscopic  techniques  like,  transmisson  dectron  microscopy  (TEM),  X-Ray
photoemmision spectroscopy (XPS), volumetric (adsorption and surface area analysis by
BET method), and thermogravimetric (thermogravimetric-differentid  themd andyss

(TG-DTA)) are dso essentid for thorough characterization of the materids.



1.4.1 X-ray Diffraction

Powder X-ray diffraction is the most important and commonly used tool to identify
and measure the uniqueness of dructure, phase purity, degree of cryddlinity and unit cell
paraneters of cyddlite materids. As the powder pattern is the fingerprint of the
molecular deve dgructure, phase purity and percent cryddlinity of the syntheszed
molecular Seve can be ascertaned by comparing with the dandard pattern for the
molecular deve under invedigation. It is used to sudy the cation didribution indgde the
zeolite matrix [40, 42]. Microscopic solids show characteristic peaks in the 2y range of 5
50° whereas the mesoporous materiads exhibit characteristic pesks in the low angle region
between 0.8-10°. The unit cel dimenson determined by XRD is used to cdculate the
framework wall thickness (FWT) of hexagond channds in mesoporous materids before
and after immobilization.
1.4.2 Sorption Studies

The ability to absorb sdective molecules of comparable sizes through the pores
into the channds of molecular Seves made them interesting and useful in the fidd of
heterogeneous catdyss. The sorption properties of molecular Seves provide information
about the hydrophobic/hydrophilic character, pore sze digribution and pore volume as
well as surface area before and after encapsulation/immobilization. The absorption of
nitrogen meesured by Brunauer- Emmett-Teller (BET) equation at low pressure (10 Torr)
and liquification temperature of Ny (77 K) is the sandard method for the determination of

surface area and pore volume and pore size distribution in molecular Seves[102].



1.4.3 UV-Vis Spectroscopy

The UV-Vis Spectroscopy is known to be very sendtive and useful technique for
the identification of the dectronic dae of the metd atom as wel as ligand geometry in
intrazeolite complexes. It gives information about the d-orbitd plitting through the d-d
trangtions and the ligand-meta interaction through the ligand to meta charge-transfer
trangtions. The mechanism of reection over “neat” complexes can be investigated by in
situ UV-Vis spectroscopy.
1.4.4 Fourier- Transform Infrared (FTIR) Spectroscopy

The FTIR gpectroscopy provides information on whether ligand molecules have
coordinated to trandtion metd cations if different patterns gppear in the free or in the
chedaed date, or if characterisic bands exhibit defined shift upon cheation. FTIR
spectroscopy in the framework region (400-4000 cml) provides additiond information
about the dructural details of the support. In addition to the above, ligand features can be
seen when the metd complex is encapsulated/immobilized in the cavities or channds of
microporous and mesoporous meterias.
1.4.5 Nuclear Magnetic Resonance (NMR) Spectroscopy

High-reolution magic angle spinning Nudear Magndic Resonance (NMR)
Spectroscopy both in the liquid and the solid dtate, is an important tool for understanding
the catdyticdly active trandent species & the molecular level and the local environment of
the meta ion. It is dso used to study the interaction of the complex with the host. The *C
CP MAS NMR gpectra gives information about the incorporation of intact organic

Sructure directing agents ingde the channdls of the micro- and mesoporous materials.



1.4.6 Electron Paramagnetic Resonance (EPR) Spectroscopy

Electron Paramagnetic Resonance (EPR) Spectroscopy is the resonance absorption
of the dectromagnetic (microwave) radiation by magneticdly plit dates of unpared
electrons. It is a very important tool for determining the oxidation states of the metd and
for ducidating the reaction mechanism by in situ EPR Spectroscopy for neat as well as
encapsulated meta complexes. This technique provides information about the redox Stes
and paramagnetic charge-trandfer in the complex.

1.4.7 Transmission Electron Microscopy (TEM)

The topographic information obtained by TEM a near atomic resolution has been a
key method for the dructurd characterization and identification of the various phases of
molecular Seves i.e. hexagond (MCM-41), cubic (MCM-48), lamdlar (MCM-50) phases.
The hexagond pore sructures with amilar XRD patterns as tha of MCM-41 materids
have been observed by high-resolution TEM [103]. These structures were aso observed in
the mesoporous materias after immobilization with the complex. The hexagond shepe is
the most enegeticdly favorable, snce this is the only way to mantan a condant wall
thickness, which in turn maximizes surfactant-Slicate surface interaction [104]. In addition
to dructural characterization, it can aso be used to detect the location of metal clusters and
heavy cationsin the framework.

1.4.8 X-Ray Photoelectron Spectroscopy

XPS is among the most frequently used techniques in catdyss. It gives information
on the dementd compostion and the oxidaion date of the dements. X-ray photoelectron
spectroscopy  gives information about the homogenaity of the digtribution of the encaged

complexes, i.e. either uniform throughout the zeolite crystd or enriched in a shdl close to



the cysad surface, the degee of complexing, the dructure of the complex and its
interaction with the framework.
149 Thermal Analysis (TG-DTA)

The thermoanaytica technique has been widdy used to get information on the
theema dability of microporous and mesoporous molecular Seves. It can  provide
information about amount of intrazeolite complex, the presence of free and uncomplexed
ligand, and the therma d<ability of the encepsulated complex. Further, it provides
information about the desorption of physisorbed water, oxidative decompostion of organic
materids and dehydroxylation of S-OH groups in the molecular Seves. From diferentid

thermd andyss (DTA), phase transformations can dso be known of the materids.

1.5 CATALYTIC APPLICATIONS AND PROSPECT OF TRANS'TON METAL
COMPLEXESIN MICROPOROUSAND MESOPOROUSMATERIALS

The cataytic properties of immobilized complexes have been explored in various
sdective oxidation and hydrogenation reactions. Genera benefits of the heterogenization
of homogeneous catdyst are easy cadyst separation from the reaction medium and the
posshility of udng a lage vaiety of different solvents and reaction conditions. Examples
of the advantages introduced by immobilizing in an inorganic matrix are the posshility of
shape-sdective catdyss due to condrained environment, a higher cataytic activity, and
dability of the encapsulated complexes. The later arises from the spatia isolation, which
prevents dimerization of the monomeric complexes and adso drongly suppresses an
oxidaive sdf-destruction. It was reported that encapsulation enhances the cataytic activity

of the metd complexes [105]. In some cases, improved sdectivities were aso observed



[106]. Zeolite encapsulated iron-phthaocyanine complexes are able to cadyze the
sdective oxidation of akenes to adcohols and ketones under ambient conditions with
iodosobenzene [7] or tbutylhydroperoxide [107] as oxygen aom donors. In addition to the
difference in activity, Heron aso observed interesting sdectivity changes upon
immobilization of the complex in microporous matrix [7]. Stereosdectivity was adso
reported in the epoxidaion of dilbene wherein the trans form is preferentialy epoxidized
over Mn(Salen)-Y [43]. Other oxidation reactions over ZEMC include the oxidation of CO
[108], the direct converson of methane with oxygen to methanol over ruthenium-, cobalt-,
or manganese-phthalocyanine or tetraphenylporphyrins [109] and oxideation of toluene with
H2O, usng VO(Sden)-Y complex [110]. More recently, and from an indudrid point of
view, the direct synthess of adipic acid from cyclohexane or cyclohexene usng ZEMC
was reported [111]. Besdes many examples of oxidation reactions over ZEMC a few
examples of hydrogenation reactions have also been reported [112-113].

The unique physica properties such as high surface area, large pore Sze, etc. of
MCM-41 and SBA-15 have made these materids highly desrable hogts for the fixation of
large active meta complexes [114]. Since direct immobilizaetion of such complexes onto
the mesoporous support is not advantageous due to the possbilities of leaching, the
anchoring of these meta complexes through an organic spacer to the support is preferred.
These inorganic-organic hybrid materids offer grest scope for the deveopment of new
cataysts [70, 97, 115-117]. Based on the spectroscopic evidences it was envisaged that the
complex retans its dructure indde the channds and it hangs like a pendant insgde
mesoporous materids. Brund has reported immobilization of large number of complexes

indde the channds of these materids [96]. The amine functions of triazocyclonane



(TACN) was reacted with the epoxy groups of MCM-41 grafted (3-glycidyloxypropyl)-
trimethoxy dlane and was used to anchor 2-hydroxyakyl-subgtituted TACN ligands to
MCM-41 and its manganese complex was used for the epoxidation of styrene with BHO»
[118]. Smilaly, Ruthenium (Il)mesotetrakis(4-chloropheny porphyrin) was anchored on
to the wals of MCM-41 modified with 3aminopropyl triethoxyslane and was used for the
akene oxidation by TBHP [119].

Due to large void space, the diffusond redrictions of reactants/products are absent
and therefore, these materids are most suitable for cataytic applications involving larger
reactant and product molecues [20, 114]. Many oxygen sources like iodosyl benzene,
amine n-oxides, peracids, perchlorates, periodate, organic peroxides, HO, and O, can be
used in oxidation reections catayzed by such immobilized complexes.

Initidly, the catdytic sudies with mesoporous molecular seves focused manly on
acid catayss [85, 120] and redox reaections [61, 121]. Since then, a wide variety of
applications including depogtion of heterostom onto the surface of mesoporous wals have

been established and the fidld is ill expanding repidly.

16 SCOPE AND OBJECTIVE OF THE THES S

It is evident from the literature survey on microporous and mesoporous materids,
that these materids have opened new opportunities in the field of catdyss. The present
work deds with the detalled and systematic sudy of the synthess, characterization and
caaytic propertties of trandgtion metad complexes encgpsulated/immobilized on
microporous and mesoporous Mmaterids udng different techniques like encapsulation,

grafting and covdently anchoring of the metd complex through a functiond group.



Congderable amount of literature is avalable on the sudy of Phthaocyanine and Sden
metd complexes encepsulated in zeolites (NaY). However, the chemigry of such
complexes immobilized/anchored onto mesoporous supports MCM-41 and SBA-15 and
their applications as catalysts for organic subgirates is less known. This motivated us to
take up the invedigations and find out whether such med complexes can be
immobilized/anchored onto the channels of mesoporous materids (SFMCM-41 and S-
SBA-15) and yet possess rotational and vibrationd freedom and without being leached out
of its channds during the cadytic reactions. For the purpose of comparison, Salen and
Saoph metd complexes were adso encapsulated insde the cages of NaY, characterized
and used for the oxidation of various substrates, with specid emphasis on synthess of
compounds used for preparation of natural products.

Bi-functiona organo-functiondized mesoporous materids can be potentidly used
to prepare a class of mixed-metad complexes in a single inert matrix with desired catdytic
properties. Further a novel use of these organo-functionalized mesoporous materials were
recently demondrated for dze sdective entrgpment and dabilization of Au nanoprtides
from a mixture of Au-Pt colloidd nanoparticles in solution. [122-123]. The above
advantages of mesoporous supports attracted our atention for the functiondization and
anchoring of metd complexes onto the wals of SFMCM-41 and S-SBA-15 with the am
to exploit the heterogeneity of these materids as a subgtitute of homogeneous systems. In
view of the above, the synthess, characterization and cataytic properties of trangtion
meta complexes of Co, Ru and V contaning schiff base ligands such as Sden, Sdoph,
and Sdten encapsulated/anchored on microporous (zeolite NaY) and mesoporous

materids (MCM-41, SBA-15) are discussed in detail. To undersand the chemistry and



cadyds of immobilized cadys sysems on different supports, schiff base Sden and
Sdoph complexes of Co, Ru and V were synthesized, encepsulated in the cages of zeolite
Y and characterized by a wide variety of physco-chemicd techniques. These were then
tested for their cataytic activities in the oxidation of p-cresol [124], b-isophorone [125], a-
pinene [126], styrene and t-dilbene [127]. Detals such as, optimization of reaction
conditions to obtain higher yieds of the desred oxidation products, comparison of the
cadytic ectivities (TOF) with ther homogeneous andogues, kinetic and mechanigtic
dudies were essentia parts of the present investigation. To sudy the role and effect of
mesoporous support, VO(IV)Sdoph complex was immobilized onto AIFMCM-41 and its
cadytic activity with respect to converson of styrene and t-dilbene and sdectivities for
the desired products were investigated and compared with that of VO(IV)Sdoph complex
encapulated in zeoliteY [127]. A hydrido chloro-triphenyl phosphine complex of
ruthenium was immobilized onto amine functiondized S-MCM-41 and S-SBA-15
through displacement of a phosphine ligand and its cadytic peformance in the
hydrogenation of olefins were dso investigated [128]. To confirm with our objectives,
Sdten complex of vanadium was covaently anchored onto the walls of mesoporous
materids like MCM-41 and SBA-15 and ther performance as catalysts in the oxidation of
adamantaine [129] and limonene have been studied in detall. Mechanigic studies under in
situ conditions have been made to support the gability of the metd complexes in zedlite

cages or channels of the mesoporous materids for recycling of catalyst in reactions.



17 OUTLINE OF THE THESIS

The thesis has been divided into five chapters.
CHAPTER I: INTRODUCTION

Chapter 1 presents a generd introduction to the importance of homogeneous
trangtion metd complexes and the purpose and am of encgpsulaion/immohilizing these
on different minera supports like zedlites (NaY) and mesoporous materids like MCM-41
and SBA-15. The different methods used for immobilization of these metd complexes are
adso discussed briefly in this chapter. The necessty of characterizing these heterogenized
materias for better understanding of their gability and cataytic activity indde the support
is ds0 discussed. The use of these heterogenized complexes for various chemicd
transformations with specid emphasis on oxidation reactions is dso described. Findly the
scope of the thesisis outlined.
CHAPTER II: SYNTHESIS

This chapter describes the procedure of synthess of various ligands, (Sden, Sdoph
and Sdten) meta complexes, (Cobdt, Ruthenium and Vanadium) and supports like MCM-
41 and SBA-15. The synthes's procedures of materids that have been used as such (i.e.not
prepared in the laboratory) have not been mentioned specificaly. Vaious methods of
modification of the supports and further the immohilization of these complexes on them
are a so described.
CHAPTER I11: CHARACTERIZATION

This chapter describes the details of the characterization of the above materids by

XRD, BET surface area messurement, eementd andyds, TGA/DTA, XPS, FTIR



spectroscopy, UV- Vis spectroscopy, NMR, ESR, XRF, ICP-AES and AAS. A smdl
description of the characterization toolsis aso mentioned.
CHAPTER IV: CATALYTIC ACTIVITY

Chapter 1V is divided into 6 parts (A-F) each part describes the cataytic activity of
the catalysts for different subdtrates.
Part A describes the oxidation of p-cresol to p- hydroxy benzaldehyde. Co(ll)Sden and
subgtituted Sdlen encapsulated in zeolite —Y were used as catdyst and air was used as an
oxidant. The converson and sdectivity for various products usng different catayst have
been discussed. The optimization of reaction condition was carried out by varying different
reaction parameters.
Part B describes the cataytic activity of Co(l1)Saoph and substituted Saloph encapsulated
in zedlite'Y for the oxidatiion of b-isophorone (BIP) to keto isophorone (KIP) using air as
oxidant. The reaction conditions have been optimized by varying different parameters.
Part C describes the study on dlylic oxidation of a-pinene to corresponding oxygenates.
The mgor product formed is D-Verbenone, which is indudridly important for the
gynthess of taxol. Apat from the various reaction parameters dudies, effect of two
different encapsulated metal complexes (Co(ll)Saoph and Ru(lll)Saloph) encapsulated in
zeolite- Y ontherate of oxidation of a -pinene were aso sudied.
Part D describes the cadytic activity of styrene and trans-dilbene usng VO(IV)Sadoph
encapaulated/immobilized on zeoliteY and AI-MCM-41 usng TBHP as oxidant. The
mechanistic aspects of the epoxidation reection have been invedtigated by in situ studies
with EPR and UV-Vis spectroscopy. The effect of the support on the sructure and its

cataytic activity of the complex are also discussed.



Part E describes the oxidation of adamantane to 1-adamantanol and 2-adamantanone
usng Vanadium Sdten complex covaently anchored onto Clfunctiondized MCM-41
usng Urea hydroperoxide (UHP) as the oxidizing agent. The use of UHP as an oxidizing
agent facilitates dow release of hydroperoxide into the reaction medium and aso the use
of an anhydrous oxidizing agent for oxidation reaction.
Part F describes the immobilization of a Ruthenium hydrido-chloro triphenyl phosphine
complex onto amine functiondized MCM-41 and SBA-15. The effect of immobilization
on the dructure of the complex has been studied usng FTIR and NMR techniques. This
catayst has been used for the hydrogenation of various olefins.
CHAPTER V: SUMMARY AND CONCLUSIONS

Chapter V, presents the overal summary of the work and mentions the mgor findings

of the sudy followed by conclusons derived from it.
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CHAPTER 2

SYNTHESIS



2.1 INTRODUCTION

The present chapter deds with the detailed description of the synthess of ligands
(Schiff basg), trandtion metd complexes of Co, Ru and V [1], zeolite'Y encapsulated
metal complexes (Co, Ru and V) [2-7], mesoporous materids like pure dlicates (S-MCM-
41) dumino-slicate (AFMCM-41) and a new ordered hexagond mesoporous slica with
thicker wadls named S-SBA-15 [8], functiondized (modified) mesoporous materids
(inorganic-organic  hybrid materids) (MCM-41/SBA-15/NH, and Cl) [9] and metd
complexes immobilized and anchored to mesoporous materids [10-11]. The materia

zeoliteNa Y used as received without any modification is not described specifically.

