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Abstract Solid acids and super acids are attracting substantial interest due to their
applicability in many chemical industries, especially in the petroleum industry for
alkylation, isomerization, and cracking reactions, as well as in the synthesis of fine
chemicals. The understanding of acid-catalyzed reactions is very much important
since it covers a wide field of applications, ranging from large-scale industrial pro-
cesses to enzyme-controlled reactions in the living cell. This chapter deals with
synthesis and characterization of different types of salts as well as transition metal-
modified phosphotungstates and their applications as catalyst for acylation, Heck
vinylation, bromination of phenol, oxidation of trans-stilbene, and hydrogenation
of ortho-nitrophenol, respectively.

1 Introduction

1.1 Solid Acid Catalyst

A solid acid catalyst should possess high stability, numerous strong acid sites, large
pores, and a hydrophobic surface providing a favorable condition for reaction and
should also be economically viable. In general, a catalyst that is to be used for syn-
thesis of biodiesel should be selective and specific and result in esterification/
transesterification with high conversion and yield of biodiesel.

Traditionally almost all the chemical reactions were catalyzed by liquid acids. But,
the enforcement of stringent environmental regulations has demanded the replacement
of these environmentally hazardous materials, which left with no other alternative than
using solid acid catalysts. More than three hundreds of solid acids have been developed
in the last four decades such as natural clay minerals, cation exchange resins, zirconia,
alumina, silica, mixed metal oxides, heteropoly acids (polyoxometalates), lacunary,
and zeolites [1]. The surface properties and the structures have been clarified by the
newly developed sophisticated analytical techniques. The characterized solid acids are
applied as catalysts to various reactions, and the role of acid—base properties has been
studied extensively. Now, the use of solid acid catalyst is one of the most economically
and ecologically important fields in catalysis. The solid acid catalysts have many
advantages over liquid Brgnsted and Lewis acid catalysts such as the following: they
are noncorrosive, the nature of acid sites are known, their acid strength can be modu-
lated, and they are environmentally benign, presenting less disposal problems, and safe
to handle. Their repeated use is possible and the catalyst separation from the product
stream is easier. Furthermore, they can be designed and their textural properties can be
engineered to develop a catalyst with higher activity, selectivity, and longer lifetime.
Therefore, heterogeneous catalysis has gained so much attention and becoming more
and more popular in chemical, petrochemical, and life science industries. Tanabe and
Holderich [2] made a statistical survey on various types of catalysts that are used in the
industrial processes. It shows that metal oxide is the second largest group of catalysts
employed in industrial processes next to zeolites.

Recent report showed that heteropoly acids and heteropoly anions, like phospho-
tungstic acids, are efficient “super acid” catalysts which can be used both in the
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homogeneous and heterogeneous phases [3]. Bulk heteropoly acids generally exhibit
low catalytic performances due to their low surface areas. For this reason, the main
criterion, which can lead to highly active heterogeneous acid catalysts, is an improve-
ment of the heteropoly acid dispersion with respect to its primary acidic features. For
this purpose, the main two approaches are the impregnation of the HPA on classical
porous materials and the direct preparation of the acidic porous salts of HPA.

1.2 Polyoxometalates

Polyoxometalates (POMs) are self-assembled anionic metal oxide clusters. They
are typically synthesized under acidic aqueous conditions. There are two broad
classes of POMs, isopoly and heteropoly. In the heteropoly case, X is the hetero-
atom and is located in the center of the cluster. The element (M) that composes the
framework is usually molybdenum or tungsten. The heteroatom is often P=3 or
Si=4, but there are numerous examples for over 70 different elements.

1.3 Heteropoly Acid

Heteropoly acids (HPAs) are the acidic forms of polyoxometalates. They are widely
used as homogeneous and heterogeneous acids and oxidation catalysts due to their
unique physicochemical properties. Generally, all heteropoly acids are strong acids.
This strong acidity can be attributed to the delocalization of surface charge density
throughout the large sized polyanion, leading a weak interaction between the proton
and the anion.

Solid HPAs in the acid form are more efficient catalyst than conventional solid
acids. The ability to absorb large amount of polar molecules in the bulk, coupled
with high proton mobility, leads to a high catalytic efficiency for liquid phase reac-
tion. They have been widely used as acid and oxidation catalyst for organic synthe-
sis, and they are found in several industrial applications. HPA is used as catalyst due
to the following properties:

1. Solubility in aqueous and organic media
2. Intrinsic multifunctional, strong acidity (Brgnsted sites), and redox properties

They are also of great interest as model systems for studying fundamental prob-
lems of catalysis.