2.2 EXPERIMENTAL
221 SYNTHESISOF LIGANDS
2.2.1.1 Synthesis of Saloph / Salten / Salen and substituted Saloph / Salen ligands
Sdicyladdehyde (244 g) dissolved in ethanol (25 ml) is added drop by drop to
ortho-phenylene diamine solution (1.08 g in 25 ml ethanal). The contents were refluxed for
3 h and a bright yelow precipitate of Sdoph was obtained. The yelow precipitate was
separated by filtration, washed with ethanol and dried in vacuum. It was then recrystdized
from ethanol to yidd Sdoph (3.0 g). The synthess of Sden / Sdten ligands were dso
caried usng a gmilar procedure, except that an ethanolic solution of ethylene
diamine/diethyl triamine were added ingead of an ethanolic solution of ortho-phenylene
diamine. In the case of Sdten excess of solvent was removed under vacuum and a dark
ydlow colored oily product was obtaned. Smilaly dichloro, dibromo and dinitro

Sdoph/Sden ligands were syntheszed by using the corresponding <dicylddehyde



derivatives. Elementd and mdting point andyss confirmed the molecular composition of
ligands
222 SYNTHESSOF “NEAT” COMPLEXES
2.2.2.1 Synthesis of “neat” Co(ll)Saloph/ Co(ll)Salen/ VO(IV)Saloph/ VO(IV)Salten
complexes

Cobdtous acetate tetrahydrate (0.83 g) dissolved in ethanol (25 ml) was added to
a solution of Sdoph (1.05 g in 25ml ethanol) and refluxed for 3 h. On cooling the reaction
mixture, dark brown crystals of Co(ll)Saloph were obtained (1.5 g). For the synthess of
VO(IV)Sdoph/ VO(IV)Sdten an ethanolic solution of VOS0,4.5H,0 was used. Dichloro,
dibromo and dinitro subgtitutes of Co(ll)Saoph/Sden complexes were prepared using the
corresponding ligands. Elemental and spectroscopic analysis confirmed the composition of
these metd complexes. The schematic representation of the method of preparation of

ligands and complexesis as shown in Scheme- 2.1.



R —0
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Where, R =H, Cl, Br, NO,

M =Co, Ru, V

Scheme- 2.1 Synthess of metal complex

2.2.2.2 Synthesis of Ky[RuCls(H20)]

K2[RuCl(H20)] was prepared by following the procedure described esewhere
[12]. A known amount of RuCk.3H,O (0.25 g) was dissolved in 12 M HCl and refluxed
for 30 h and to it stoichiometric amount of KClI was added and the solution was stirred

with mercury until the solution became green, indicaing the formation of Ru(ll).



Mercurous chloride formed was removed by filtration. This solution was evaporated to
sndl volume and cooled. The resulting red crystds were separated by filtration, washed
with ethanal and recrystalized from 6 M HCI to give Ko[RuCls(H20)].

2.2.2.3 Synthesis of “ neat” [Ru(l11)(Saloph)Cl,] complex

Sdoph (0.01 mol) was dissolved in 25 ml ethanol to which Ko[RuCls(H20)] was
added in an equimolar raio. This mixture was refluxed for 15 h and the reaction mixture
was filtered and the filtrate was concentrated to a smdl volume by evaporating the solvent.
To this solution ether was added to precipitate a brown colored complex
[Ru(l11)(Saoph)]. The purity of the complex was confirmed by FT-1R and mdting point.
2.2.2.4 Synthesis of hydrido chlorocarbonyl tris(triphenylphosphine)ruthenium(ll)
complex “ neat” [RuHCI(CO)(PPhs)s]

A solution of RuCk.3H,O (261 g) in 2-methoxyethanol (200 ml) and agueous
formadehyde (200 ml, 40% w/v) were added regpidy and successvely to a vigoroudy
dirred boiling solution of triphenylphosphine (15.8 g) in the same solvent (300 ml). The
mixture was refluxed for 10min, alowed to coal, filtered, washed with ethanol and hexane
successvely and dried in vacuum to obtain a light cream colored solid in good yidd. The

purity and dructure of the complex was confirmed by mdting point FT-IR and NMR

Spectroscopy.



223 SYNTHESIS OF TRANSITION METAL COMPLEXES IN
MICROPOROUSMATERIAL
2.2.3.1 Synthesis of Co(l1)-Y/Ru(I11)-Y/VO-Y

Co(OAC)2.4H,0 (35 g) was dissolved in warm digtilled water (700 ml) to which
zeolite NaY (Aldrich, 7.5 g) was added and the contents were refluxed for 8 h. The
resulting pink colored solid was separated by filtration and washed thoroughly with hot
deminerdised water till the washings were colorless. The cobat-exchanged zeolite was
dried in ar overnight a 383 K. Ru(lll)-Y/VO-Y were synthesized by the same procedure
using agqueous solution of RuCk.3H20/ VOS0,4.5H,0 for ion exchange.
2.2.3.2 Synthesis of Co(ll)Saloph-Y / Ru(ll1)Saloph-Y/ VO(IV)Saloph-Y by flexible
ligand method

Sdoph (0.4 g) was dissolved in 80 ml of of tert-butanol and to it Co(ll)-Y (2.0 g)
was added and this mixture was stirred for 16 h at 343 K. The mixture was cooled and the
brown solid obtained was separated by filtration, dried and then Soxhlet extracted with
tert-butanol. It was then treated with 1 M NaCl (50 ml) and refluxed for 3 h to neutrdize
the charge on the zeolite. After this, the solid product wes filtered and washed with warm
demineralized water to remove the adsorbed chloride ions. The completion of chloride ion
remova was confirmed with AgNOs solution. The above product was then dried at 383 K
for 12 h and the brown solid retained its color. This indicated the retention of complex
indde the zeolite super cages. The complex deposited as such by impregnation method on
the externd surface of the zeolite, was Soxhlet extracted with tert-butanol and the zeolite
reganed its white color, indicating the complete remova of complex from the externd

asurface of zeolite. These experiments indicated the location of complex indgde the pores of



the zeolite and not on the externd surface. This was verified in prepardtion of dl zeoliteY
exchanged complexes. Similarly, other subgtituted Sdoph of cobdt, Co(ll)C-SdophY,
Co(I)Br-SaophY and Co(ll)nitro-Sdoph-Y cadysts were aso prepared by treating
Co(ll)-Y with resgpective ligands by following the &bove flexible ligand method.
Ru(liNSaophY and VO(IV)SdophY was syntheszed usng the corresponding metd
exchanged zeolite.
2.2.3.3 Synthesis of Co(ll)Salen— Y/ substituted Salen-Y by flexible ligand method

The Sden ligand (3 g) was mdted in a round bottom flask kept in an oil bath at
160°C. To the molten Sden was added Co(l)-Y (1 g) and the contents were kept at the
same temperature for 24 h. The molten mass was then cooled to get a brown solid, which
was powdered, and Soxhlet extracted with methylene chloride. The product was then
refluxed with 0.1 M NaCl solution for 4 h to remove the charge on the zeolite. The solid
was then washed with hot water till free from chloride ions. Smilaly the substituted

Sdens were encapsul ated using the above procedure.

224 SYNTHESISOF MESOPOROUSMATERIALS
2.2.4.1 Synthesis of AI-MCM-41

Al-MCM-41 was synthesized by, teking the molar composition of the synthesis gel
- SO, : 0.01 Al,O3 : 0.33 TMAOH : 0.55 CTAB : 60H,0. To 20.8 g of TEOS, a solution
of TMAOH (12.08 g in 10 ml distilled water) was added drop-wise, and the mixture was
dlowed to dir for 1 h. Then, 0.233 g of sodium auminate in 10 ml water was added. After
1 h of dirring, a solution of CTAB (27.33 g in 88 ml water) was added drop-wise. The

mixture was girred overnight. The g was trandferred to a teflontlined autoclave and kept



a 373 K for 5 days. The solid AI-MCM-41 obtained was filtered, washed and dried at 373
K and then calcined at 823 K for 8 h. S/Al ratio was found to be 38 (XRF).
2.2.4.2 Synthesis of S-MCM-41

TMAOH(12.08 g) in 10 ml ditilled water was added under congtant stirring to 20.8
g of TEOS and the mixture was dlowed to gir for 1h. Then a solution of CTAB(27.33 Q)
in 98 ml water was added drop wise. The composition of the resultant gd was SO» : 0.33
TMAOH : 055 CTAB : 60 H»O. This mixture was dirred overnight. The gd was
transferred to a Teflon-lined autoclave and kept at 373 K for 5 days. The solid SMCM-41
obtained was filtered, washed and dried a 373 K in ar and then calcined at 823 K for 8 h
in nitrogen and then kept at thistemperature for 6 hin air.
2.2.4.3 Synthesis of Si-SBA-15

SBA-15 has been synthesized from a typica synthess batch with the compostion
of 4 g Pluronic P123 [EO2-PO70-EO20], 120g of 2M HCl and 9 g TEOS. Typicdly 4 g of
triblock co-polymer [EOy-POm-EO,] was dispersed in 30 g distilled water and stirred for 3
h. To the resultant solution 120 g of 2M HCl was added under dirring and findly 9 g of
TEOS was added drop wise and the mixture was maintained at 313 K for 24 h under
dirring and then for 48 h a a temperature of 383 K under datic condition in a
polypropylene bottle. The crysalized product was filtered, washed with warm didtilled
water and dried at 383 K for 24 h and then cacined at 813 K in nitrogen for 12 h and then
maintained a 813 K in ar for 5 h to completely remove the template. The sructure was

confirmed by XRD and surface area.



225 SYNTHESIS OF TRANSITION METAL COMPLEXES IN MESOPOROUS
MATERIALS
2.2.5.1 Preparation of VO-AlI-MCM-41
VO-AI-MCM-41 was prepared by ion exchanging 2 g of Al-M CM-41 with an
aqueous solution (150 ml) of VOS0O,4.5H,0 (1 g).
2.2.5.2 Preparation of VO(IV)Saloph-Al-MCM-41
To a solution of 04 g of Sdoph dissolved in 80 ml tert-butanol, 2 g of VO-AI-
MCM-41 was added. The suspension was refluxed for 8 h. The solid was filtered out and

Soxhlet extracted with tert-butanol.

2.2.6 ANCHORING OF TRANSITION METAL COMPLEXES
2.2.6.1 Synthesis of NH,/Cl modified MCM-41 and SBA-15

In a typicd surface modification process activated SFMCM-41 and S-SBA-15 (3
0, 423 K) under vacuum was refluxed in toluene (50 ml didilled over freshly cut sodium
and dried over zedlite A) with 3-aminopropyl triethoxyslane (APTES) (3g) / 3-
chloropropy! triethoxysilane (CPTES) (3 g) for 3 h under argon atmosphere. The separated
solid was washed with diethyl ether and Soxhlet extracted with 250 ml dichloromethane
yidding covdently anchored 3-amino/chloropropyl triethoxysilane moieties NH,/Cl-

MCM-41/ NH,/Cl-SBA-15 (Scheme- 2.2).



H (Cszo)\ \
—oH + (CHO—S - >"\Hycl T > )70 S " \H/Cl + 3C,HOH
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MCM-41/SBA-15 APTES/CPTES

Scheme-2.2 Synthess of covaently anchored 3-amino/chloropropyl triethoxyslane
moieties.
2.2.6.2 Immobilization of [RuHCI(CO)(PPhs)s] over NH>-MCM-41/ NH,-SBA-15

To a suspenson of freshly activated NH,-MCM-41/ NH,-SBA-15 (1 @) in dry
toluene (40 ml) a solution of [RuHCI(CO)(PPrs)s] (0.1 g) in anhydrous toluene (10 ml)
was added and the resulting solution was refluxed for 3 h and the separated solid was
Soxhlet extracted with anhydrous toluene and vacuum dried for 24 h to obtan
[RUHCI(CO)(PPhs)2]-NH2-M CM-41and [RuHCI(CO)(PPhs)2]-NH2- SBA- 15 (Scheme-2.3).

PPh; o

o
. N ~ }
NS S
—o/ 2 PP( ‘\Ppm —” C|/ ¥7Ph3

|

C

Scheme-2.3 Immohilization of [RUHCI(CO)(PPhgs)s] over NH-M CM-41/ NH-SBA-15

2.2.6.3 Covalent anchoring of VO(IV)Salten over CI-MCM-41/CI-SBA-15

To a suspenson of freshly activated CFMCM-41/C-SBA-15 (1 g) in dry toluene
(40 ml) a solution of Sdten ligand (0.1 g) in anhydrous toluene (10 ml) was added and the
resulting solution was refluxed for 3 h and the separated yellow colored solid was Soxhlet

extracted with anhydrous toluene to remove the unreacted Sdten ligand adsorbed on the



extend surface of CFMCM-41/CI-SBA-15 and vacuum dried for 24 h. Then to a
suspengon of this solid (1 g) in dry ethanol (40 ml) a solution of VOS0,4.5H,0 (0.1 g) in
anhydrous ethanol (25 ml) was added. The solution immediately turned green indicating
the formation of a vanadium complex (Scheme-2.4). This was refluxed for 3 h. The green
solid was separated by filtration, was dried and Soxhlet extracted with dry ethanol to

remove any unreacted vanadium from the surface.

—\Si NN N7
/ — > S
o OH HO
CI-MCM-41/CI-SBA-15 Salten

OH HO

=N N=C

Si-MCM-41-VO(1 V) Salten/Si-SBA-15-VO(I V)Salten

Scheme-2.4 Covalent anchoring of VO(1V)Salten over CI-MCM-41/CI-BA-15
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CHAPTER 3

CHARACTERIZATION

31 INTRODUCTION



Microporous and mesoporous materiads need to be characterized to eucidate their
dructurd features, pore architecture and cataytic behavior. A complete charaterization of
such maerids require information from a number of physica, chemicd and spectroscopic
techniques. Characterization of encapsulated metd complex requires the use of various
techniques in tandem to characterize the red date of the encgpsulated compounds and of
the support used for encgpsulaion. Characterization gives information about any unrescted
or uncomplexed remnants of ather the metd ion or ligand, the location of the complex and

the preservation of the structure and crystdlinity of the support.

3.2 EXPERIMENTAL
3.2.1 Chemical analysis

The C, H & N andysis of “neat” and encgpsulated/immobilized complex was done
on a Carlo Erba (Modd EA 1108) demental analyzer. S and Al contents were estimated
by waveength dispersve XRF gpectrometer (Rigaku 3670E). An aomic absorption
spectrometer (AAS, Hitachi Modd Z-8000) and an inductively coupled plasma atomic
emisson spectrometer (ICP-AES) edimated the metd content in the samples. A known
amount of the encapsulated complex was digested in a mixture of hydrochloric acid ad
nitric acid in a volumetric flask till the entire complex leaches out of the support. Then the
solution was made upto the mark of the volumetric flask with digtilled water and was then
andyzed for cobdt and vanadium by aomic absorption spectroscopy. A solution was
made in a dmilar manner for ruthenium and the ruthenium content was andyzed by
inductively coupled plasma atomic emission spectrometer (ICP-AES).

3.2.2 X-ray diffraction



The encapsulated/immobilized samples of NaY and MCM-41 were andyzed for
phase identification on a computer controlled X-ray powder diffractometer (Rigaku Modé
D/IMAX 11l VC, Japan). Ni filtered CuKa radiation { =1.504 A) was used with a curved
graphite crysta monochromater and a Nal scintillator. All measurements were made at
room temperature. The powder X-ray diffraction paterns of the SBA-15 materids were
collected on a SIEMENS D5005 diffractometer usng CuKa (I = 0.154 nm) radiation.
Data were collected in the 2q range 5-40 degrees a a scan rate of 4°/min in the case of

microporous (zeolite —Y) materids and in the 2q range 1.5-15 degrees a a scan rate of

1°/min in the case of MCM-41 type materids and in the 2j range 0-10 degrees at a scan
rale of 1°/min in the case of SBA-15 type materids. Silicon was used as the internd
dandard for cdibrating the insrument. The d vaues and the rdative intendties 1/lp of the
peaks were caculated. The catdysts were findy powdered before they were loaded in the
sample compartment.
3.2.3 Sorption studies

The texturd properties of the immobilized complexes were determined from N
adsorption isotherms measured on an Omnisorb 100 CX Coulter instrument. Prior to the
adsorption measurements, the samples were activated at 373 K for 12 h, in high vacuum
(1.33 x10°Pa). After evacuation the samples were cooled a room temperature and the
weight was taken. The samples were then cooled to 78 K using liquid nitrogen and then
nitrogen was dlowed to adsorb on them. The volume of nitrogen adsorbed (cc.g a STP)
and the BET surface areas were then measured.

3.24 Infrared spectroscopy



The Infrared gpectra were recorded usng a Shimadzu (Mode 8201PC)
spectrophotometer in a frequency range 4000-400 cmt. Nujol and flurolube were used as
the mulling agent. Band intengties were expressed as transmittance (T). The spectra of the
complex immobilized on mesoporous samples were recorded after drying them over
toluene to remove even trace amount of water.

3.2.5 Nuclear Magnetic Resonance (NMR) Spectroscopy

The dructure of the “neat” and the complex inside the mesoporous materias was
characterized by MAS NMR spectroscopy (Bruker DSX-300 spectrometer). The *H NMR
and 3P NMR spectrum of the “neat” complex was recorded immediately after dissolution
of the complex in CDCl; with the resdud protons of the solvent as internd reference (for
'H NMR spectra) and with HsPO, as external reference for *P NMR spectra.

3.2.6 Electron Spin Resonance (ESR) Spectroscopy

ESR gspectra were recorded at 77 and 298 K on a Bruker EMX spectrometer
operaing at X band frequency (n » 9.78 GHz) and 100 kHz field modulation. ESR spectra
gmulations and manipulations were done usng the Bruker Smfonia and WINEPR
software packages.

3.2.7 X-ray photoelectron spectroscopy

XPS spectra are recorded on a VG Microtech Multilab — ESCA 3000 spectrometer
equipped with a twin anode of Al and Mg. All measurements are made on as received
powder samples usng Mg Ka X-ray a room temperature. Base pressure in the andyss
chamber was 4x10''° Torr. Multi channel detection system with 9 channels is employed to
collect the data The overdl energy resolution of the ingrument is better than 0.7 €V,

determined from the full width a haf maximum of the 4f;, core level of gold surface. The



erors in dl the BE vaues were within 0.1 eV. AlKa (1486.6 A) was used for excitation
and photoelectron kinetic energy was increased with reference to the Fermi energy. The
samples were ground to a fine powder and a homogeneous mixture was made with
isopropanal. It was depodted in a nicke drip for andysis. The peaks were resolved after
background subtraction and a gaussian equation as used to fit the curves.
3.2.8 Transmission electron microscopy

The dructure of the mesoporous materials was confirmed usng TEM (JEOL Modd
1200 EX). It has been used to provide information of mesoporous materias a near atomic
resolution. A fine sugpension of the sample was made in acetone and was mounted on a
copper grid. Images were recorded on conventiona sheet films.
3.2.9 Thermal analysis

TG and DTA andyss of the neat and zeolite encgpsulated meta complexes were
recorded on Rheometric Scientific (STA 1500) Anayzer. The thermograms of the samples
were recorded taking 30 mg of the sample and hedting a a rate of 5°/min in N
amosphere. A known weight of the encapsulated complex was teken in a platinum
crucible with lid and heated a 393 K to get the dry weight of the sample. The sample was

weighed after equilibration. The difference in weights gives the loss on heating.



3.3 RESULTSAND DISCUSSION
3.3.1 Chemical analysis
Table3.1

Metal content of the encapsulated/immobilized complexes

Catdyst Meta Wt. %
Co(I)-Y 2.47
Ru(l1)-Y 2.6
VO-Y 2
Co(ll)Saloph-Y 15
Co(ICl-SdophY 11
Co(I1)Br-Sdoph-Y 1.09
Co(I1)Nitro-Sdoph-Y 1
Ru(l11)SalophY 2.11
VO(IV)Sdoph Y 1.46
VO(IV)Sa oph-Al-MCM-41 2.14
VO(IV)Saten -Si-MCM-41 0.8
VO(IV)Sdten - Si-SBA-15 1.2
[RUHCI(CO)(PPhs)2]-NH2-M CM-41 0.88
[RUHCI(CO)(PPhs),]-NH2-SBA-15 1.3

3.3.2 X-ray diffraction
X-ray diffraction (XRD) is used for the identification of the phase and the purity of

the zeolite matrix. It dso provides informaion on the change in the unit cdl and



morphological parameters arisng as a rexult of encapaulation of the trangtion metd
complexes. XRD evduates the integrity and crysdlinity of the support matrix around the
trangtion metal complex.

Figure. 3.1 shows the XRD patterns of VO-Y, VO(IV)Sadoph-Y, AI-MCM-41 and
VO(IV)Sdoph-AI-MCM-41. No appreciable loss in crystdlinity was observed as a
consequence of metal complex encapsulation. However, changes were noticed in the
intengties of (331), (311), (220) pesks of zeoliteY. In NaY (not shown) and VO-Y
(Figure 3.1 @), the relative intendties of the peaks varied in the order: (331) > (220) > (311)
indicating a random didribution of the exchangeable cations within the zeolite lattice.
However, in VO(IV)SdophY (Figure 3.1 b), the pesk intengties varied in the order: (331)
> (311) > (220) suggesting displacement of cations in the supercages by the Saoph
complexes [1]. The XRD patterns of AI-MCM-41 and VO(IV)SaophAl-M CM-41 reved

that the mesoporous structure is retained even after the encapsulation (Figure 3.1 c and d.
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Figure 3.1 XRD patters of (@) VO-Y, (b) VO(1V)Sdoph-Y, (c) AI-MCM-41 and (d)

VO(IV)Sadoph-Al-MCM-41.

Figure 32 shows the XRD paterns of SSMCM-41, CI-S-MCM-41 and
VO(IV)Sdten-Si-MCM-41. XRD pattern of SSFMCM-41 (Figure 3.2 @ shows a very

intense pesk assigned to reflections a (100) and two additiond pesks with low intengities



a (110) and (200) reflections respectivdly which can be indexed to hexagond lattice.
Some loss in the intendties of the pesks was observed upon modification with 3-CPTES
(Figure 3.2 b), which shows that though there is some reduction in the crystdlinity of S-

MCM-41, the mesoporosty of S-MCM-41 is retained. No further loss in the intengty of

the peak at

S-MCM-41

Cl-S-MCM-41

I ntensity (a.u.)

VO(IV)Salten-Si-M CM-41

Figure 3.2 XRD patters of (@) S-MCM-41, (b) CI-Si-MCM-41, (¢) VO(IV)SaltenSi-
MCM-41.



(100) reflection was observed on immobilizing VO(IV)Sdten complex onto SFMCM-41-
VO(IV)Sdten (Figure 3.2 c). However the peaks at (110) and (200) reflections were not
observed upon modification.

Figure 33 (ae) shows the XRD patterns of S-MCM-41, NH;-MCM-41,
[RUHCI(CO)(PPhs)2]-NH2-MCM-41,  physicd mixture of SFMCM-41  and
[RUHCI(CO)(PPhg)s] and “neat”-[RuHCI(CO)(PPhs)s]. The XRD pattern of S-MCM-41
(Figure 3.3 @ shows peaks typicd of S-MCM-41. It is seen that upon functiondization
with APTES the intendties of the peeks decrease dgnificantly (Figure 3.3 b). No
ggnificant further loss in the intendties is observed ater immobilization of the ruthenium
complex (Figure 3.3 ¢). However the peaks at (110) and (200) reflections were not
obsarved upon immobilization of complex. However the XRD pattern of the physca
mixture of SFMCM-41 and the ruthenium complex shows some peeks other than that of
MCM-41 which can be indexed to that of the neat complex (Figure 3.3 d). The XRD
pattern of “neat”-[RUHCI(CO)(PPhg)3] is depicted in (Figure 3.3 €).

The XRD patterns on SFSBA-15, NH,-SBA-15 and [RUHCI(CO)(PPhs)]-NH,-
SBA-15 are depicted in the Figure 34 (ac). The XRD diffraction pattern of S-SBA-15
shows a very intense pesk (100) and two additiond high order pesks with lower intensties
(Figure 34 @), indicating a dgnificant degree of long range ordering of the sructure and
well formed hexagona pore arrays. Some loss in the intendties of the pesks was observed
upon modification with APTES reveding that dglylaion has indeed occurred indde the
mesopores of S-SBA-15 (Figure 3.4 b). However it is evident from XRD that in addition
to the very intense pesk (100) the two higher order pesks were ill observed indicating

that the glylation procedure did not diminish the dructurd ordering of S-SBA-15. No



ggnificant loss in the intendgty was obsarved on immobilizing the ruthenium complex
(Figure 34 c¢). This indicates that the dructure of S-SBA-15 is retained when the

ruthenium complex is digoersed in the channdls.

S-MCM-41

NH_-MCM-41

RUHCOCI(PPh,) -NH -MCM-41

Intensity/a.u.

Si-MCM-41 + RUHCOCI(PPh,),

RuHCOCI(PPh),

2 theta

Figure 3.3 XRD profiles of (8) S-MCM-41, (b) NH>-MCM-41, (c) [RuHCI(CO)(PPhg)2]-
NH,-MCM-41,  (d)  S-MCM-41+[RUHCI(CO)(PPhy)s], and  (d)  “nea’

[RUHCI(CO)(PPhg)s].
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Figure3.4 XRD profilesof () S-SBA-15, (b) NH»-SBA-15, and (c) [RuHCI(CO)(PPhg).]-
NH»-SBA-15.
3.3.3 Sorption studies

The texturad properties (surface area, pore volume and average pore diameter) of

the encapsulated/immobilized complexes can be determined from the N»-sorption studies.



A dggnificant reduction in the adsorption cgpacity should follow immobilization. If the
complexes are merdly adsorbed on the externd surface of the support there may not be
ggnificant difference in the surface arealpore volume vaues. Smilaly, reduction in the
surface area and pore volume is observed on encapsulation of phthaocyanines and
porphyrin complexesin zeolite-X and Y [2-3].

Nitrogen adsorption data for the various immobilized complexes onto microporous and

mesoporous materidsis presented in the table 3.2

Table3.2

Surface area and pore volume of catalysts

Catalyst Surface area Pore volume(ml §-)
(n? gl Pore Diameter (A)
NaY 836.3 0.42
Co(ll)-Y 554.0 0.23
Ru(lll)-Y 546.0 0.24
VO-Y 549 0.31
Al-MCM-41 950 23 (A)
Si-MCM-41 1000 33 (A)
Si-SBA-15 980 90 (A)
Cl-MCM-41 850 24 (R)
Cl-SBA-15 820 80 (A)

NH>-MCM-41 600 20 (A)



NH,-SBA-15 800 80(A)

Co(ll)Saoph -Y 442 0.21
Co(I)Cl-Sdoph - Y 484 0.20
Co(I1)Br-Sdoph - Y 475 0.20
Co(I)Nitro-Saloph -Y 369 0.17
Ru(lI1)Saloph-Y 458 0.23
VO(IV)SaophY 473 0.24
VO(IV)Saoph-Al-MCM-41 540 11 (R)
VO(IV)Saten-MCM-41 700 16 (A)
VO(IV)Saten-SBA-15 660 76 (A)
[RUHCI(CO)(PPhg),]-NH-MCM-41 260 11 (A)
[RUHCI(CO)(PPhs)2]-NH-SBA-15 630 73 (A)

Upon encgpsulating VO(IV)Sdoph, the surface area of zeoliteY and A-MCM-41
decreased from 836 to 473 nf/g and from 950 to 540 nf/g, respectively. Also a decrease in
pore volume of zedlite-Y from 0.42 to 0.24 ml/g was observed. The average pore diameter
of A-MCM-41 decreased from 23 (in AI-MCM-41) to 11 A. The reduction in the pore
diameter is due to pore blockage by VO(IV)Sdoph molecules. The N, adsorption and
XRD dudies confirm the formation and presence of VO(IV)Sdoph in the cages of zeolite-
Y and A-MCM-41.

On modifying SMCM-41 with 3-CPTES the surface area of S-MCM-41
decreased from 1000 to 850 nf/g and the pore size reduced from 33 (A) to 24 (A). Upon

immobilizing VO(IV)Sdten, a further reduction in the surface area from 850 to 700 nt/g



and pore size from 2.4 to 1.6 nm was observed. The reduction in the surface area and pore
gze is due to the lining of the wals of S-MCM-41 with the organic moieties Smilar trend
has also been observed previoudy [4].

In the case of SBA-15 a decrease in the surface area from 980 nf/g to 800 nt/g and
decrease in pore size from 90 A to 80 A was observed on modification with APTES.
Further decrease in the surface area from 800 to 630 nf/g and pore size from 80 A to 73 A
was obsarved upon immobilization of NH,-SBA-15 with the ruthenium complex. The N2
adsorption and XRD dudies confirm the presence of ruthenium complex insde the
channels of NH,-M CM-41 and NH,-SBA-15.

3.3.4 Infrared spectroscopy

The FT-IR gpectra (Figure 35) confirmed the formation and integrity of
VO(IV)Sdoph complexes indde zeoliteY and Al-MCM-41. The assgnments of a few
representative bands are given in Table 3.3. In the spectra of zeolite-encapsulated
complexes the bands due to VO(IV)Sdoph were weak and masked by the zeolite bands
due to the low concentration of the former. However, in VO(IV)Sdoph -Al-MCM-41 the
ligand vibrationd bands were comparaivdy more intense. The margind shift in the
position of the bands corresponding to C=N, GO and C=C (Table 3.3) indicates changes
in the geometry of VO(IV)Sdoph as a consequence of encapsulation. Such shift in band
postions due to encapsulation was reported earlier dso in other Schiff base and
phthaocyanine complexes [5-7]. In case of Cu(Saoph) and Mn(Saloph) complexes the

bands due to n(C-0) occurred at 1339 and 1284 cmi* [8].



Table3.3

FT-IR bandsof VO(IV)Saloph complexes

Catalyst FT-IR bands (cm )

n(C=N) n(C=C) n(C-O) Ring

“neat”VO(IV)Saloph 1600 1572 1370 1530, 1456

VO(IV)Saoph-Y 1572 1577 1377  1527,1461
VO(IV)Saoph-Al- 1604 1578 1377 1531, 1458
MCM-41

However, in VO(IV)Saloph this band appeared at 1370 cmit (Table 3.3). The shift
in the band pogtion towards lower energy side (VO(IV)Saoph >Cu(Saloph)>Mn(Saoph)
suggests that the metal-ligand bond is more covaent in VO(IV)Sdoph than in Cu(Saoph)
and Mn(Sdoph) complexes. Further, appearance of n(C-O) a dill higher frequencies
(1377 cm?) in encapsulated complexes points out a grester amount of charge

delocdlization onto the ligands.
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Figure35  FT-IR spectra (Nujol mull): (@) “neat” VO(IV)Sadoph, (b) VO(IV)Sdoph-Y

and (c) VO(1V)Sdoph-AI-MCM-41.
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Figure36  FT-IR spectra (d) “neat” VO(IV)Sdten, (b) Sdten-Si-MCM-41, (c)

VO(IV)Sdten Si-MCM-41.

The FTIR goectra (Figure 3.6) confirms the formaion and integrity of
VO(IV)Sdten complex ingde the channd of S-MCM-41. The assgnments of a few
representative bands for “neat” VO(IV)Sdten and immobilized VO(IV)SdtenrMCM-41
are 1623 and 1624 (C=N), 1449 and 1455 (C=C) and 1376 and 1394 (C=0). The margina

shift in the podtions of the bands corresponding to C=N, C=C and C=0 is due to



immohilization of the complex. In the spectra of the immobilized complex the bands due to

VO(IV)Sdten are weak due to their low concentration and are masked by S-OH bands.
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FT-IR spectraof (.....) NH-MCM-41, and ( ___) NH,-SBA-15.



The amine modified and [RuHCI(CO)(PPhs)s] immobilized MCM-41/SBA-15
materiads were characterized by IR spectroscopy. The FT-IR spectra of NH,-MCM-41/
NH,-SBA-15 showed two bands at 3365 and 3298 cmi' characteristic of the NH, groups
(NH vibrations) and two bands at 2935 and 2872 cmi' characteristic of asymmetric and
symmetric vibrations of the CH, groups of the propyl chain of the slylating agent (Figure

3.7). These results are quite cong stent with the results previoudly reported [9].

RUHCOCI(PPh,),

RuHCOCI(PPh,) -NH -MCM-41
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Figure3.8  FT-IR spectra of (a) “neat” [RuHCI(CO)(PPhgs)s] (b) [RUHCI(CO)(PPhg)2]-

NH,-MCM-41and (c) [RuHCI(CO)(PPhg),]-NH,-SBA-15.



The FT-IR spectra of “neat” [RuHCI(CO)(PPhs)s] and [RUHCI(CO)(PPhs)2]-NHo-
MCM-41and [RuHCI(CO)(PPhs)2]-NH2-SBA-15 are shown in the Figure 3.8. The spectra
of immobilized complex showed characteristic pesks of the nest complex indicating the
retention of the structure of the complex upon immobilization. The nest complex showed a
medium band for n RuH a 2007 cm! and a strong band due to n(C°O) at 1919 cmi?,
which is shifted to 2045 and 1940 cm! upon immohbilization. This increase in n(C° O)
could be attributed b the presence of a strong eectronegative atom like nitrogen, which is
a grong s donor. In the immobilized complexes the decrease in the intensity of bands due
to phosphine a 3000, 742, 717 and 692 indicates that one phosphine molecule has been
knocked out during the coordination of ruthenium to nitrogen. The unusud trans bond
weekening effect of the hydride ligand in [RuHCI(CO)(PPhs)s] complex accounts for the
ready displacement of trans phosphine by strong bonding Lewis base [27]. The nitrogen
can easily replace trans phosphine giving a anchored [RUHCI(CO)(PPhs)s] complex.
[RUHCI(CO)(PPhs)s] + NHo-MCM/SBA —® NH,-MCM/SBA-[ RUHCI(CO)(PPhs),] +
PPh;

3.3.5 Nuclear Magnetic Resonance (NMR) Spectroscopy

The *H NMR spectrum of the “neat” [RuHCI(CO)(PPhs)s] and the Solid State-
MAS-NMR  spectrum  of  NH,-MCM-[RUHCI(CO)(PPhs);] and  NH,-SBA-
[RUHCI(CO)(PPhg)2] were taken. The *H NMR spectrum of the nest complex shows that
the aromatic protons resonate in the range of 7 to 7.7 ppm with an intensty of 45. While
in the immobilized complex of the same the intendgty of the aromatic protons reduces to
31 which confirms the knocking out of one PPhs during immobilization. The *H NMR

spectrum of the same exhibits two triplets with 1 : 2 : 1 intendty & —7.2 ppm due to



coupling of hydridic proton with phosphorous nuclel indicating that the complex contains
two equivalent PPhs cis to hydrogen with coupling constant 2J(P-H)es = 22 Hz and one
PPhs trans to hydrogen with large coupling constant 2J(P-H)yans = 105 Hz. The 3P NMR
of “neat” [RUHCI(CO)(PPhs)s] shows four pesks at 39, 29.1, 1345 and 124 ppm
indicating the presence of three PPhs groups. However in the case of immobilized
complexes the 3P NMR shows a singlet a 32 and 34 ppm in NHx-MCM-
[RUHCI(CO)(PPrg)2] and NH>-SBA-[RUHCI(CO)(PPrg)2] respectively  suggesting  the
presence of only two PPhs groups trans to each other.. The high fidd shift in the 3P NMR
from 39 ppm in the nest complex to 32 and 34 ppm in the immobilized complexes is due
to the presence of dectron donating NH, group of the slylating agent, which increases the
electron dengty at ruthenium by dp(P) « dp(Ru) bonding as reported earlier [10].
3.3.6 ESR spectroscopy

Frozen acetonitrile solutions of VO(IV)Sdoph a 77 K exhibited an axia-type ESR
gpectrum (Figure 3.9 a). The hyperfine features due to vanadium (I = 7/2) are well resolved
both in the pardld and perpendicular regions. The spin Hamiltonion parameters (g =
1.955, g = 1.980, A+ = 178 G and A.=60 G), obtained by spectral smulations, reved a
sguare pyramida geometry for vanadium [11-12].
VO(IV)Sdoph -Y (Figure 3.9 b) showed spectra attributable to two types of V(IV) species.
Species |, characterized by an axid spectrum with spin Hamiltonian parameters ge: =
1.936, g = 1.980, A; = 185 G and A« = 72 G, is attributed to encapsulated VO(IV)Saloph
complexes and species 1, characterized by g = 1.944, g = 1.980, A = 188 G and A. =

68 G, is due to uncomplexed VO?* ions located in the soddite cages. In VO(IV)Saoph-Al-



MCM-41, the signals were broad and the vanadium hyperfine features could be bardly seen
(Figure 39 ¢; g- = 1.938, g = 1.980 and A: = 198 G). The difference in ESR spectra of
“neat” VO(IV)Sdoph, VO(IV)Sdoph -Y and VO(IV)Saoph-Al-MCM-41 are condstent
with the increasing vanadium content in the samples (VO(1V)Sdoph-Al-MCM-41 contains

2.14% V while VO(1V)Sdoph -Y has 1.46% V).