1.4 Synthesis

Preparation of heteropoly acids is getting more and more importance for their
applications. Such heteropoly acids as H;PW,0,0, H,SiW ,0,, and H;PMo,,0,
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are commercially available as crystalline hydrates. The simplest way to prepare
heteropoly acids involves the acidification of an aqueous solution containing the
oxoanions and the heteroatom:

12W0,> +HPO,> +23H" - PW,,0,, +12H,0

Control of the pH and the ratio of central atom to metal atom (X/M) is necessary
to obtain the desired structure. Acidification is achieved by direct addition of a min-
eral acid.

1.5 Structure of Heteropoly Acids

Heteropoly acids are polymeric oxoanions with well-defined primary structure.
They are made by the combination of hydrogen and oxygen with certain metals and
nonmetals. Various types of heteropoly acid are known each having its own charac-
teristic structure like:

Keggin structure
Silverton structure
Dawson structure
Waugh structure
Anderson structure

Nk L=

1.5.1 Keggin Structure

Keggin heteropoly acids have general formula X"*M,04"8, where X is the central
atom (Si*, Ge**, P**, As™, etc.), n the degree of its oxidation, and M is molybdenum
or tungsten, which can be partly replaced by other metals [4]. The structure of
Keggin compounds comprises four trigonal groups of edge-sharing MOg octahe-
dral, each group sharing corners with neighboring groups and with the central tetra-
hedron. In each octahedron, the metal is displaced toward the terminal oxygen
atoms. This structural arrangement leads to the formation of a spherical polyanion.
The first characterized well-known heteropoly compound is the one having Keggin
structure which is fairly stable and easily available.
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1.5.2 Wells-Dawson Structure

Well-Dawson structure heteropoly acids have general formula [X,M30¢,], where X
is P>, S, As> and M may be either W or Mo®. These HPCs are formed by
dimerization of PMyOs, moieties, thus under suitable conditions of pH. It consists
of two half units, each of which is derived from the Keggin structure by removal of
three adjacent corner linked MOy octahedron anions, leaving three octahedra over a
ring of six.

1.5.3 Anderson Structure

Anderson structure of heteropoly acid has general formula [XM4O,,], where X is
Mn*, Ni**, Pt*, Te® and M may be either W or Mo®*. The structure is planar in
which each MoOg octahedron has two terminal oxygen and the heteroatom X adopts
the octahedral coordination. Anderson anions are usually obtained from aqueous
solutions at a pH of 4-5.

1.5.4 Silverton Structure

Silverton structure of heteropoly acid has general formula [XM;,0,,], where X
is Ce*, Th* and M may be either W or Mo®*. The central atom is surrounded
by 12 oxygen atoms that form an icosahedron (12 vertices, 20 faces, and 30
sides) as a central polyhedron around which MOy octahedra are arranged in a
face sharing pairs.
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1.5.5 Waugh Structure

Waugh structure of heteropoly acid has general formula [XM,O3,], where X is Mn*,
Ni** and M may be either W or Mo®". It is built around an octahedral coordinated
heteroatom. Three octahedral addenda atoms are arranged at the vertices of a tri-
angle, which is coplanar with the central XO4 octahedron and another two groups of
edge-shared M;0y; triplets, are placed above and below the middle layer of the four
octahedral.

1.6 Acidic Properties of Heteropoly Acid

The acid-base properties of heteropoly compounds can be modified by the choice
of the hetero atom, oxometal in the primary structure, and the cation [5]. The acidity
can be generated by the protons which act as counter cations in heteropoly acids
(i.e., in H;PMo,,04) and in mixed acidic salts (for instance, in K.H;_.PW,04).
There are two types of protons in crystalline HPA: (1) nonlocalized hydrated pro-
tons bound to one metal cation as a whole and rapidly exchanging with the protons
of the water molecules in the hydration shell of the acid and (2) nonhydrated protons
localized at the peripheral oxygen atoms of the polyanion [4].

All heteropoly acids are strong acids, much stronger than conventional solid
acids such as SiO,—Al,O;, H;PO,/Si0,, and HY and HX zeolites and mineral acids
as H,SO,, HCI, and p-toluenesulfonic acid. They are completely dissociated in
aqueous solutions and partly dissociated in organic solvents. This strong acidity can
be attributed to the delocalization of surface charge density throughout the large
sized polyanion, leading to a weak interaction between the protons and the anion.
The order of acid strength is the same as that observed in solution.

The acid strength can be expressed by the Hammett acidity function Hy:
H,=pKg,, —log([BH*]/[B]) where [B] is the concentration of the indicator B,
[BH*] is the concentration of the conjugated acid, and Ky, is the equilibrium con-
stant for the reaction: BH*— B + H*.