"Neat" VO(IV)Saloph

W

| VO(lIV)Saloph-Y

! —

—/_// VO(IV)Saloph-Al-MCM-41

2500 3000 3500 4000 4500
Magnetic Field

Figure39 ESR goectra a 77 K: (@ frozen VO(IV)Sdoph in acetonitrile, (b)

VO(IV)Saoph-Y and (c) VO(IV)Sad oph-Al-MCM-41.



While the complexes are isolated and confined in the supercages of zeolite-Y, they
exhibit wesk intermolecular interactions in VO(IV)SdophtAl-MCM-41, resulting in broad
ESR dgnds (Figure 3.9 c). Didinct varidions in g and vanadium hyperfine parameters
were observed upon encapsulation (Table 3.4). These parameters suggest a distorted
octahedral geometry for vanadium in the encapsulated complexes. Perhgps, the
zeolites/dlica  framework provides the gxth-coordination to VO(IV)Sdoph. Such
interactions were observed dso in Cu(Sden) [13] and Cu(phthalocyanine) [14]
encgpsulated in zeolite-Y.

Table3.4

ESR parametersof VO(IV)Saloph complexes

Catalyst ESR parameters (at 77 K)
o o} Aso An
(©) (©)
VO(IV)Sa oph-*“ neat” 1.955 1.980 178 60
VO(IV)SdophY 1.936  1.980 185 75
VO(IV)Sdoph-A-MCM-41 1.938 1.980 198 -

3.3.7 X-ray photoelectron spectroscopy (XPS)

XPS was used for surface characterization of the immobilized metd complexes.
The relative eemental concentration at the surface and oxidation states of the @ntral meta
aom can be found out by usng XPS. A shift in the binding energy of the centrd metd

atom and the nitrogen indicate encgpsulation [15-18].



The homogeneous didribution of the complex indde the zedlite framework can be
edimated from the surface metd/S or metd/Al ratios. In the present work XPS was used
to ducidate the oxidation date of the metas, the effect of encagpsulaion and to estimate the
surface enrichment of the metals.

Figure 310 (A) shows the Ru 3p core levels of neat and encapsulated
Ru(ll)Sadoph complexes. The binding energy of Ru 3p leves are very close to the BE of
Ru** reported [19]. However upon encapsulation a clear shift towards higher BE is seen
compared to the neat complex. It is attributed to the complexation of Ru with Sdoph
ligand indde the zeolite cages Additiondly a cear sadlite is seen a 473 eV for
encgpsulated complex and this is due to charge trandfer from ligand to meta as observed in
trangtion metal compounds.

Figure 310 (B) shows the Co 2p core levdds of “neat” and encgpsulated
Co(INSdoph complexes. In Co-complexes dso smilar experimentd trend has been
observed, as in Ru cases. Cobdt remains in the 2+ oxidation state in both the “neat” and
encgpsulated date and it matches well with the reported vadues for smilar sysems [19].
There is a drong increase in sadlite intengty for Co 2p levds and a large energy gep
(16.3 €V) between them is observed from encgpsulated complex, which results in higher
cadytic activity than “neat” complex. Table 3.5 ligs the rdevant parameters for Ru and

Co complexes.
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Figure 3.10 (A) XPS of Ru in “neat” and encapsulated complex (B) XPS of Co in “neat”
and encapsulated complex
Table3.5

XPSdata of Ru(l11)Saloph and Co(l I)Saloph Complexes

Catalysts BE, Ru 3psjz or P32 and py2
Co 2pz2 (eV) separation (eV)
“nest” Ru(l11) Saloph 461.4 224
Ru(l11)Saloph-Y, Encapsulated 462.2 22.3
“negt” Co(I1)Saloph 781.0 15.5
Co(Il)Saloph-Y, Encapsulated 781.9 16.3

Even though lot of spectroscopic work has been done on Vanadium complexes

very few data are avalable on XPS of vanadium compounds because of the overlep of the



V 2p sgnd with reasonably intense satdlites of O 1s line [20-21]. This problem in the past
has been managed by usng monochrometized radiation or by commercidly avalable
satelite subtraction software [21]. Monochromatization leads to huge reduction in sgnd
intengty and makes this method unviable to the andyss of materids with smal amount of
metd ions. However, our results clearly demondrate that at least V' 2pg)2 line is not afected
when Mg Ka is employed. The X-ray photoemisson spectra of “neat” VO(IV)Saoph,
VO(IV)Sdoph -Y, VO(IV)Saoph-AI-MCM-41 from the V 2p levd are shown in Figure
3.11. The inset shows the gectra from the O 1s core levd of SO,. VO(IV)Sdoph exhibits
V 2ps core level pesk & a binding energy of about 516 eV conssent with the +4
oxidation sate of vanadium (Table 36). This BE compaes well with that of V*
compounds reported in the literature such as V in zedliteY [20], vanadyl sulphate and
vanadyl acetyl acetate [22]. The pesk from V 2py, core levd overlaps with the satdlite
peek from O 1s of SO, (Figure 3.11). In encapsulated complexes, the spectra were weak
and indicate the location of the complex insde the cages.
Table3.6

XPSdata of VO(IV)Saloph complexes

Catdyst BE (ineV)

V2ps2 N1s O1s
VO(IV)Saloph* neat” 515.7 399.0 530.8
VO(IV)SaophY 515.7 398.8 531.8

VO(IV)Saloph-Al-MCM-41 516.1 399.0 531.8
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Figure 3.11 XPS of “neat” VO(IV)Saloph, VO(IV)Saoph -Y and VO(IV)Saoph -Al-

MCM-41 from V 2p core leve. Inset shows the pesks from Ols core level of SO».

Both encgpaulated complexes exhibits larger full width a haf maximum (FWHM)
compared to the neat complex. Additiondly, V 2p core level in MCM-41 is broadened and
non-symmetrica than that of VO(IV)SadophY. The reason could be that in the case of
zeolite Y, the vanadyl complex is packed from dl Sdes ingde the zeolite cavity and it is

experiencing dmogt a uniform secondary effect due to the interaction between zeolite and



VO(IV)Sdoph. In other words the sze of the VO(IV)Sdoph and zedlite cavity is very
close. However, in the case of VO(IV)Saoph-AI-MCMA41, sze of the complex is smaller
than the pore sze of MCM-41 so the complex might be attached to the pores in more than
one style. Interaction between VO(I1V)Sdoph and MCM-41 pores may not be uniform, as
may be the case in VO(IV)Sdoph -Y. In addition to the above, there is a posshility that
rlaxation effect [23], which is contributing to the find date of V 2p photoemmision due
to the above interaction between the metd ion and the support, ie zeolite or MCM-41. The
above relaxation effect due to support manly lowers the photodectron energy and
broadens the pesk depending on the extent of interaction between vanadyl complex and
support. Larger broadening with MCM-41 indicates that the degree of metd support
interaction is high compared to zeolite —Y. By employing non-monochromatised Mg Ka
radiation a satellite is observed due to the secondary radiation for O 1s core level between
8-105 eV bdow the actua BE of O 1s core levd. However, this satellite overlgps only
with V 2py» level and does not contribute to V' 2ps/» level as can be seen in Figure 3.11. To
demondrate clearly a V free pure SO» is andyzed and its O 1s spectrum is given in the
insat in Figure 3.11. Satdlite contribution occurs only above 520 €V and V 2ps» peak
occurs well below that limit, which cdealy demondrates that V 2ps, levd, is not
contaminated by O1s satdlites in the present case. Broadening due to O 1s satellites can be
clearly seen with V 2py/» leve in neat complex, but not with V' 2ps), leve. However, in the
case of Al Ka radiation the O 1s satellite appears between 8.5 and 13 eV below O 1s core
level and hence affects both V 2pz/» and 2 py/» core levels [21]

The X-ray photoemisson gpectra of the Ru 3p core levd of “nea”

[RUHCI(CO)(PPhs)s] and [RuHCI(CO)(PPhs)2]-NH2-MCM-41lare shown in the Figure



3.12. The neat ruthenium complex exhibits Ru 3p core level pesk a a binding energy of
464 eV condgent with the +2 oxidation sate of ruthenium. In the case of the immobilized

complex a shift in the binding energy of the Ru 3p core level to 465 eV was observed.
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Figure 3.12 XPS of (a—) “neat” [RUHCI(CO)(PPtg)s], and (b ..... ) [RUHCI(CO)(PPts)-

NHz2-M CM-41] from Ru3p core leve.

3.3.8 Transmission electron microscopy

The topographic information obtained by TEM & near aomic resolution has been a

key method for the dructura characterization and identification of MCM-41 and metd



complex immohbilized indde the channds of MCM-41. TEM can detect the presence of
trangtion metd complexes or oxides deposited on the outer surface of the mesoporous
materiads. The hexagond pore structures with smilar XRD peatterns as tha of MCM-41
materias have been observed by high resolution TEM. These dructures were adso
obsarved in the mesoporous materids after modification with APTES and dfter
immobilization with the complex (Fgure — 3.13 ac). It aso provides information about

the pore 9ze and wall thickness of the materids before and after immobilization.



Figure 3.13 Trangmisson eectron micrographs of @ S-MCM-41 b) CI-Si-MCM-41 ¢)

VO(IV)Saltenr-MCM-41



3.3.9 Thermal analysis

Differentid thermd (DTA) and thermogravimetric andyss (TGA) has been used
to characterize meta complex immobilized onto microporous and mesoporous méterids
[24]. The metal complex loading can aso be esimated form the weight loss. Hence this
technique can aso be used to ascertain the amount of uncomplexed ligand.

DTA and TGA daa with respect to the catdysts studied are presented in Figures
3.14 (A) — (D). The “neat” Co complex showed weight loss a (600 K). However, for the
corresponding encapsulated complex weight loss occurs in two dages. In the first stage up
to 423 K due to desorption of water. In the second stage weight loss is observed in the
range iof 573 to 723 K due to decomposition of the complex (Figures 3.14 B). In the case
of “neat” ruthenium complex there is a continuous weight loss up to 773 K due to
desorption of water and decompostion of the complex. But in the case of encapsulated
comple even though weight loss is observed up to 823 K the % weght loss is less
compared to “neat” complex. Thus thermd andyss data shows that the encapsulated
complexes are generdly more dable (to therma decompostion) than the free complexes

[7, 25-26].
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VO(IV)SaophY exhibited weight loss in two stages. In the fird stage the weight
loss is up to 473 K and in the second stage the weight loss is between 473 to 823 K (Figure
3.15). The former is due to desorption of water while the latter is due to decomposition of

Sdoph complex. In the case of VO(IV)Sdoph-Al-MCM-41 sample the desorption of water



takes place up to 373 K and decompostion starts at 573 K (Figure 3.15). The difference in
the thema behavior in microporous zeoliteY and mesoporous MCM-41 samples is
attributed to constrained molecular geometry and cage effects.

The therma decompogtion of the VO(IV)SdtenS-MCM-41 complex was
observed in two steps. The former (<373 K) is due to desorption of water while the latter is
due to decomposition/combustion of Sdten complex. The decompostion of VO(IV)Saten

takes place in atemperature range in VO(IV)Sdten-Si-M CM-41 complex at 623 to 873 K.
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CHAPTER 4

CATALYTICACTIVITY



41  OXIDATION OF p-CRESOL

4.1.1 INTRODUCTION

p-Hydroxybenzaldehyde (PHBA) is obtained as a by-product from the Reimer-
Tiemann reaction of sdicylddehyde with phenol. PHBA is a chemicd, which is used as an
additive for metd plating, brighteners, perfumes, as wel as a source for the production of
pharmaceutical intermediates. Cobdt <sdts are frequently used as catdysts in oxidation
reactions [1-4]. Recently many attempts to produce PHBA from p-cresol through liquid-
phase oxidation have been reported. The liquid-phase oxidation of p-cresol was reported
by Shama et d. usng cobadtous chloride as catdyst in presence of excess sodium
hydroxide to give an ovedl p-cresol converson of 90 % with 60 % sdectivity to PHBA
[5]. Other by-products included p-hydroxybenzyl adcohol (PHBAIC), p-hydroxybenzoic
acid (PHBAcid), p- hydroxybenzyly methyl ether (Ether) and minor quantities of tarry
materids. The cadytic oxidation of p-cresol to PHBA usng cobdt chloride catdyst in
methanol in the presence of three moles of sodium hydroxide is a potentidly interesting
route [6-7]. The sdective cataytic oxidation of p-cresol with molecular oxygen is a viable
propogtion due to the fact that the phenolic hydroxyl group acts as a huilt-in inhibitor to
further oxidation of the adehyde group under mild reaction conditions. However the
process reported by Nishizawa and co-workers [6] gpart from the use of large amounts of
sodium hydroxide suffers from a mgor drawback that it produces large amount of by-
products and the catalyst undergoes deactivation due to the formation of inactive,

hydroxyl-bridged, cobat complexes. An increased yied of PHBA has been achieved using



heterogeneous cataysts such as CoAPO-5 and CoAPO-11 [8]. Recently, compounds like

hydrotacite dso have been used as catdysts to get ahigh p-cresol conversion [9].

This part of the thess deds with the oxidation of p-cresol under akaine conditions

usng “neat” and zeolite'Y encapsulated cobalt(ll) Salen complexes with a view to obtain

an increased sHectivity towards PHBA. The oxidation of p-cresol gave the following

products (Scheme-4.1.1).

COOH

—_—
CH, [ CHOH |
+ 0

NaOH _ hydroxybenzaldehyde p- hydroxybenzom acid
2 MeOH CH,OCH,
OH Catalyst B OH ] MeOH
OH
p-cr esol p-hydroxybenzyl alcohol p-hydroxybenzyl methyl ether

Scheme-4.1.1 Products of p-cresol oxidation

4.1.2 EXPERIMENTAL
4.1.2.1 Materials
Sdicyladehyde, ethylenediamine, 5-chlorosdlicyladehyde,

bromosdicylddehyde, 5-nitrosdycyladdehyde, p-cresol and NaY were procured

5-

from

Aldrich Chemicals. Cobalt acetate, NaOH, MeOH and ethanol were procured from Loba

Chemicds India



4.1.2.2 Procedure

p-Cresol (6 g) was added to a warm methanolic solution (25 ml) of sodium
hydroxide (6.2 g) in a Par autoclave of 300 ml capacity and to that was added
Cobdt(I)Sden catalyst (“neat” = 0.7 mg and encapsulated 0.175 mg). The autoclave was
then pressurized with ar up to 600 psig and heated to 353 K with girring. A drop in the
pressure suggested commencement of the reaction, which was continued over a period of 3
h. After the reaction, the autoclave was cooled, gases were released and the product was
obtained as brown solid durry. It was homogenized by dissolving in water and andyzed by
HPLC (Shimadzu liquid chromatograph (Mode LC-9A) equipped with Chrompak C18 15
cm column) usng a waer methanol dluent (75 : 25) by externd standard method. The

products were detected using a UV detector operating a 210 nm.

4.1.3 RESULTSAND DISCUSSION

The aerid oxidation of p-cresol was caried out usng “neat” as wdl as zeolite
encepsulated cobdt (I1)Sden catalysts. The p-cresol converson and the corresponding
product sdectivities are given in the table 4.1.1. Earlier sudies usng homogeneous cobat
catalysts have showed that the oxidation state of cobdt changed reversbly between 2+ and
3+. Hence the encepsulated cobdt systems will dso have the same ability. Apart from this
the encapsulated systems will evade the disadvantage of catdyst deectivation due to the
dimerization of cobat complex. The zeolite encapsulated catdysts are found to be superior
to the corresponding “neat” complexes. The TOF for these catdysts is dso increased by a
factor of ~ 4. This increased converson and selectivity could be atributed to an optimum

resdence time for the subdrate near dte isolated active catdyst intermediate in the



supercages of zeolite. Subdtitution of eectron withdrawing groups like the haogen or -
nitro group enhances the converson and turnover frequency, (TOF). Among the catdyst
dudied, the chloro-Sden derivative gave maximum subdsrate converson and PHBA
sectivity.  The bromo- and nitro-Sden derivatives adso showed margindly better
performance compared to the unsubgtituted cobdt(ll)Saden. Subditution of €dectron
withdrawing groups on the ligand enhances the eectrophilic character of the active oxygen

gpecies and consequently its reactivity.