The [BH*])/[B] ratio can be determined by spectroscopy in the UV and visible
bands or can be measured more roughly by visually observing the point in the titra-
tion at which the color changes.

The H, value of 100 % H,SO, (-11.94) is taken as a reference number. The acids
with values >12 are classified as superacids [6]. Superacids with H, values of —20
(i.e., 108 times stronger than 100 % H,SO,), such as HSO;F and SbFs;, are able to
protonate methane.

According to this scale heteropoly compounds can be classified as super acid
compounds. This extraordinarily high acidity has led to increasing interest in the
possibility of using them as alternative catalysts for acid-catalyzed transformations
which employ environmentally homogeneous liquid acids like HF, AlCl;, or H,SO,.
On the other hand, a very high acidity may be responsible for undesired side reac-
tions and for quick deactivation phenomena due to the formation of heavy
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by-products. The possible way to control the acid properties is through partial
neutralization of the protons, which can be achieved by exchanging the acid form
with a suitable metal ion.

1.7 Redox Properties of Heteropoly Acid

The redox properties of HPA are a function of the nature of the metal atoms in the
primary structure (addenda atoms) and of both the heteroatom and the counterions.
In solutions, the reduction potentials of heteropoly anions containing Mo and V are
high as these ions are easily reduced. Oxidative ability decreases generally in the
order V>Mo>W containing heteropoly anions, which means that the vanadium-
containing heteropoly compounds are the strongest oxidants [7]. The replacement
of one or more molybdenum atoms in the primary structure of Keggin heteropoly
compound of molybdenum for vanadium leads to an enhancement of the oxidation
potential of the heteropoly compound due to the vanadium reducibility.

The nature of the heteroatom affects the overall charge of the polyanion. An
increase in the charge leads to a decrease in the oxidation potential for the Wé/W3*
couple in PYW ,0,> SiVW ,0,) ~ Ge'VW ,0,0* >BTW,,0,,° ~ Fe™W,,0,,° >H,
W04~ Co™W 1,006 > Cu'W,0,4"".

The effect of the counter cation may be significant. When the cation is easily
reducible, the redox properties of the heteropoly compound are parallel to those of
the cation. When the cation is not reducible, like alkali metals, the reducibility of the
metal in the primary structure is nevertheless affected by the nature of the cation [5].
The oxidizing ability has been estimated from the rate of reduction of heteropoly
compounds by H,, CO, and organic compounds, but sometimes the data appear
inconsistent, due to the difference in the kind of reductant, homogeneity, nonstoi-
chiometry, and decomposition of the catalysts [3].

1.8 Heteropoly Acid as Homogeneous Catalysis

Heteropoly acids catalyze a wide variety of reactions in homogeneous liquid phase
offering strong options for more efficient and cleaner processing compared to con-
ventional mineral acids [8]. In principle, mechanisms of homogeneous catalysis by
heteropoly acids and by ordinary mineral acids are of the same origin. Both HPAs
and mineral acids function as proton donors [9]. There are, however, some specific
features in the HPA catalysis. First, being stronger acids, HPAs have significantly
higher catalytic activity than mineral acids. In organic media, the molar catalytic
activity of heteropoly acid is usually 100—1,000 times higher than that of H,SO, [4].
This makes it possible to carry out the catalytic process at a lower catalyst concen-
tration and/or at a lower temperature. Further, heteropoly acid catalysis lacks side
reactions such as sulfonation and chlorination, which occur with mineral acids.
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As stable, relatively nontoxic crystalline substances, HPAs are also preferable as
regard to safety and ease of handling [8].

The relative activity of Keggin heteropoly acids depends primarily on their acid
strength. Other properties such as the oxidation potential, the thermal, and hydro-
lytic stability are also important factors. These properties for the most common
heteropoly acids are summarized below:

Acid strength: H;PW ,04>H,SiW,0,0>H;PMo0,,0,40>H,;SiM0,,04
Oxidation potential: H;PMo,,040>H;SiM0,,0,49> H;PW ,040>H,SiW,0,
Thermal stability: H;PW,,040>H,SiW ,040>H3;PMo0,,0,4,>H,SiMo0,,04
Hydrolytic stability: HySiW ,040>H;PW,040>H,;SiMo0,,0,4,>H3;PMo0,,0,,

Generally, tungsten heteropoly acids are the catalysts of choice because of their
stronger acidity, higher thermal stability, and lower oxidation potential compared to
molybdenum heteropoly acids. Usually, if the reaction rate is controlled by the cata-
lyst acid strength, H;PW,0,, shows the highest catalytic activity in the Keggin
series. However, in the case of less demanding reactions as well as in reactions at
higher temperatures in the presence of water, H,SiW,0,, having lower oxidation
potential and higher hydrolytic stability, can be superior to H;PW,0,. Some homo-
geneous reactions catalyzed by HPA are hydration of olefins, esterification reaction,
condensation of acetone to mesityl oxide, and alkyl benzenes.

The major problem, limiting the utility of homogeneously catalyzed processes,
is the well-known difficulty in catalyst recovery and recycling. As the cost of the
heteropoly acids is higher than mineral acids, the recycling of heteropoly acid
catalyst is the key issue to their application. Only a few homogeneous reactions
allow for easy heteropoly acid recycling like hydration of olefins. In some cases,
HPA can be recovered from polar organic solution without neutralization by pre-
cipitating with a hydrocarbon solvent. HPA can also be extracted from an acidified
aqueous solution of its salt with a polar organic solvent. Even though the neutraliza-
tion of HPA is necessary, the amount of alkali needed and the amount of waste
formed there upon is much less than that of mineral acids. A more efficient way to
overcome the separation problem is the use of biphasic systems or solid heteropoly
acid catalysts [8, 9].

1.9 Heteropoly Acid as Heterogeneous Catalysis

Solid heteropoly acids are more efficient than conventional solid acids, like zeo-
lites, SiO,, and Al,Os, due to their ability to absorb large amount of polar molecules
in the bulk, coupled with high proton mobility, which leads to a high catalytic
efficiency for liquid phase reactions. This behavior favors the reaction kinetics and
the participation of all structural protons in the reaction [5]. This high activity
allows the operation to be carried out at milder conditions than that of other solid
acids. Obvious advantage of heterogeneous systems over homogeneous is easy
separation of a catalyst from reaction products. Furthermore, since heteropoly
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acids are soluble only in wet polar solvents, their strong acidity cannot be utilized
in homogeneous systems [8]. Therefore, heteropoly acids must be used as solid
acid catalyst for catalyzing highly demanding reactions like Friedel-Crafts reac-
tion. In order to enhance the acid strength, solid heteropoly acid catalysts are usu-
ally dehydrated by evacuating at 150-300 °C for 1-2 h [10].

A serious problem with the solid heteropoly acid catalysts is their deactivation
during organic reactions due to the coke formation on the catalyst surface, which
remains to be solved to put heterogeneous heteropoly acid catalysis in practice.
Instead of burning the coke as in the case of alumina silicates and zeolites, support-
ing heteropoly acids on a carrier inhibits the formation of coke on the catalyst
surface.

1.9.1 Supported Heteropoly Acids

The drawback of heteropoly acids is their low surface area (1-10 m?/g) that limits
their application in many reactions. This disadvantage can be overcome by dispers-
ing the heteropoly acid on solid supports with high surface area. The catalytic activ-
ity of supported heteropoly acid depends mainly on the heteropoly acid loading, the
pretreatment conditions, and the type of carrier. Generally, heteropoly acids strongly
interact with supports at low loading levels, while the bulk properties of heteropoly
acids prevail at high loadings. Acidic or neutral substances like SiO,, active carbon,
acidic ion-exchange resin, and TiO, are suitable supports, but on the other hand,
solids like Al,O; and MgO having basicity tend to decompose heteropoly acids [8],
causing a significant decrease in catalytic activity.

1.9.2 HPA on Silica

Si0, is relatively inert toward heteropoly acids above a certain loading level. The
thermal stability of silica-supported heteropoly anions decreases with respect to
that of the bulk acid, particularly at low concentrations. On the other hand, tung-
stic acid keeps its Keggin structure when impregnated on silica, provided tungsten
content is greater than 10 % w/w but at lower contents the acid may experience
partial degradation.

Moffat and Kasztelan [11] have concluded that the Keggin structure of phospho-
tungstic acid dispersed on silica is maintained even after calcination at 550 °C. At
low loadings, H;PW,,0,, and H,SiW,0,, form finely dispersed species on the sur-
face of silica and a heteropoly acid crystal phase is developed at heteropoly acid
loading above 50 wt%. Silica-supported tungsten HPAs like H;PW,0,, and
H,SiW,0,, maintain the Keggin structure at high loadings but decompose at very
low loadings because of the strong interactions with surface silanol groups.

A study based on the synthesis of chemicals catalyzed by transition metal/
salts of tungsten-based polyoxometalate-modified mesoporous silica (MCM-
41) in the liquid phase has been focused in this article. We will also comment
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briefly on the preparation of the modified catalyst by various methods and its
characterization by different techniques, as well as on the structure and the
active sites. It is out of the scope of this article to cover comprehensively all
reactions that have ever been reported using tungsten-based polyoxometalate-
modified MCM-41-based solid acids.