Table4.1.1
Catalytic activities of “neat” and zeolite encapsulated complexesin p-cresol oxidation

Catays p-cresol Product Sdlectivity (%)

Conv. (%) PHBA FEther PHBAIc. PHBAcdd Others TOF

Co(ISden 90 8 8 2 a 1 235
Co(ll)Salen-Y 96 <) 5 2.5 15 1 982
Co(I1)Cl-Salen 08 % 15 15 0.5 05 254
Co(Il)Cl-SdlenY 100 97 1 1 0.5 05 1049
Co(I1)Br-Salen 94 %) 5 2.5 15 1 245
Co(ll)Br-SalenY 98 % 3 2 15 05 1011
Co(I)NO,-Salen 92 89 35 25 3.6 14 240
Co(INO,-SdlenY 97 93 45 25 1 2 1049

Reaction conditions: p-cresol = 6 g, NaOH = 6.2 g, temp.= 353 K, catayst “neat”
Co(Il)Sden= 0.7 mg of cobdt/6 g of p-cresol, encapsulated catayst = 0.175 mg of

cobat/6 g of p-cresol andtime=3h.



Table4.1.2
Effect of temperature on the catalytic activities of “neat” and zeolite encapsulated
cobalt(I1)Cl-Salen complexes
Temperature (K) p-cresol Product Sdectivity (%)

Conv. (%) PHBA Ethe PHBAIc. PHBAdd Others

313 “neat” complex 30 65 25 5 4 1
333 70 80 9.5 4.5 4.5 15
343 88 89 5 2.5 2.5 1
353 98 96 15 15 0.5 0.5
313 " encapsul ated” 63 70 20 4 4 2
333 85 82 8.5 35 4 2
343 93 93 2 15 2.5 1
353 100 97 1 1 0.5 0.5

Reaction conditions. p-cresol = 6 g, NaOH = 6.2 g, catays “neat” Co(ll)Cl-Sden = 0.6
mg of cobdt/6 g of p-cresol, encapsulated = 0175 mg of cobdt/6 g of p-cresol, time =3
h.



Table4.1.3
Effect of cobalt content on the catalytic activities of “neat” cobalt(I1)Cl-Salen
complex
Amt. of Co (mg) p-cresol Product Sdectivity (%)

Conv. (%) “PHBA Ether  PHBAIC.  PHBAGd Others

1.02 83 79 10 5 4 2
21 90 90 4 3 2 1
4.2 98 96 15 15 0.5 0.5

Reaction conditions. p-cresol = 6 g, NaOH = 6.2 g, temperature = 353 K, catayst “neat”

Co(II)Cl-Sden, time= 3 h..

4.1.3.1 Effect of temperature

The reactions have been conducted using “neat” and encgpsulated chloroSden
catdysts in the temperature range of 313-353 K to study the effect of temperature on the
rate of reection and PHBA oHectivity. The results are furnished in table 4.1.2. The
reection was found to be incomplete a lower temperature (313 K) even after increasing
the reaction time up to 5 h. The sdectivity towards PHBA is dso decreased considerably
due to unwanted benzyl methyl ether formation. An enhancement of reaction rate has been

observed with an increasein reaction temperature between 333 and 343 K.



4.1.3.2 Effect of cobalt content
Reactions have been caried out at different p-cresol to catalyst ratio at 353 K. The

results show (Table-4.1.3) that on increesing the amount of catalys, the percentage

converson of p-cresol increases.

414 CONCLUSIONS

Catdytic behaviour of “neat” and encgpsulated cobdt(l)Sden complexes in the
reaction of p-cresol oxidation was studied. Results show that encapsulated complexes have
higher TOF than “neat” complexes. The cobdt content has an obvious effect on the
cadytic activity. Choice of a suitable reaction temperature and reection time improves the
sdlectivity towards the desired product. Encapsulated cobat Schiff base complexes are

expected to be nove and efficient catalystsfor selective oxidation of p-cresol to PHBA.
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42 OXIDATION OF b-ISOPHORONE
4.2.1 INTRODUCTION

Allylic oxo-functiondization of cydic olefins is an atractive process transforming
cheep and readily avalable subdrates to vauable intermediates for the fine chemicd
indugry. Allylic oxo-functiondization is defined, for the purpose of this chapter, as the
preparation of a,b-unsaturated ketones of cydic olefins usng primarily dioxygen as
oxidant. Allylic oxidation and epoxidation (Refer Chapter 4 Pat C) are two competing
processes both in vivo and in vitro [1]. Typicdly, alylic oxidation products are formed
when hydrogen abgtraction is the dominant reaction. In contrast to epoxidetion, alylic
oxiddion retans the olefinic functiondity in the product dlowing further useful
trandformations. Allylic oxidetion is a process involving free radicas and is most likely to
occur in the presence of low oxidation State transition metal species [1].

b-Isophorone (bI1P) to keto-isophorone (KIP) is an important reaction, since KIP is
known as a key intermediae for the synthess of caratenoids [2-4], flavoring substances
[5-8] and is dso used for producing compounds of vitamin A, E series and hence, the
above study has been amed a providing a heterogeneous catdyst system for the above
reection. The oxidation of bIP gave KIP as the mgor product dong with side products A

and B, as shown in the following reaction Scheme— 4.2.1.
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A= 4,4,6-Trimethyl-2-hydroxy-cyclohex-2,5-dien-1-one
B = 3,5,5-Trimethyl-4-hydroxy-cyclohex-2-en-1-one

Scheme 4.2.1 Resaction scheme of oxidation of b-isophorone

A broad range of homogeneous cadysts have been reported in literature, some of
them affording over 90 % yield to the desred a,b-unsaturated ketone [9-10]. The search
for a heterogeneous system has been less successful. Conventiona gas phase dlylic
oxidation catdysts are nonsdective a the typicd high operating temperatures [11-12]. At
lower operationa temperatures (ca 473 K), which are necessary in the sdective oxidation
of themdly sendtive subdrates, the conventional ges phase catdysts do not function
properly. Liquid phase oxidation with solid catdyss, such as Cr-pillared days and
molecular Seves, suffer from meta leaching. Apparently, the search for a heterogeneous
cadys for dlylic oxo-functiondization is not a trouble free route to replace homogeneous
cadyss At present, the most dtractive solution appears to be the heterogenization of
proven homogeneous cataysts.

Utilizing molecular oxygen as oxidant is particularly trective for economic
reasons. In addition, air and oxyger/nitrogen mixtures as oxidants in the presence of true
heterogeneous catalysts fulfill the demands of norpolluting oxidizing agents. When such

sysdems can be employed, replacing for example highly toxic chromium oxidizing



reagents the benefits to the society is clear. In the production of commodity chemicas the
price of oxidant may determine the economic viability of the entire process.

Keeping in view of the above gods, here we attempt to trace the development from
homogeneous to heterogeneous cadyss in the dlylic oxofunctiondizetion of cydic
oefins The utility of this oxideive converdon is highlighted succinctly in the dlylic
oxidation of bIP to KIP, which is a ussful intermediate in the synthesis of carotenoids and
fragrances. This chepter deds with the catalytic activities in aerobic oxideation of bIP to
KIP using ar as an oxidant by Co(ll)SdophY and its “neat” derivetives containing

substituted eectron withdrawing groups, such as, -Cl, -Br or -NO, in Sdoph ligand

4.2.2 EXPERIMENTAL
4.2.2.1 Materials

NaY (S/Al = 2.3), Co(OAc),.4H,0, sdicylddehyde, 5-chlorosdicylddenyde, 5
bromosdicyladdehyde, 5-nitrosdicyladenyde and o-phenylenediimine were procured from
Aldrich Co. b-isophorone @IP) and keto-isophorone (KIP) were procured from Herdillia,
India. Triethyl amine, acetyl acetone, methyl ethyl ketone (MEK), and the solvents were
of AR grade and were procured from s.d. fine Chemicds, India
4.2.2.2 Procedure

The catdytic runs for the oxidation of blIP were carried out in a two-necked round
bottom flask fitted with a water condenser connected to a balloon filled-with air and kept
in a thermodaiic oil bath. Reaction mixture containing known amounts of bIP (1 @),
catayst (“neat” Co(ll) catdysts = 0.015 g and encapsulated Co(ll) catalysts = 0.2 g),
MEK (8 g), acetyl acetone (0.12 g) and trimethyl arine (0.12 g) was placed in the flask.

The flask was then connected to bdloon filled with ar. The reaction was initigted by



dirring the reaction mixture with a magnetic needle. The progress of the reections was
monitored by withdrawing the samples a different times and andyzing them by a gas
chromatograph (Shimadzu 14B; FID detector; SE-52 cepillay column). The identities of

the products were confirmed by GC-M S (Shimadzu GCM S QP 5000).

4.2.3 RESULTSAND DISCUSSION

The zeolite encgpsulated Co(ll)Salo ph and their “neat” complexes oxidized bIP to
KIP a ambient temperature and pressure.  The oxidation of plP to KIP is negligible in the
absence of cobdt Sdoph cadysts confirming that under the conditions of the
experiments, the oxidation is indeed catdytic in nature. In the case of the encapsulated
cataysts, cobdt was not detected in the reaction products at the end of the reaction
(atomic absorption spectroscopy) indicating that oxidetion of blP by dissolved cobalt
Saloph complexes leached out from the zeolite matrix is negligible. Also no reection took
place over CO(I)-Y. The oxidation of blIP to KIP gave 90% sdectivity for KIP a blIP
converson of 60 % over a period of 16 h. However, the sdectivity for KIP was highest i.e.
95 % at blP converson in the range up to 30 % in 3 h and then decreases a higher
conversons of bIP. The experimental conditions and the results obtained are presented in

Table4.2.1.



Table4.2.1.

Catalytic activitiesof “neat” and zeolite encapsulated complexes

“Neat” bIP Conv. TON Encapsulated bIPConv. TON
Complexes (Wt.9%) complexes (Wt. %)
Co(I1)Cl-Sdoph 15.3 29.8 Co(I)Cl-SalophY 25.8 50.3
Co(I1)Br-Sdoph 125 24.2  Co(ll)Br-SalophY 234 45.5
Co(lhnitro-Saloph 10.8 21.0 Co(lDnitro-SalophY 20.6 40.1
Co(Il)Saloph 74 14.3 Co(ll)SaophY 15.7 30.5

Reaction conditions: blIP = 1 g, acetyl acetone = 0.12 g, triethyl amine = 0.12 g, MEK =
8.0 g, temperature = 298 K, Co(ll) catalysts, “neat” = 0.015 g, Co(ll) encapsulated = 0.2
g, oxidant, Air = 1 am. and reactiontime= 1.0 h.

*

= mole bIP converted per mole of cobalt.

From the cadytic activities data (Table 4.21 and Figure 4.2.1), it is found that
zeolite encapsulated catdyss gave higher conversons of bIP (TON's) than ther
corresponding  “neat” complexes. The higher activity of encapsulated complexes is
because of dte isolation of the complexes indde the zeolite cages. Among the cataysts
studied, Co(I1)ClFSdoph gave the maximum bIP converson followed by bromo and nitro
substituted Salophs. The same trend is seen with ther corresponding encapsulated
cadyds. The increese in activities shown by the cadyds contaning eectronegeive
subgtituents on the Saloph ligand is due to the enhancement of the dectrophilic character

of the cobalt syperoxoradical.



a= Co(ll)Cl-Sdoph-Y
b=Co(l1)Br-Saloph-Y
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Figure 4.21 Converson of bIP vs Time plot for “neat” and encapsulated Co(ll)
complexes
Reaction conditions: bIP = 1 g, acetyl acetone = 0.12 g, triethyl amine = 0.12 g, MEK =
8.0 g, temperature = 298 K, Co(ll) cataysts, “neat” = 0.015 g, Co(Il) encapsulated = 0.2
g, ar=21am.
4.2.3.1 Kinetic study of Co(ll)Cl-Saloph-Y “neat” complex catalyzed oxidation of bl P
The Co(ll)Cl-Saloph-Y cadys was chosen for kinetic invedtigetion as it is the
mogt reective catdyds sysem in the oxidetion reaction. The kinetics of the oxidetion of
bIP to KIP caayzed by Co(ll)CtSalophY was invesigaed by vaying the
concentrations of catalyst, substrate, oxidant (air), and temperature. The effect of air
pressure was studied by carrying the reaction in a Parr reactor. The rates of oxidation of
bIP were evaluated graphicdly from the moles of bIP converted as a function of time in

al the experiments. The kinetic rate detais presented in Tabke 4.2.2



Table4.2.2

Kinetic results of Co(l1)Cl-Saloph-Y catalyzed oxidation of bIP to KIP

Run  Co(ll)CFSalophY bIPConc. O, (Air) Temp. Raeof oxidation

No.  Conc.(mmol) (mol) @m)  (K) - x 10*(mal H*)

Effect of catalyst concentration

1 0.0370 0.0072 1.0 303 175
2 0.0305 0.0072 1.0 303 1.40
3 0.0204 0.0072 1.0 303 1.00
4 0.0100 0.0072 1.0 303 0.41

Effect of BI P concentration

5 0.0370 0.0145 1.0 303 18.0
6 0.0370 0.0217 1.0 303 22.0
7 0.0370 0.0290 1.0 303 270
8 0.0370 0.0360 1.0 303 36.0
Effect of temperature

9 0.0370 0.0145 1.0 293 100
10 0.0370 0.0145 10 303 180
11 0.0370 0.0145 1.0 313 320

Effect of Air (O2) pressure (volume reaction mixture =30 ml)

12 011 0.0217 1.0 303 22.0
13 011 0.0217 7.0 303 28.0
14 011 0.0217 14.0 303 34.0

Reaction conditions acetyl acetone = 0.12 g, tiethyl amine=0.12 gand MEK = 8.0 g.



4.2.3.2 Rate law

From, the results presented in Table 4.2.2, it is found that, the rates of oxidation of
bIP to KIP had a first order dependence with respect to catalyst and blP concentrations
(determined graphically) and haf order dependence with respect to oxygen concentration.
Based on kinetic dependence studies and the mechanism shown in Scheme — 4.2.2, the
overdl rate equation for the oxidation of blP to KIP catayzed by LCo (Il) catayst systems
could be represented as.

rate = k, K,K,[Caadys][bIP][O,]¥2 (1)

Where, the concentrations of the reactants are represented in square brackets and k;
is rate constant. The order of the reaction is 25. The values of k, K; and K, were
caculated gragphicdly by a standard method using steady dtate conditions of the oxidation
reaction. These values are k = 20.8 mo¥?it¥?s!, K, = 80.5 M and K, = 154.6 M,
respectively.

From the temperature dependence study, the rates of oxidation of bIP determined
were plotted as -In rate vsU/T (Arrhenius plot, Figure 4.2.2) and from the dope of the

sraight line; the activation energy evauated was 12.3 kcal mor,
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Figure 4.2.2 Arrheniusplot
Thermodynamic ectivetion parameters are of importance in knowing the influence of

temperature over the performance of the catdyst in any cataytic transformations. Standard

thermodynamic relations were used to cdculate thermodynamic activation parameters and

these are:
1. Slope of the Arrheniusgraph = - EJ/RT 2
2. Enthalpy of activation,DH* =Ea - RT ©)

3. Entropy of activation
PR = h(kgT) (k) FHRT (4)
4. Gibb's Free-energy of activation, DG* = (DH* - T DS) (5)
Where, E; = Energy of ativation, DH* = Enthdpy of activation, DS* = Entropy of
adtivation, DG* = Free energy of activation, R = gas congtant, T = temperature in K, h =

Planck’s constant, k = Boltzman's constant and k; = rate constant of the reaction.



Thermodynamic  activation parameters evduated for Co(l1)Cl-SalophY cadyzed
oxidation of bIP to KIP are; E,= 123 kca molt, DH# = 11.7 kcal mot?, DS* = + 40.5
cal deg! mol! and DG = - 0.57 kcal mol™.
4.2.3.3 Mechanistic studies

Mechanigic sudies of oxidaion of bIP were performed using nest Co(ll)Saoph
by UV-Vishle spectroscopy. The UV-Visble spectra of Co(l1)Sdoph was taken in MEK
solvent and it showed an absorption maximum a 450 nm (Figure 4.2.3), which is
characterigtic of Co(ll) species having a square planar configuration. When the catayst
solution was interacted with ar, the absorption maximum was shifted to higher
wavelength 456 nm, showing the formation of new Co(l11)-O-O- superoxo species. When,
the subgtrate was added to this solution, the absorption maximum shifted further to 500
nm, suggesting a complex formation through peroxo linkage. The mechanism proposed for
the oxidation of bIP to KIP catadysed by Mn(lI1)Cl-Sden under homogeneous conditions
was sSmilar to the one proposed in Scheme — 4.2.2, wheein, Mn(IV) metaloperoxy
intermediate has been proposed as the intermediste species in the oxidetion of bIP

catalyzed by Mn(I11)CI Saden under homogeneous conditions [13].
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Figure 4.2.3 UV-Visble spectra (a) “neat” Co(ll)Saloph in solvent, (b) Co(ll)Saloph +
arand (c) Co(ll)Saloph + air + BIP.