2 Experimental

2.1 Cesium Salt of Phosphotungstic Acid-Supported MCM-41
Toward Acylation of Anisole

Salts of HPA were prepared by partially exchanging protons of the parent HPA with
large cations, such as Cs*, K*, Rb*, and NH,*, which could be water insoluble and
present a rather high surface area (>100 m?%g) [10, 12]. Extensive studies have been
carried out over Cs salt of HPA supported on metal oxides such as Al,O;, MgO,
silica, titania, and zirconia, MCM-41, MCM-48, and SBA-15 [13—15]. The catalytic
activities of these materials have been investigated thoroughly for various alkyla-
tion, acylation, esterification reactions, etc. [16]. Recently, the effect of acylating
agent on the acylation of anisole using mesoporous silica-supported HPA and Cs
salt of HPA has been studied by various research groups [17-19]. Cardoso et al.
reported 90 % of conversion for acylation of anisole taking phosphotungstic acid-
supported silica as catalyst [17]. Kaur and Kozhevnikov [18] reported the acylation
of anisole with carboxylic acids on Cs,s-HPA as catalyst having 51 % yields.
Kamala and Pandurangan reported butylation of anisole taking phosphotungstic
acid-supported Al MCM-41 as catalyst [20]. Acylation of aromatic compounds is a
widely used reaction for the production of fine chemicals, pharmaceutical, and cos-
metics. So many papers are published in Cs salts of PTA supported on different
supports, but our catalysts are different from others and characterized by different
techniques and also focus on various organic transformation reactions.

(a) Synthesis of MCM-41

In a typical synthesis process, 1.988 g of cetyl trimethyl ammonium bromide
(CTAB, 98 %, S.D. fine chem.) was dissolved in 120 g of water at room tempera-
ture. After complete dissolution, 8 ml of aqueous NH; (32 % in water, Merck)
was added to the above solution. Then 10 ml of tetraethyl orthosilicate (TEOS,
99 %, Aldrich) was added to the solution under vigorous stirring (300 rpm). The
hydrolysis of TEOS takes place during the first 2 min at room temperature (the
solution becomes milky and slurry forms), whereas the condensation of the
mesostructured hybrid material is achieved after 1 h of reaction. The material
was then filtered and allowed to dry under static air at 80 °C for 12 h. The surfac-
tant removed mesoporous material was obtained by acid treatment method. For
acid extraction, the as-obtained materials (1 g) were treated with a mixture of
ethanol (100 ml) and concentrated HCI (1 ml, 38 % in weight) at 80 °C for 6 h.
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(b) Synthesis of Cs Salt of Phosphotungstic Acid
Cs of phosphotungstic acid (Cs,sHysPW,04) was prepared by adding the
Cs,CO; solution dropwise to the PTA solution according to the literature method
[10]. The resulting precipitate was dried at 110 °C overnight in vacuum and
calcined at 300 °C for 3 h. The chemical composition of the samples was deter-
mined using ICP atomic emission spectrometer (PerkinElmer).

(c) Synthesis of Cs Salt of Phosphotungstic Acid Supported on MCM-41
MCM-41 was first impregnated with aqueous solution of the Cs* precursor
(Cs,CO3), dried at 110 °C for 12 h. Following this, a methanolic solution of
PTA was impregnated, dried at 110 °C for 12 h, and calcined at 200. The cata-
lysts are designated as x Cs-PTA/MCM-41(x=10-60 wt%).

3 Results and Discussion

3.1 Characterization

3.1.1 Surface Area and Pore Size Distribution

Figure 3.1 shows the nitrogen adsorption—desorption isotherms of the parent and
modified samples. MCM-41 shows a type IV isotherm with a sharp inflection capil-
lary condensation step at P/P,=0.35, corresponding to the pore size of about 2.7 nm.
Apart from the narrow pore size distribution, MCM-41 exhibits an H1-type hyster-
esis loop at P/P, between 0.9 and 1, reflecting secondary mesoporosity due to inter
particle condensation [21]. In case of the modified sample, the sharp capillary con-
densation step shifts to low relative pressure of P/P,=0.1, indicating the decrease in
pore volume and surface area after modification. A reasonable explanation for this
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observation is that most of the Cs-PTA clusters were introduced into the pore and
the partial blockage of one-dimensional mesopores of MCM-41 by small aggre-
gates of Cs-PTA [21].

The pore size distribution curves of the samples are shown in Fig. 3.2. The pore
size distribution curves show that there is slight decrease in pore diameter after
impregnation of Cs salt of PTA.

3.1.2 FTIR Studies

The FTIR spectra of Cs-PTA and Cs-PTA loaded MCM-41 are shown in Fig. 3.3.
The spectra show a broad band around 3,100-3,600 cm™!, which is due to adsorbed
water molecules. The absorption band due to H-O-H bending vibration in water is
at 1,620-1,640 cm™'. The absorption band around 1,087-1,092 cm™ is due to Si-O
asymmetric stretching vibrations of Si—O-Si bridges. The characteristic signature
of the Keggin structure was seen in each case, with dips at 1,080, 985, 890, and
800 cm™'. The band assignments are available in the literature [22, 23].

3.1.3 SEM Studies

SEM micrographs of Cs-PTA/MCM-41 microcrystals recorded at different magni-
fications are shown in Fig. 3.4a and b. Each crystal has a cylindrical form having
diameter ranging from 0.4 to 0.6 um. The total length of the crystals is 1-2 um and
consists of packages of cylindrical fibers (Fig. 3.4a).

3.2 Catalytic Activity Toward Acylation of Anisole

The acylation reaction was carried out in the liquid phase in a 50 ml three-necked round-
bottom flask fitted with a thermometer, reflux condenser with CaCl, guard tube, and a
magnetic stirrer. A mixture of 100 mmol anisole and 10 mmol of acetic anhydride
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Fig. 3.3 FTIR spectra of Cs-PTA/MCM-41 samples (a) 400—4,000 cm™, (b) 400-2,000 cm™!

was added to the flask along with 0.1 g of n-tridecane, which was used as an inter-
nal standard for GC analysis. The catalyst was added after adjusting the tempera-
ture to 70 °C. The reaction mixture was separated from the catalyst after 1 h and
analyzed by off-line gas chromatography (GC) as shown in Scheme 3.1 (Table 3.1).

Among the catalysts with different Cs-PTA loadings, the 50 wt% Cs-PTA/MCM-
41 catalyst gave the highest conversion (98 %). Further, increase in the Cs-PTA
loading decreases the acetic anhydride conversion. The sample containing 60 wt%
Cs-PTA shows 95 % conversion. The activity of the catalysts has been found to be
related to the number of Brgnsted acid sites. Since no metal ion was present in the
reaction filtrate, it is presumed that the true active species is the solid acid, which
developed due to chemical interaction between the Cs-PTA and MCM-41. This also
supports that the catalyst is stable under reaction conditions.
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Fig. 3.4 Different magnification of scanning electron micrograph of 50 wt% Cs-PTA/MCM-41

0
J
+
HyC o u, Catalyst, 70°C
OCH3

Anisole Acetic anhydride o-methaxy acetophenone p-methoxy acetopbmme

Scheme 3.1 Schematic representation of acylation of anisole

Table 3.1 Liquid phase acylation of anisole over 50 wt. % Cs-PTA/MCM-41 and comparison
of the result with other reported methods

Catalyst used Reactant Conversion (%) References
Phosphotungstic acid/silica Acetic anhydride 90 [24a]
Cs,sHysPW 1,04 Dodecanoic acid 51 [24b]
ZSM-5 Acetic anhydride 90 [24c]
Aluminosilicates Octanoyl chloride 90 [24d]

Cs, sHysPW,0,/silica Acetic anhydride 50 [24€]

Cs, sHy sPW,0,/K-10 Benzoyl chloride 37 [24f]
H;PW¢MosO,/Zirconia Acetic anhydride 89 [24¢]
Cs-PTA/MCM-41 Acetic anhydride 98 Our work

3.3 Influence of Various Substrates

The reaction procedure was applied to anisole as well as activated aromatic com-
pounds such as toluene, aniline, and deactivated compounds such as chlorobenzene,
and the results were summarized in Table 3.2. The results show that introduction of
an electron withdrawing group (e.g., nitro group) on the aromatic ring substantially
decreases the conversion of acylation, while an electron-donating group (e.g., CH;
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Table 3.2 Effect of substrate on acylation reaction

Selectivity
Substrate Conversion (%) Para Ortho
OCH, 98 97 3
OH 94 96 4
OCH, 99 100 -
é/ CH,
OCH, 65 100 -
NO,
CH, 75 90 10
NH, 90 92 8
¢l 35 75 25

s

Substrate =100 mmol, acetic anhydride=10 mmol, catalyst amount=0.1 g, temperature=70 °C,
time=1h
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group) increases it. Like anisole, aniline and phenol give preferentially para product
in high yield. Activated aromatic compounds such as toluene gives around 72 %
conversion having 61 % of para selectivity. Chlorobenzene was sluggish in the acylation
reaction and gave very low conversion.