Based on the mechanigtic studies carried out by UV-Visble spectroscopy, a
probable mechanism for Co(ll) catayzed oxidation of bIP to KIP has been given in

Scheme—4.2.2.
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c Where, L = Saloph

Scheme —4.2.2 Mechanism



The mechanism in Scheme — 4.2.2, involves the reaction between two moles of
LCo(ll) cadys precursor with one mole of oxygen in a equilibrium sep to give
LCo(l11)-O-O" superoxo intermediate species a and LCO(I1). The formation of species a is
well established in literature [14]. Species a being reactive, it immediady takes up a mole
of bIP in another equilibrium step to form a p bonded intermediate species b. In a rate-
determining step, cyclic peroxometalation takes place to form cyclometaloperoxo species
c. Thisin a fast sep forms species d, which under goes homolytic cleavage by trandfer of
oxygen and double bond migration to give KIP, while regenerating the active catdytic
gpecies a in presence of ar to continue the caaytic cycle. Smilar mechanisms have been
proposed for the oxidation of styrene [15] and octene [16] and the oxidation of bIP to KIP

[13].

424 CONCLUSIONS

Zeolite encapsulated Co(ll)Sadloph complexes catdyzed the oxidation of bIP with
molecular oxygen to KIP wth higher sdectivity (90 %) a BIP converson (60 %) for a
period of 16 h. Encgpsulated catdyst sysems showed higher activities than ther
homogeneous andogues in the oxidation reection. Mechanisn of oxidation catayzed by
LCo(Il) revesaled that the transfer of oxygen to bIP to form KIP took place via LCo(lll)-O-
O superoxo intermediate species. The encapsulated catalysts were recycled with Co(ll)Cl-
SalophY catdys as a representative and were found that the catayst was active in the
oxidation reaction in three cycles sudied. Various parameters of Co(l1)Cl-Saoph-Y
cadyzed agrid oxidation of bIP was investigated and the rates of oxidation have been

obtained for variations made in reaction parameters.



425 REFERENCES

1. R. A. Shddon and K. K. Kochi, Metd Complex Catdyzed Oxidation of Organic
Compounds, Academic Press, New York, 1981.

2. H.Mayer, Pure Appl. Chem., 51 (1979) 535.

3. O.lder, Carotenoids, Birkhauser, Basdl, 1971.

4 K. K. Light, B. M. Spencer, J. F. Vinds, J. Kiwada, M. H. Vock ad E. J. Shuster, US
patent 4076854, Chem Abstract 89 11(1978) 23843d.

5. P.Weyedahl, T. Mesd, K. Mewes, S. Negahdari and Liebigs Ann, Chem. (1991)
19.

6. M. Shibagaki, S. Shibataand H. Kaneko, Agric. Biol. Chem. 45 (1981) 2911.

7. J N. Marx, Tertrahedron 31 (1975) 1251.

8. E.Demole and P. Enggigt, Helv. Chim. Acta 57 (1974) 2087.

9. N. lto, K. Kinoshita, K. Suzuki, T. Eto, Soda Aromatic, JP Patent 1 175955, Chem.
Abstract 112 (1987) 76460.

10. M. Congantini, A. Dromard, M. Jouffret, B. Brossard and J. Varagnat, J. Mol. Catal.
7 (1980) 89.

11. G. S Sdvapdi, K. V. Ramanamurty, V. Khandavel, M. J. Rao, R. Vadyeswaran, IN
Patent 167 840, Chem. Absract 118 (1987) 61910.

12. H. Strickler, J. J. Becker, G. Ohloff, Firmenich, US Patent 3931 327, 1973.

13 S B. Hdligudi, N. K. Kala Rg, S. S. Deshpande and S. Gopinathan, J. Mol. Catd.
157 (2000) 9.

14. H-saed A. Aly, JMol.Catdl., 78 (1993) L1.

15. A. Nishinaga, T. Yamada, H. Fujisawa, K. Ishizaki, H. lhara and T. Matsuura,

JMol.Catdl. 48 (1988) 249.



16. O.Brotolini, F.D. Furia, G. Modena, R. Seraglia. J. Mol.Catal., 22 (1984) 313.



43 OXIDATION OF a-PINENE
4.3.1 INTRODUCTION

Allylic oxofunctiondization of terpenes to oxygenated products is of interest snce
these products find their use in the preparation of natural product [1]. Allylic oxidation
(refer- Oxidation of BIP, chapter 4 pat B) and epoxidatiion ae often competitive
processes in the oxidation of cyclic olefins and frequently both processes occur
smultaneoudy. The dominance of one or the other process depends on the nature of olefin
used and the redive dability of the intermediate dlylic radicd formed [2]. The
epoxidation of bicydic a-pinene to D-Verbenone usng dioxygen as oxidant takes place
by the eectrophilic atack a the double bond of cyclic olefin leading to epoxidation or
ring cleavage [3].

Higtoricaly, the autoxidation of pinenes has been known for two centuries,
however, high sdectivity to a dngle product in the cadytic oxidaion of pinenes has
dluded the chemig. The dlylic oxidation of a-pinene gives various products (Scheme-
4.3.1) out of which DVerbenone is important because it is considered a suitable precursor

in the preparation of taxol, which has recently been introduced as a therapeutic agent [4-

—0
—= + + +
\O
A L B C D E

5].

A =a -Pinene, B = Camphene, C = Epoxy, D = Campholene adehyde and E = D-verbenone

Scheme — 4.3.1 Products of cataytic oxidation of a-pinene



Cobdt and pdladium catdyss systems have been reported in the literature for the
oxidetion of a-pinene [6-7]. Pd/C promoted with Co, Mn, Bi, Cd and Zn has aso been
used for the oxidation of a-pinene with molecular oxygen to give verbenol and D-
Vebenone [8]. Cobdt sdts such as cobat dibromide contaning bipyridyl
(Co(C,HgN),Br, and Co(4-MegCsH4N),Br,) or faty acids and chromium sdts of faity
acids have been reported as catdyds for the sdective oxidation of a-pinene to D-
Verbenone [9-10] and these catdysts have been now regected because of the
stoichiometric amounts required and toxicity of waste products, which are not preferred
from environmenta view point. There is gill a scope to develop efficient cataysts for the
oxidation of a-pinene to achieve commercidly viable and environmentaly acceptable
reaction conditions. The am of the present study is to encapsulate the metad complexes in
the zeolite and investigate the cataytic and mechanisic studies of a-pinene oxidation
usng Co(ll)Sdoph-Y and Ru(lll)Saoph-Y and to optimize the condition to get higher

yields of epoxy and D-Verbenone.

4.3.2 EXPERIMENTAL
4.3.2.1 Materials

Sdicyladehyde, 0-Phenylene diamine, 5-chlorosdicyladehyde, 5
bromosdicylddehyde, 5-nitrosalycylddenyde, a-pinene and NaY were procured from
Aldrich Co. Cobdt acetate, ethanol, acetonitrile, tert-butanol, concentrated HCI, azo-his-
isobutyronitrile  (Azobis) and KCl were procured from Loba Chemicds India and

RuCl3.3H,0 was procured from Arora Mathey Ltd., India



4.3.2.2 Procedure

The a-pinene oxidation experiments were carried out in a 300 ml Par autoclave
under (O,) ar pressure. In a typicd experiment, reaction mixture containing a-pinene (2
), catdyst, acetonitrile (30 g) and Azobis (0.05 g) (a radica initiator) were placed into the
auoclave. The autoclave was then pressurized with air (30 atm.) and was then heated to a
temperature of 373 K and kept a that temperature under constant girring. The reaction
mixtures were withdrawvn a fixed time intervas and andyzed by gas chromatography
(Shimadzu 14B) using FID detector and a SE52 capillary column. From the gas
chromatogrgphic analyss, the conversons of a-pinene and the sdectivity of the oxidation
products were estimated. The identities of the products were confirmed by GC-MS

(Shimadzu GCM S QP 5000).

4.3.3 RESULTSAND DISCUSSION

The “neat” and zeolite encapsulated Co(ll)Sadoph and Ru(lIl)Sdoph cadysts were
used for the aerid oxidation of z-pinene and the experimental conditions and the results
are presented in Table 4.3.1. The encagpsulated catdyst systems were more active than the
corresponding “neet” complexes. The reason being the dte isolation of the meta complex
molecules from each other within the supercages of the faujastes. The “neat” complexes
as catdysts undergo irreversble deectivation due to the formation of - peroxo dimeric
and other polymeric species and hence cannot be recycled even once as they loose their
cadytic activity after use. By contrast, the encapsulated catadysts could be filtered,
washed and reused without mgor loss in activity. Ligand tuning as demondrated in the
Table 431 for cobdt complexes play a dgnificant role. Subditution of eectron

withdrawing groups like the haogen or - nitro group enhances the conversion and turnover



frequercy, (TOF). Among the Co(ll) complexes, Co(ll)nitro-Saloph (converted a -pinene
= 23.0 %) was more active than Co(Il)Cl-Sdoph (converted a-pinene = 20.3 %) and
Co(I)Br-Sdloph  (converted a-pinene = 187 %) complexes. Subdtitution of eectron
withdrawing groups on the ligand enhances the dectrophilic character of the active
oxygen species and consequently its reactivity. This is comparable with what is reported in
literature for porphyrinns [11]. Smilar trend in activity is dso observed for the
encgpsulated sysems. The Sdoph ligand done in the absence of the metds was not
catdyticaly active.
Table4.3.1

Catalytic activities of neat and zeolite encapsulated complexesin a -pineneoxidation

Neat Complex a-pinene, TOF*  Encapsulated a-pinene,  TOF*
(0.004g) Conv. Complex Conv.
(Wt%) (0.04 9 (Wt%)
Co(Il)Saloph 13.2 3524  Co(ll)SalophY 30.4 7826
Co(I1)Br-Sdoph 18.7 6864 Co(ll)BrSaophY 31.8 11153
Co(I1)Cl-Sdoph 20.3 6394  Co(ll)ClSalophY 33.8 11868
Co(II)NO,Saoph 23.0 7402  Co(Il) NO,SalophY 39.7 15341
Ru(l11)Saloph 294 9044 Ru(lIl)SalophY 495 18210
(0.029g)

Reaction conditions:a-pinene = 2 g (0,0146 mol), Acetonitrile = 30 g, Azobis = 0.05 g,
Temperature = 373 K, Air = 30 am. and Time = 1 h. * = mol p -pinene oxidized per mol

metal per hour.



Ru(lll)Saoph-Y and Co(ll)SalophtY were tested in the oxidation of a-pinene
under Imilar reaction conditions and the reaction was monitored as a function of time
The converson of a-pinene as a function of time is shown in Fg. 4.3.1. It is seen fromthe

figure that Ru(l11)Sdloph-Y was found to be more active than Co(l1)Saloph-Y .
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Figure 4.3.1 Converson asafunction of time
Reaction conditions: a-pinene = 2 g, Acetonitrile = 30 g, Ru(lll)SdophY = 0.02 g,

Co(ll)SaophY =0.050 g, Air = 30 am, Azobis=0.05g and Temp = 373 K.

A highest converson (75 %) of a-pinene is obtained with Ru(lll)Sdoph-Y in a
contact time of 3 h. The effect of temperaure on converson of a-pinene monitored as a
function of time with Ru(lll)Sdoph-Y catayst is shown in Fig4.32. At 343 K, the
converson of a-pinene was low and a 373 K and above, conversion of a-pinene was
enhanced condderably with time. The effect of solvent on the a-pinene oxidation resction
was caried out with Ru(lll)Sdoph-Y. Under the reaction conditions studied, the caidyst

showed higher activity with acetonitrile solvent compared to acetone and benzene. The



higher cataytic activity in acetonitrile is attributed to the polarity of solvent. Hence, the
olvent effect in the oxidetion of a-pinene decreased in the order, acetonitrile > acetone >

benzene.
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Figure 4.3.2 Effect of reaction temperature on the performance of Ru(l1)Saloph Y.
Reaction conditions a-pinene = 2 g, Acetonitrile = 30 g, Ru(l11)Sadoph-Y = 0.02 g, Air =

30 am. and Azohis=0.05 g.

The product sdectivities of a-pinene oxidation catdyzed by Ru(lll)Saoph-Y
monitored as a function of time is shown in Fig4.3.3. It is seen from the figure that the
sdectivities for epoxy were higher throughout the reaction and the maximum sdectivity
for epoxy was 35 % in 3 h. The sdectivity for D-Verbenone increeses margindly with
time. On continuing the reection for a period of 7 h, the sdectivity for D-Verbenone

increases to 60 % for a converson of 93 % for a-pinene. Smilarly, the graph of sdectivity

for products vs. time for Co(ll)SadophY is shown in Fg 4.34. The sdectivity for D-



Verbenone increases to 40 % for a conversion of 80 % for a-pinene. The mechanisms for

the formation of epoxy from a-pinene and D-Verbenone from epoxy are shown in

Scheme- 4.3.3 and 4.3.4 respectively.
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Figure 4.3.3 Products sdlectivity as afunction of time with Ru(l11)Saloph-Y .
Reaction conditions: a -pinene = 2 g, Acetonitrile = 30 g, Azobis = 0.05 g, Ru(lll)Saoph

Y =0.02 g, Air =30 am. and Temp. = 373 K.



e~ Camphne
A Epoxy

—9_ Camph.Ald
Y~ DVerbenond

h— Othars

:
/

)
<

4

_ .

% Selectivity
N
2 e

o/

Ld

Figure 4.3.4 Products sdlectivity asafunction of time with Co(I1)Saoph-Y .

Reaction conditions g-pinene = 2 g, Acetonitrile = 30 g, Azobis = 0.05 g, Co(Il)Sadoph-Y

=0.05g, Ai r = 30 atm and Temp = 373 K.

4.3.3.1 Mechanistic studies

“Neat” Ru(lll)Sdoph complex was used to study the mechanism of oxidation of a-
pinene to epoxy deivetives. The reaction mixture was monitored by UV-Vis
spectrophotometer and the absorption spectra are shown in Figure 4.3.5. “Neat” complex
in acetonitrile showed absorption maximum a 391 nm, which is a characterigtic LMCT
absorption band corresponding to RU'' species. The absorption a 391 nm shifted to 400
nm when the above solution was interacted with O, (ar). This shift could be due to the

formation of peroxo ruthenium species Ru'VO, via one dectron transfer oxidation. When



a-pinene was added to the above solution the absorption a 400 nm shifted to 402 nm with
a reduction in the intengty. This has been dttributed to the transfer of oxygen to olefin
bond of a-pinene to give epoxy in rate determining step, while Ru‘=0 species in presence

of O, active peroxo speciesis regenerated in acatalytic cycle.
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Figure 4.3.5 UV-Vis Spectrophotometric study & Ru(lll)Saloph neat in acetonitrile; b)
Ru(lISadoph neat in acetonitrile + ar ; ¢) Ru(lll)Sdoph neat in acetonitrile + ar + a-
pinene.

Based on the above sudy, the mechanism proposed for [Ru(lll)Saloph] neat

catdyzed oxidation of a-pineneisshown in Scheme 4.3.2.
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Since zeolite encgpsulated meta complexes were used the separation of the
cadys from the reaction mixture was carried out by smple filtration. The mechaniam for
bicyclic dlefins takes place via epoxidatiion and dlylic oxidaion [12-13]. The first step in
epoxidation ie the attack of double bond and the second gep is dlylic oxidation i.e
abdraction of dlylic hydrogen. It is proposed that in case of a-pinene, epoxidation take
place other than hydrogen abgraction (HA). For HA, the conformationd flexibility of a-
pinene molecule should be Imilar to the trandtion dtate but owing to the rigidity of the
sructure of a-pinene the orbita overlapping required for HA does not take place. This
results in easy atack on the double bond, which leads to the formation of epoxide, a

primary product in the oxidation of a - pinene.

4.3.4 CONCLUSIONS

The dlylic oxidation of a-pinene to its oxygenated products has been investigated
usng Sdoph and subdituted (Cl, Br and NO,) Sdophs of cobdt in zeoliteY. The
oxidation of a-pinene rexlted in various products like camphene, epoxy, campholene
addehyde and D-Verbenone. Ru(lll)Saloph-Y showed higher catdytic activity than
Co(ll)SalophY with a turn over frequency >18000 a 373 K and 30 am ar. The
sdectivity for epoxy and D-Verbenone was found to be higher in a-pinene oxideation with
both Ru and Co cadys sysems. The cadytic performance of the encapsulated
complexes was better than the “neat” complexes. Air was a convenient oxidant than HO,
and TBHP. No leaching of the metd complex in encgpsulated systems was observed in the
oxidation reection. Electronic spectra of the reaction mixture indicated that the oxidation
of a-pinene proceeds through a free radicd mechanism involving peroxoruthenium

gpecies as an active intermediate.
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44 OXIDATION OF STYRENE ANDtrans-STILBENE
441 INTRODUCTION

Catdytic oxidation of olefins to epoxides, carbonyl compounds, diols, cleavage of
the olefinic bond etc, is an important area in the preparation of bulk and fine chemicas.
Epoxidation of olefins or subgtituted olefins is a very important and sometimes a necessary
dep in a number of important organic transformation reections. Epoxides are indudtridly
important bulk chemicas. These materids are largely used for the synthess of severd
pefume maeids antihdminthic preparations, epoxy redns, pladticizers, drugs,
sweeteners, etc. Therefore the synthesis of an epoxide by an easer method and a low cost
routeis of great interest to researchers working in this field.

Homogeneous vanadium complexes have been used in the oxiddion of
hydrocarbors usng oxidants H,O, and tert-butylhydroperoxide (TBHP) [1-3]. The
vanadium(lV) complex of Sden forms an oxo bridged dimer in solution which inhibits the
cadytic activity [4]. This problem may be avoided, in principle, by isolating the
vanadium complexes from eech other by encagpaulaiion in the cavities of zedlite
Vanadium Sden encapsulated in Y type zeolite was found to be an effective catayst for
the room temperature epoxidation of cyclohexene usng TBHP as the oxidant [5]. Upon
encgpaulaion the coordination of VO(IV)Sdoph changes from a square pyramidd to an
octahedra geometry. Efforts are being made to encgpsulae metd complexes in
mesoporous dlicate, to develop materids cgpable of catayzing organic transformations
with bulkier subgtrates [6-10]. It is interesting to investigate the effect of pore size on the
dructure and activity of the encapsulated metad complex in epoxidation resctions. The
epoxidation of styrene has been studied; so far, mostly in homogeneous systems [11-12],

or over titanoslicate zeolites [13-14], or heteropolytungstates [15]. Styrene oxide is



manufectured industridly by the reaction of benzene with ethylene oxide or by the
epoxidation of styrene by NaOCl. Styrene oxide is an intermediate for the manufacture of
the perfumery chemicd, phenylethyl acohal.