3.4 Cu Salt of Phosphotungstic Acid-Supported MCM-41
Toward Heck Vinylation Reaction

A lot of papers have already been published on Cs, K, and Na salts of PTA toward
various reactions [25a, b]. A few publications are also there on the salts of PTA sup-
ported on MCM-41 [25c]. However, there has been no example on the use of Cu salt
of HPA supported on MCM-41 for the Heck vinylation of aryl halides with olefins.
Hence for the first time, we have performed the coupling reaction using
Cu H; , PW,0,/MCM-41 as catalyst in aqueous medium.

3.4.1 Preparation of Catalyst

The Cu salt of the H;PW,04, was prepared [25d] as precipitate by adding 0.18 g of
Ba(OH), (to neutralize protons) to the aqueous solution containing 2 g of H;PW1,0,,. Later
0.16 g of CuSO,-5H,0 was added to replace Ba with Cu by eliminating Ba as BaSO,. The
Cu, sPW 1,0, salt was recovered from the solution by recrystallization. Varying the amount
of Ba(OH), and CuS0O,-5H,0, we prepared Cu;HPW ,0,, and Cu,sH,PW,0,. The
catalyst mass was dried at 120 °C for 12 h in an oven and finally calcined at 300 °C for 2 h.
The materials are further termed as Cu,H;_,, PW,0, (x=0.5-1.5).

A series of catalysts having different Cu/HPA loading 10-60 wt% were synthesized
by impregnating 2 g of MCM-41 with an aqueous solution of Cu/HPA under constant
stirring followed by heating till complete evaporation of water takes place (4 h). Then
the sample was dried in an oven at 110 °C for 24 h and calcined at 500 °C. The catalysts
are herein after referred to as yCu,H;_, PW,0,/MCM-41 (y=10-60 wt%).

3.4.2 Characterization
X-Ray Diffraction

The PXRD patterns of H;PW,0,//MCM-41 and 50Cu, sPW,0,p-promoted MCM-
41 samples are shown in Fig. 3.5. It can be observed that both the materials exhibit
a strong peak at 260=2.2° due to (100) plane. Also, small peaks due to higher order
(110), (200), and (210) plane reflections within 5° indicate the formation of well-
ordered mesoporous materials. Thus, the mesoporosity remains intact after the
modification of the silica network with Cu,H;_,,PW,O4,. There is a little bit reduc-
tion and broadening of the (100) peak of H;PW,0,//MCM-41 after modification of
Cu, sPW,0, indicating a slight disturbance in hexagonal symmetry [26].



3 Transition Metal-Substituted Salt of Tungsten-Based Polyoxometalate-Supported... 73
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The characteristic peaks for HPA [27] are observed in both cases (Fig. 3.6),
which indicated that the structure of HPA remains intact after metal modification.

Temperature-Programmed Reduction

The temperature-programmed reduction profiles of the 50 wt% Cu-/HPA-modified
MCM-41 are shown in Fig. 3.7. All the samples show reduction peaks in mainly two
regions: one is around 250—400 °C and another is 650-800 °C. The first peak cor-
responds to reduction of Cu*? to Cu metal. Reduction may take place in one step
(Cu*?— Cu) or in two subsequent steps (Cu*?>— Cu*! — Cu). The high-temperature
reduction peak corresponds to reduction of CuHPA species adsorbed on the MCM-
41 support. As a result of their high dispersion, these species interacting with the
support are more easily reducible than the species of the bulk CuHPA. The peak
intensity increases with increase in Cu content in the sample.
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Fig. 3.7 TPR spectra of v0.
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Transmission Electron Microscopy (TEM)

To study the surface topography and to assess the surface dispersion of the active
components over the MCM-41 substrate, TEM investigation was performed on
50Cu, sPA/MCM-41 and the images are shown in Fig. 3.8. It has been found that the
catalysts are well-ordered spherical particles. The particles are uniformly distributed
over the support surface. TEM images of the mesoporous molecular sieves are
characteristics for the mesoporous materials with hexagonal channel array, showing
high quality in organization of channels of these catalysts. From the figure it is
confirmed that the particles are spherical in nature. The metal particles are well
dispersed throughout the silica framework, which is clearly seen in the figure. The
particle size can be confirmed from the TEM images. The average particle size is
calculated to be 100 nm.