In this chapter we describe the studies on the epoxidation of trans-stilbene and
syrene to corresponding oxygenated products with TBHP using VO(IV)Sdoph complex
encgpsulated in microporous zeolite NaY and mesoporous Al-MCM-41 molecular sieves
(refer chapter 2 and 3 for synthesis and characterization). The effect of the two supports on

the catdytic activity and sdectivity of productsis aso discussed.

442 EXPERIMENTAL
4.4.2.1 Materials

NaYy (S/Al = 23), teraehylorthodlicate (TEOS), cetyltrimethylammonium
bromide (CTAB), sdicylddehyde, trans-dilbene and styrene were procured from Aldrich
Co. Teramethylanmonium hydroxide (TMAOH), tert-butylhydroperoxide (TBHP) and
ortho-phenylenediamine were obtained from Merck. All the solvents were of AR grade
and were procured from s.d. fine Chemicds, India
4.4.2.2 Procedure

A known amount of subdrate (1.8 g trans-dilbene or 1.05 g styrene), catalyst
(“neat”- VO(IV)Sdloph = 5 mg; VO(IV)Sdoph -Y = 50 mg, VO(IV)SadophAl-MCM-41
= 20 mg), TBHP (70% solution in water; 2.56 g) and acetonitrile (15 g) were taken in a 50
ml round bottom flask immersed in an oil bath and fitted with a water cooled condenser.
The reactions were conducted at 363 K. The progress of the reactions was monitored by

withdrawing the samples at different times and andyzing them by a gas chromatograph



(Shimadzu 14B; FID detector; SE-52 capillary column). The identities of the products

were confirmed by GC-MS (Shimadzu GCM S QP 5000).

443 RESULTSAND DISCUSSION

The cadytic activities of “neat” and encgpsulated VO(IV)Saoph complexes in the
epoxidation of trans-gtilbene and styrene are presented in Table 4.4.1. The reactions did
not proceed in the absence of VO(IV)Sdoph confirming that, under the conditions of the
experiments, the oxidation is indeed catdytic in nature. Also no reaction took place over
Al-MCM-41, VO-Y and VO-AI-MCM-41. The encapsulated complexes exhibited higher
activity and sdectivity compared to “neat” VO(IV)Sdoph. The comparative cadytic

activity and sdectivity of “neat” and encapsulated complexes are shown in Figure 4.4.1.
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Figure 4.4.1 Cataytic activities of “neat” and encapsulated VO(IV)Sa oph complexes

Blue =t-dtilbene, Brown = styrene



The turnover frequency (TOF) of VO(IV)SalophY and VO(IV)Sdoph Al-MCM-
41 were about 4 and 5 times greater than that of “neat” VO(IV)Saloph (Table 4.4.1; Figure
44.1). The reaction was selective (73 — 88 mol%) for epoxide in trans-gtilbene oxidation.
However, in styrene epoxidation, double bond cleavage products (e.g., benzadehyde, etc.)
were obtaned in dgnificant amounts in  addition to epoxide (Table 4.4.1). The
encgpsulated complexes did not undergo any color change during the reaction and were
recovered by filtration and wed again for the oxidation of styrene and trans stilbene usng
TBHP as oxidant. In contragt, the neat complexes were completely destroyed during the
firs run while changing the color from green to pde ydlow. The cadytic activity of the
1¥ recycles d VO(IV)SdophY and VO(IV)Saoph-Al-MCM-41 is reported in the Table

441.



Table 4.4.1
Catalytic activities of “neat”, zeolite-Y and AI-M CM -41-encapsulated VO(Saloph) in epoxidation

of trans-stilbene and styrene with TBHP?

Catayst (weight -mg) trans-stilbene epoxidation dyrene epoxidation

converson TOF®  -gpoxide | converson  TOP product selectivity (%)

(wt.%) (%) (Wt.%) -dd  -epoxide others
VO(Sdoph) (5) 9.3 256 734 10.7 726 323 9.4 583
VO(Sdoph)-Y (50) 36.8 1013 8438 348 2362 115 355 530
VO(Saoph) -Al-M CM-41 (20) 48.1 1324 885 40.6 2153 17 450 473
VO(Sdoph)-Y (50)-1% recyde 282 - 83 30.1 - 1338 276 58.6
VO(Saoph) -Al-M CM-41 (20) 2.7 - 87.1 28.9 - 75 37.2 55.3
1* recydle

®Reaction conditions: trarns-stilbene epoxidation: trans-gtilbene = 1.8 g (10 mmol), acetonitrile = 15 g, TBHP = 2.56 g (20 mmol)
temp.=363 K, reaction time = 5 h; styrene epoxidation:styrene = 1.04 g (10mmol), acetonitrile (20g), TBHP = 2.56 g (20 mmoal),

temp.= 363 K and reaction time = 2 h "TOF = mole substrate oxidized per mole of metal per hour.



Encepaulation has a maked effect on the product sdectivity. This is more
obvious, paticularly, in styrene epoxidation. Yied of styrene epoxide was 4 to 5 times
greater over the encapsulated complexes than with “neat” VO(IV)Saloph (Table 4.4.1).
Among the encapsulated complexes, VO(IV)SdophAI-MCM-41 was more active
than VO(IV)Sdoph Y. The difference in activity is perhgps due to diffuson limitations
in Y-type zeolites or the @age effect. In the reactions with meta Schiff base complexes
in homogeneous medium one often encounters catayst deectivation due to formetion of
oxo-bridged dimer complexes. However, such a deactivation is suppressed on
heterogenizing the Schiff base complexes (Table 4.4.1; Figure 4.4.1). This is evident
from the spectroscopic studies (vide infra).

The effect of cadys, substrate and oxidant concentrations and temperature on
trans-stilbene epoxidation over VO(IV)SaophAl-MCM-41 were investigated. The
kinetics data were interpreted using the initid rate gpproach modd. The studies were
carried out at the following reaction conditions:

0] The concentration of the catalyst was varied between 9.7 to 389 mM by
keeping the temperature (363 K) and concentrations of trans-stilbene (1 mM),
and TBHP (2 mM) congtant.

(i) The subdrate to catalyst mole ratio was varied between 13 — 39, by keeping the
temperature (363 K) and concentrations of TBHP (2 mM) and catayst (20 mM)
constant.

(i)  TBHP to subgtrate (mM) ratio was varied between 1 and 3, by keeping substrate
to catalyst mole retio (19.5) and temperature (363 K) constant.

(iv) By keeping substrate to catalyst and substrate to oxidant ratio constant, resction

temperature was varied between 343 and 363 K.



The results reveded a fird order reaction rate dependence with the catayst and
substrate and half-order dependence with the oxidant. From the plot of In(rate) versus

1000/T, the thermodynamic parameters were evauated to be E = 6.7 kca.mof?, DH*

= 5.7 kca.mott, DS* =15.8 cal.deg™.mol* and DG* = -0.0042 kcal.mol™.

Based on the kinetic data, the rate of epoxidation of trans-gilbene could be
written as

rate = k [catalyst][ trans-stilbene][TBHP] ¥2. @)
where k is the rate constant. Substituting [catalyst] in terms of its totd concentration
([catdydt] 1), eg. (2) can be rewritten as:

[catalyst]r [trans-stilbeng]/rate = 1/ k [TBHP| Y2 + 1/k  (3)

The plot of the left-hand side of the eq. (3) verses [TBHPT Y2 gave a sraight line with a
finite intercgpt. From the dope and intercept of the dtraight ling, the vdue of k was
determined to be 0.11mol #2i¥?s 1,

The mechanism of epoxidation over “neat” and encepsulated VO(IV)Sdoph
cataysts with TBHP was investigated by in situ ESR and UV-Vis spectroscopies. In the
reections with “neat” VO(IV)Sdoph, a known quantity of the reaction mixture was
taken out a different time intervas and subjected for the spectroscopic Studies.
However, with the solid, encgpsulated catdydts, the reactions were performed for a
specific period of time and then the catayst was separated by filtration, dried and
characterized by ESR. Representative spectra of “nest” and encgpsulated
VO(IV)Sdoph as a function of reection time are shown in Fgure 44.2 (i — iii). For
reections in homogeneous medium usng “neat” VO(IV)Sdoph, the intensty of
vanadium ESR sgnds decreased with time and disgppeared a 135 min (Figure 4.4.2

(i); trace d). In the absence of substrate (stilbene) the signds disappeared a 105 min



itsdf. Interesingly, the encagpsulated catdysts (VO(IV)SdophY and VO(1V)Sdoph-

Al-MCM-41) were ESR active even dfter 24 h (Fig. 44.2 (ii and iii); trace d).
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Figure 4.4.2 ESR spectra (at 298 K) of reaction mixturesin trans-gilbene oxidation:

(i) over “neat” VO(IV)Sdoph: reaction time— (a) O, (b) 30, (c) 60 and (d) 135 min; (ii) VO(IV)Sdoph-Y: reactiontime- (a) O, (b) 2 (c) 4

and (d) 624 h. (jii) VO(IV)Saoph-AI-M CM-41: reaction time- (a) 0, (b) 2 (¢) 4 and (d) 624 h
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Figure 443 In situ UV-Vis dudies of trans-dilbene oxidetion usng “nedt”
VO(IV)Sd oph.
a VO(IV)Sdoph + acetonitrile, b) 30 min. after adding TBHP, ¢) 1 h. after adding

TBHP, d) 1.15 h. after adding TBHP, €) 2 h. after adding TBHP.

VO(IV)Saloph in acetonitrile showed characterigtic UV-Vis bands at 240 and
312 nm, respectively due to p-p* and np* trandtions of Sdoph and a 397 nm with
shoulder at 440 nm attributable to QB V charge trandfer/d-d transtions (Figure. 4.4.3).

On interaction with TBHP (in the abosence of subdrate) the intengty of 397 nm band

decreased and that of 312 nm increased and shifted to higher energy side with an



isoshestic point a 375 nm (Figure 4.4.3). These bands (312 and 397 nm) disappeared
ater 1.15 h. These spectra varidaions reved ingability of “neat” VO(IV)Sdoph in the
homogeneous reaction conditions and formation of new oxo-vanadium species. The
results are in agreement with the in situ ESR sudies (Figure 4.4.2 (i)) where a
trandformation of paramagnetic vanadium to an ESRdglent vanadium species was
noted. VO(IV)Sdoph forms vanadium peroxo complexes on interaction with TBHP.
The peroxo complex transfers one of its oxygen atoms to the subdrate and itsdf gets
converted into an oxo-hydroxo or dioxo-vanadium species. In the homogenous medium
these species can further react forming ultimatey an ESR inactive moxo-vanadium(lV)
complexes [16-17]. The later are catayticdly inactive. However, in the solid cataydts,
VO(IV)Sdoph molecules are well separated due to confinement in the cages or
interactions with the support as reveded from ESR dudies and reman active
throughout the reection (Figure 4.4.2 (ii and iii); trace d). Although the formation of
such caayticdly inactive, moxo complexes during the reaction and the advantage of
heterogenizing meta complexes in suppressng the formation of such inactive species
was postulated earlier, it has not been proved, o far, experimentaly. Site isolation of
the complex insde NaY and AFMCM-41 dabilizes the monomeric complex and
prevents the converson of catayticdly active oxo-hydroxo or dioxo-vanadium species
to cadyticaly inective mroxo brided dimer and hence giving high TOF. The in situ
gpectral characterizaions unequivocdly establish this hypothess. The encapsulated
VO(IV)Sdoph complexes are advantageous over the “neat” VO(IV)Sdoph in that they

can be easily separated and reused.



4.4.4 CONCLUSIONS

VO(IV)Sdoph complexes encapsulated in zedlite Y and Al-MCM-41 exhibited
high catdytic activity and sdectivity in the epoxidation of transgilbene and sStyrene.
Encapsulation and the pore size have marked effects on the trans-gtilbene and styrene
epoxidation activities of VO(IV)Sdoph, with tert-butylhydroperoxide as oxidant. The
encgpsulated complexes are more active (by 4 to 5 times) than the “neat” complexes.
Among the encapsulated complexes, VO(IV)Saoph AI-MCM-41 was more active than
VO(IV)SadophY. This difference in activity is atributed to diffusord limitations and
cage-9ze effect. In situ ESR and eectronic gpectroscopic  studies reveded that
encgpaulation enhances the gability of VO(IV)Sdoph complexes during the oxidation

reaction by suppressing the formation of inactive m oxo-vanadium species
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451 INTRODUCTION

Metd complexes have been recognized as potentid catalysts for the oxidation
of hydrocarbons. The desre of higher TON and reusability of the catdyst have lead to
the devdopment of heterogenizing metd complexes in microporous materids such as
zedlite-Y [1-3]. However due to the Sze redtrictions in zeolite Y the encapaulation of
large complexes is difficult, as it imposes some geomelricd redrictions on the
complexes to accommodete it and makes it difficult for substrates to diffuse and access
the active stes and for products to diffuse out of the pores [4-5]. Hence the focus has
been shifted to mesoporous materids having bigger pores and higher surface area [6-7].
Snce direct immobilization of such complexes by impregnation into the mesoporous
support is not advantageous due to the possibilities of leaching, the anchoring of these
metal complexes through an organic spacer to the support is preferred. These inorganic -
organic hybrid materids offer greet scope for the development of new cataysts [8-12].
Brund has reported immobilization of large number of complexes indde the channds
of these maerids [13]. The amine functions of triazocyclonane (TACN) was reacted
with the epoxy groups of MCM-41 grafted (3-gycdyloxypropyl)-trimethoxy dlane
and was used to anchor 2 hydroxyakyl-substituted TACN ligands to MCM-41 and its
manganese complex was used for the epoxidation of styrene with H,O, [14]. Smilarly
ruthenium  (I1)mesotetrakis(4-chlorophenyporphyrin) was anchored on to the wadls of
MCM-41 modified with 3-aminopropyl triethoxyslane (APTES) and was used for the
akene oxidation by TBHP [15].

Adamantane has been usad in the literature as a mode to probe into the
mechanigtic aspects of C-H activation reacions [16-21]. D. Mansuy et al has reported
the hydroxylation of adamantane with H,O, usng iron polynitroporphyrins as catdyst

[22).



This chepter deds with the catdytic sudies for the oxidation of adamantane
using anhydrous urea hydrogen peroxide (UHP) as oxidizing agent. The result obtained
with the immobilized catays is compared with those obtained with the corresponding

homogeneous catayst.

452 EXPERIMENAL
45.2.1 Materials

Teragthylorthoslicate (TEOS), cetyltrimethylammoniumbromide  (CTAB), 3-
chloropropyl triethoxyslane (CPTES), <dicylddehyde, di-ethylene triamine, VOSO,
and adamantane were procured from Aldrich Co. Tetramethylammonium hydroxide
(TMAOH), urea and H,O, were obtained from Merck. All the solvents were of AR
grade and were procured from sd. fine Chemicds, India and were distilled and dried
before use.
4.5.2.2 Procedure

A known amount of subsirate (1.36 g adamantane), catalyst (“neat”-VO(Sdten)
=3 mg and VO(IV)Sdten SFMCM-41 = 50 mg), UHP = 1.88 g and acetonitrile = 40 g
were taken in a 100 ml round bottom flask immersed in an oil bath and fitted with a
water cooled condenser. The reactions were conducted a 333 K. The progress of the
reections was monitored by withdrawing the samples at different times and anayzing
them by a gas chromatograph (Shimadzu 14B; FID detector; SE52 packed column).

The identities of the products were confirmed by GC-MS (Shimadzu GCM S QP 5000).

45.3. RESULTSAND DISCUSSION
The catdytic oxidaion of adamantane was investigated in nortaqueous

medium usng urea hydrogen peroxide as the oxidant and with “nest” VO(IV)Sdten



and VO(IV)SdtenSFMCM-41 complex. The two magor products obtained were 1-
adamantanol (1-o) and 2-adamantanone (2-one)(Scheme — 4.5.1). Ganeshpure et al
have reported smilar product paitern for adamantane oxidation [23]. The kinetics data
were interpreted using the initia rate goproach modd. The kinetic investigations results
revedled a first order reaction rate dependence with the catdyst and substrate and half-
order dependence with the oxidant. The reactions did not proceed in the absence of
VO(IV)Sdten. Also no reaction took place over SMCM-41 and CI-S-MCM-41. The

reection conditions have been optimized towards maximum converson by varying

OH
0
UHP 4
+

VO(IV)Salten-Si-MCM-41
Adamantane

different parameters.

1-Adamantanol 2-Adamantanone

Scheme— 4.5.1 Reaction scheme for oxidation of adamantane

4.5.3.1 Effect of oxidants

The effect of different sources of the oxidizing agents on the converson of
adamantane (wt. %) and product sdectivity (wt. %) was Sudied (Table-4.5.1) for
comparison keeping other parameters (adamantane : UHP mole ratio, temperature,
catayst concentration and solvent) congtant. It is observed that the adamantane
converson in the case of UHP is more than that of TBHP and agueous H,O,. As

evident from the table thet ar and TBHP are not good oxidants in the case of



adamantane oxidation under this reaction condition. In the case of agueous HO; the
converson was found to be lower than that of solid UHP. This is because of the dow
redleese of hydrogen peroxide from the urea hydrogen peroxide adduct [24]. The
reaction stops amogt after 3 h. due to the complete consumption of peroxide.

Table-4.5.1

Effect of Different Oxidants on the oxidation of adamantane

Oxidant  Conversion, wt. % Product distribution, wt. %
1-ol 2-one Others
UHP 22.7 55.6 43.2 12
H,O, 14 61.7 38.3 nil
TBHP 2 75 25 nl
O,(air) nil

Reaction conditions: Catays wt.% = 50 mg, Adamantane : oxidant (mol/mol) = 1 : 2,

Temp. = 333 K, solvent (acetonitrile) = 40 g and reaction time=25h.

4.5.3.2 Effect of UHP concentration



In Figure 451 the effect of adamantaneUHP mole ratio on the adamantane
converson and sdectivity as a function of reaction time is plotted. The converson
increases with time with the increase in the mole réio of adamantaneUHP and dmost
atains a steedy dae after 2 h. This increase in converson becomes margind beyond
adamantane/UHP ratio 1.5 (data not shown) and no significant change in the sdectivity

is observed with theincrease in the ratio.

Selectivity (wt. %)

Conversion (wt. %)

C =Adamantane: UHP=1:1

20 4 6 8 100 10 140 160 180
Time, min

Figure451 Effect of adamantane to UHP mole ratio on the oxidation of
adamantane.

Reaction conditions: catdyst = VO(IV)Sdten SFMCM-41 = 50 mg, Temp. = 333 K,
(acetonitrile)= 40 g and reaction time =3 h.

4.5.3.3 Effect of temperature



The effect of temperaure on the adamantane converson and sdectivity is
shown in Fgure 45.2. The adamantane converson firg increases linearly with time up
to 90 min. in the temperature range of 323 — 333 K. This is because of the dow
decompogtion of UHP and thus making hydrogen peroxide avalable for a longer time.
On further increasing the temperature (343 K) there is a sudden increase in conversion

up to 15 min. and then it atains a Seady State.

Selectivity (wt,%)

Conversion (wt.%)

T T T T T T T T T T T T
80 100 120 140 160 180
Time, min.
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Figure4.52 Effect of reaction temperature on the oxidation of adamantane.
Reaction conditions: catdyst = VO(IV)Sdten-Si-MCM-41 = 50 mg, adamantane =
1.36 g, UHP = 1.88 g, acetonitrile = 40 g and reaction time =3 h.

This may be due to the fast decompostion of UHP since the dahility of urea

hydrogen peroxide adduct decreases on increasing the temperature which facilitates the



faster decomposition of peroxide. Therefore from the Figure 452 it is clear that
increasing the temperature above 333 K does not enhance the percentage conversion of

adamantane using UHP as oxidant.

4.5.3.4 Effect of catalyst concentration

—A—25mg, 1ol

—&— 25mg, 2-one
—&—50mg, 1-ol
—O—50mg, 2-one
—e—75mg, 1-ol
—0—75mg, 2-one

Selectivity (wt. %)
3
|

S

5

§ 15-

B Catalyst wt. A=50mg.
g B= 25mg.
S 104 C=75mg.

20 40 6 @ 100 L0 140 160 18
Time, min.
Figure453 Effect of catayst concentration on the oxidation of adamantane.
Reaction conditions: adamantane = 1.36 g, UHP =1.88 g, Temp. = 333 K, acetonitrile
=40 gandreactiontime=3 h.
Figure 45.3 depicts the effect of catalyst concentration on the oxidation of
adamantane. The amount of catdyst was varied in the range of 25 mg-75 mg. It is

obsarved that an increese in the catayst concentration with respect to adamantane

resulted in an increese in the converson of adamantane initidly, and then dtaned a



deady date after 1h of the reaction time. This could be because of the decomposition of
peroxide by excess catalys.
4.5.3.5 Effect of anchoring

Oxidetion of adamantane was adso caried out usng “neat” VO(IV)Sdten
containing the same amount of vanadium as in the case of anchored complex. The
results are dated in Table-452. It is evident from the table that the converson
increases on anchoring the complex. Earlier gtudies reved that the “neat” Vanadium
(IV)complexes of Schiff bases like Sden tends to form oxo-bridged dimer in solution
[4, 25-26] thus inhibiting the cataytic activity. Therefore in the present dudy it is
evident that the higher conversons for adamantane is because the VO(IV)Sdten
molecules are isolated and well separated from each other since they are anchored to
thewalsof MCM-41.

Table 4.5.2
Catalyticactivitiesof “neat” and VO(IV)Salten-Si-M CM -41in oxidation

adamantane with UHP?

Cadys (weight -mg) Adamantane oxidation

Conv.(Wi%) TOF®  Produdt sdedivity (Wi%)

1-ol 2-one Others
“Neat” VO(IV)Sdlten (3) 5 31 56 44 158
VO(IV)Sdten- S MCM -41 22 141 55.7 43.2 1.1

(50)




8Reaction conditions : adamantane = 1.36 g, UHP = 1.88 g, acetonitrile = 40 g,
temp.=333 K, reaction time = 2 h and PTOF = mole substrate oxidized per mole of

meta per hour.

From the above sudy it is evident that the reaction rate enhances in the
beginning with time and then becomes congant after 2h. The converson of adamantane
atans a maximum level after 3h. A converson of 23% and a sHectivity of 56% and
43% are obtained with the immobilized catdys.

4.5.4 CONCLUSIONS

A dgonificant increese in the converson of adamantane was observed on
anchoring the complex insde the mesopores of CFSFMCM-41. The conversions were
low in the case of homogeneous complex compared to that of anchored complex. The
formaion of cadyticdly inective moxo-bridged complexes with “neat” VO(IV)Sdten
complex has been speculated as the cause of catayst deactivation. When UHP was used
a an oxidant for adamantane oxidation a dgnificant increese in the converson was
observed compared to the use of agueous H,O,. This is because of the dow release of
peroxide from the urea-hydrogen peroxide adduct. These inorganic-organic hybrid
materids have proved to be efficient catdysts as the active species are covalently

bound to the support and place no restrictions on the pore size.
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4.6 HYDROGENATION OF OLEFINS
4.6.1 INTRODUCTION

Since the discovery of the M41S family of materids by Mohbil Corporation
scientigts in 1992 [1,2], much attention has been paid to the synthess and gpplications
of mesoporous molecular seves. In 1998 Stucky and co-workers [3] synthesized a new
ordered hexagond mesoporous dlica with much thicker wals named SBA-15 usdng
triblock co-polymer; poly(ethylene oxide)-poly(propylene oxide) poly(ethylene oxide)
[EOn-POn-EO,] as the gtructure directing agent. These mesoporous materids because
of their high surface area, tunable pore size and wel modified surface properties [4-5]
are finding use as adsorbents for the remova of toxic heavy metd ions from waste
water [6], enzyme carriers [7], catdysts [8] and materids to sequester and release
proteins [9].

The chemicd reectivity of these mesoporous materias fecilitates the co-vaent
anchoring of various functiond groups to the wals. The preparation of such inorganic-
organic hybrid materias is of growing interest [10-11] especidly for the attachment of
vaious meta complexes. Brund and co-workers have reported the anchoring of
Mn(l11)Sapr complex through covaently linked organic moieties [12]. Brund and co-
workers have dso reported the grafting of TEMPO to organicaly modified MCM-41
[13]. Ruthenium(ll)meso tetrakis(4-chloro phenyl)porphyrin has been encepsulated in
MCM-41 modified with 3-aminopropyl triethoxyslane for akene oxidation by Chi-
Ming Che and co-workers [14]. Crudden and co-workers have anchored a bidentate
rhodium phosphine complex on to MCM-41 and used as catayst for hydrogenation of
adkenes [15]. We have developed a covadently anchored Vanadium Schiff’'s base
complex onto the wals of functiondized MCM-41 for the oxidation of adamantane

using urea hydroperoxide as oxidant [16].



In this chepter we have described the catdytic activity of immobilized
octahedrd  hydrido  chlorocarbonyl  tris- (triphenylphosphing)  ruthenium(ll)complex
[RUHCI(CO)(PPh3);] on inorganic-organic  hybrid (APTES modified mesoporous)
materids like NH-MCM-41/ NH,-SBA- 15 for hydrogenation of olefins. The complex
gets attached to the amine modified S-MCM-41 and S-SBA-15 by displacement of a
phosphine ligand. The trans bond weskening effect of the hydride ligand in
[RUHCI(CO)(PPh3);]  accounts for the ready displacement of trans phosphine by

strongly bonding amine (base).

4.6.2 EXPERIMENTAL
4.6.2.1 Materials
Teragthylorthodlicate  (TEOS),  cetyltrimethylammoniumbromide  (CTAB),

poly(ethylene oxide)- poly(propylene oxide) poly(ethylene oxide), Pluronic P123 [EO,,-
PO4-EO,(], triphenylphosphine  (TPP), 3-aminopropyl triethoxyslane (APTES),
styrene, a-methyl yrene, trans-gilbene, ds-stilbene and limonene were procured from
Aldrich Co. Tetramethylammonium hydroxide (TMAOH) was obtained from Merck.
All the solvents were of AR grade and were procured from sd. fine Chemicds, India
and were digtilled and dried before use.
4.6.2.2 Procedure

A known amount of subdtrate (1g), catalyst “neat”-[RuHCI(CO)(PPh)4] = 4.14
mg/ -[RUuHCI(CO)(PPhg),]-NH-MCM-41= 50 mg/ [RuHCI(CO)(PPhg),]-NH,-SBA-
15= 33.85 mg, acetonitrile (30 ml) were taken in a 300 ml stainless sted Parr autoclave,
was pressurized to 400 psig hydrogen and was heated to a temperature of 333K. The

progress of the reaction was monitored by withdrawing samples a different time



intervals and analyzing by gas chromatograph (Shimadzu 14B, FID detector, SE-52 30
m capillay column). The identities of the products were confirmed by GC-MS

(Shimadzu GCM S QP 5000).

4.6.3 RESULTSAND DISCUSSION

The hydrogenation of olefins was caried out with nest and immobilized
cadyds The cadytic activity was found to be more in the case of immobilized
cataydts than that of the neat complex (Table-4.6.1). The improvement in the catdytic
activity for the cadys immobilized by functiondization of ruthenium complex can be
atributed to the chemicd coordingion of the ruthenium complex to APTES over S-
MCM-41and dectron transfer from APTES to ruthenium.

The enhanced cadytic activity in the case of the complex immobilized on
functiondized SBA-15 than on MCM-41 could be because of the easy access of the
active dte to the reactant molecules due to the large pore diameter of SBA-15
compared to MCM-41. The large decrease in the surface area and pore size of MCM-41
upon functiondization with APTES and on immobilizing the complex may be due to
partid collgpse of the wals of MCM-41 during the modification procedure. The XRD
results support this concluson (Refer chapter 3). But in the case of SBA-15 due to the
higher hydrotherma stability and thicker pore walls than MCM-41 these modification
procedures have very little effect on the wals of SBA-15 as evident from the XRD

profiles.

Table-4.6.1
Hydrogenation of olefinsby “neat” and immobilized hydrido chlorocar bonyl tris-

triphenylphosphine ruthenium (1) complex.



Catdys (weight -mg) Substrate Converson
(WL%)
"neal” [RUHCI(CO)(PPy)4] (4.14) Syrene 9
[RUHCI(CO)(PPhs)]- NHo-MCM-41 (50) Styrene 43
[RUHCI(CO)(PPhs),]-NHz- SBA- 15 (33.85) Styrene 66
“neat” [RUHCI(CO)(PPty)4] t-stilbene 10
[RUHCI(CO)(PPhs),]- NH,-MCM-41 t-stilbene 82
[RUHCI(CO)(PPhs),]-NHz- SBA-15 t-tilbene 93
“neat” [RUHCI(CO)(PPHy)4] dis-dilbene 12
[RUHCI(CO)(PPhs),]-NH,-SBA-15 dis- dtilbere 95
“neat” [RUHCI(CO)(PPHs)s] a-methyl styrene 18
[RUHCI(CO)(PPh),]-NH,- SBA-15 a-methyl styrene 97
“neat” [RUHCI(CO)(PPHy)4] limonene 15
[RUHCI(CO)(PPhs),]-NH2-SBA-15 limonene 89

Reaction conditions: Substrate = 1 g, methanol = 30 g, temp. = 333 K, H pressure=

400 psig and reection time =12 h.

464 CONCLUSIONS

Hydrido chlorocarbonyl tris-  triphenylphosphine ruthenium (I1) complex has

been immobilized on amine functiondised MCM-41 and SBA-15 by the displacement

of one PPhy group. Immobilization and the pore size of the support have marked effects

on the activity of [RUHCI(CO)(PPy)3] complex in the hydrogenation of olefins. The

complexes immobilized on functiondized mesoporous materials are more active than

the “neat” complex. The immobilized complexes can be reused. [RUHCI(CO)(PPhs)s]



complexes immobilized on NH,-SBA-15 ae rdaivdy more active than tha
immobilized on NH-MCM-41. The easy access of the active dite to the subdrate

molecules is perhaps responsible for the higher activity of the SBA-15 cataysts.
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CHAPTERS

SUMMARY
AND

CONCLUSIONS



The synthess, characterization and catdytic properties of cobdt, ruthenium and
vanadium <chiff base complexes  encapsulated/immobilized in - microporous  and
mesoporous materias have been investigated. The complexes were encgpsulated in
zeoliteY by flexible ligand method. The complexes immobilization on mesoporous
materids were modly acheved by modifying the mesoporous materids with various
modifying agents (functiondization) and the covdently anchoring the metd complex
on to the functiondized mesoporous materids. Functiondization of mesoporous
materids is achieved by dlanation of the mesoporous surface by 3-amino or 3-
ha ogeno-propyl dkoxyslane in an gpolar solvent.

The formation and dructurd integrity of the complexes were investigated by
usng a vaiety of physicochemicd techniques such as dementd andyss, XRD, TG
DTA, sorption studies, FT-IR, XPS, EPR and NMR spectroscopic techniques. EPR
spectroscopy, especidly of VO(IV)Sdoph complex has provided clear evidence for the
encgpaulaion/immobilization of the complex indde the cavities and channds of micro
and mesoporous materids. The ESR  goectra of the encapsulated/immobilized
complexes were different from that of “neat” complexes. Sorption Studies have aso
provided an indirect evidence for the encgpsulation of the complexes. The
encapsulatedimmobilized complexes have lower surface area and pore sze than the
parent micro and mesoporous materids.  The comparative spectroscopic studies on
“neat” and ercapaulaedimmobilized metd complexes have reveded that the
complexes are located indde the cavities and channds of microporous (zeolite-Y) and
mesoporous (MCM-41 and SBA- 15) materids respectively.

The caadytic activities of the complexes encapaulaed in zeoliteY were

sudied in different indugtridly important oxidation reactions viz., oxiddion of p-



cresol, b-lsophorone, a-pinene and epoxidation of syrene and t-gilbene. The
encgpsulated complexes showed enhanced catdytic activities than the “neat”
complexes. Subdtitution of the hydrogen atoms in the aromatic nucle of the Sdoph
molecule by dectron withdrawing (hdogens and nitro groups) groups increases the
reectivity of these catalysts. The depletion of eectron dendty perhgps promotes the
nucleophillic attack of the oxidant molecule a the metd center forming cadyticdly
active  metd-superoxo/meta-hydroperoxides.  Further  the dectron  withdrawing
subdtituents dso facilitates the cleavage of these metd- superoxo/metd- hydroperoxides
soecies. The eae of formation and cleavage of these intermediate species in the
complex with eectron withdrawing subgtituents have been correlated to the increased
catdytic activity of these complexes in oxidation reactions.

The cadytic aivity of the vanadium and ruthenium  complexes
immobilized/anchored on mesoporous materids (MCM-41 and SBA-15) were studied
for oxidaion/epoxidation and hydrogenation reactions. Vanadium Schiff base complex
was immobilized/anchored on MCM-41 and its cataytic activity for the epoxidation of
syrene and t-gilbene usng TBHP as oxidant and oxidation of adamatane using
anhydrous urea hydrogen peroxide (UHP) as oxidizing agent. The converson for
adamantane was more on using UHP as the oxidant compared to HO». Thisis because
of the dow release of hydrogen peroxide and hence oxygen from the urea hydrogen
peroxide adduct. The result obtained with the immobilized catdyst is compared with
those obtained with the corresponding homogeneous catdyst. The catdytic activity of
immobilized octahedrd hydrido chlorocarbonyl tris-(triphenylphosphine)
ruthenium(ll)complex  [RuHCI(CO)(PPhg);] on  inorganic-organic  hybrid  (APTES

modified mesoporous) materids like NH,-MCM-41/ NH,-SBA- 15 for hydrogenation



of olefins was dso sudied. The complex gets attached to the amine modified S-MCM-
41 and Si-SBA-15 by displacement of a phosphine ligand. The trans bond weakening
effect of the hydride ligand in [RuHCI(CO)(PPhg);]  accounts for the ready
displacement of trans phosphine by strongly bonding amine.

The sudies presented in this thess have provided definite convincing evidence
for the biomimitic naure of these heterogenized catdyds. Just as the protein
environment in metdloenzymes dictates the geometry and redox properties of the
active dte in addition to providing sterio- and regio-sdectivities, the zeolite mantle as
reveded from the present investigations dso modifies the molecular and eectronic
dructurd  properties of the complexes and enhances the rate of the chemica
transformations. Thus the modified solid cataysts can be cdled as inorganic mimic of
enzymes. These catadyss sysems are found to be advantageous and hold promise for
goplication in chemicd indugtry due to their high therma dability, ease of operation in
industry, prevention of cadys deactivation due to dimer formation, higher activity
compared to their homogenous analogues, ability to recyce, and in utilizing O, as wdll
a gnglet oxygen sources like H,O,, TBHP and UHP which leave no harmful

dissociation products.
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