3.4.3 Catalytic Evaluation Toward Heck Vinylation

Phenyl iodide (1 mmol), water (2 ml), and the catalyst (0.02 g) were taken in a
round- bottom flask. The reaction mixture was stirred at 100 °C followed by the
addition of acrylic acid (2 mmol) and K,COj; (1.5 mmol). After 8 h, the solution was
allowed to cool down and filtered. The filtrate was analyzed by off-line GC and the
solid residue was subjected to H'INMR. The conversion was determined from the
amount of phenyl iodide consumed in the reaction and is shown in Scheme 3.2.
Leaching experiments for Cu metal were performed for each catalyst by using AAS
analysis of the filtrates.

Two types of mechanisms are suggested for the Heck vinylation reaction. One is
through the neutral pathway and another is the cationic pathway [10]. Yang et al.
[28] suggested the mechanism for Heck vinylation using silica-supported poly-y-
aminopropylsilane transition metal (Ni*?, Cu*?, Co*?) complexes similar to that of
homogeneous catalyst for Heck reaction. In the case of homogeneous Pd catalyst,
the Pd (IV) is reduced to Pd (II) during the reaction procedure.
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Fig. 3.8 TEM images of 50Cu, sPA/MCM-41

COOH
| Cu/ HPA-MCM-41 N
COOH K:CO
+/ — . + HI
100°C, Water
Phenyl iodide Acrylic acid Cinpamic aad

Scheme 3.2 Schematic presentation of Heck vinylation reaction

Similarly we can assume the reaction will proceed by the reduction of
supported Cu*? to the active Cu metal in case of CuHPA/MCM-41 (Scheme 3.3).
First of all there is oxidative addition of phenyl iodide to CuHPA/MCM-41. With
subsequent addition of HNu (acrylic acid) and base (K,COs;), there is reductive
elimination of product (cinnamic acid) and the catalyst can be regenerated in
subsequent steps.

Parent MCM-41 is less active toward Heck vinylation reaction and gave only
5 % conversion. In order to investigate the effect of Cu content, Cu,sH,PW ,0y4,
Cu;H; PW,04, and Cu, sPW,0, catalysts were used in Heck vinylation. From the
experimental results we can confirm that the percentage of phenyl iodide conversion
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Scheme 3.3 Proposed Cu/ HPA-MCM-41
mechanism for Heck /\ ”
vinylation reaction using Cu/ cuk Cu
HPA-MCM-41 as catalysts RNu RX (Phenyl iodide)
(Cinnamic ac@
Nu
| Y
R-Cu-X R-Cu-X
HNu+Base

(Acrylic acid) (K2CO3)

increased from 88 to 98 % with increase in Cu content from 0.5 to 1.5 mol. Also the
effect of CuHPA loadings was studied by using 10-60 wt% CuHPA/MCM-41 cata-
lysts in Heck vinylation. Among the catalysts with different CtHPA loadings, the
50 wt% Cu,sPW,0,/MCM-41 catalyst gave the highest conversion (98 %). With
further increase in CuHPA loadings, there may be possibility of formation polylayer
of material on the support surface. So the catalytic conversion decreased in a small
extent (94 %) in case of 60Cu, sPW,,0,/MCM-41and the materials are characterized
by different technique.

3.4.4 Influence of Various Substrates

Various aryl halides are tested toward Heck vinylation using acrylic acid as the
olefin (Table 3.3). Electron-donating groups at the para position on the phenyl
substrate enhanced the percentage of conversion, whereas electron-subtracting
groups decreased it. Electron-rich phenyl iodide is more appreciable to form complex
with Cu (II) and attack the double bond of acrylic acid to form the product.

3.5 Fe-Modified Lacunary Phosphotungstate-Supported
MCM-41 as an Excellent Catalyst for Acid-Catalyzed
as well as Oxidation Reaction

The most investigated Keggin-type heteropoly acids are represented by the general
formula [X"M,0,4,]®""~. Removal of one or two MO units from the fully occupied
polyoxometalates [XM,0,0]"" gives rise to mono-lacunary [XMY};0;9] ¥~ and
di-lacunary [XMV1,,0;6] ">~ polyoxometalates, respectively.



Table 3.3 Effect of substrates on the conversion of aryl halide

Substrate Product Conversion (%)
1 COOH 100
X )@/_/
Z OCH,
OCH,
I COOH 100

jonl

CH,
COOH 87
I
/ HOOC
COOH
COOH 72
COOH 69

| )@/_/
© Br

Br

| Q/_/
© cl

C1
Aryl iodide=1 mmol, acrylic acid=2 mmol, K,CO;=1.5 mmol, water=2 ml, catalyst=0.02 g,
temperature=100 °C, time=8 h
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(Mono-lacunary)

Lacunary and di-lacunary polyoxometalates are gaining more importance
because of their unique structural properties. It is well known that when the lacunary
of Keggin anions [XW;05,]"+- is substituted by other transition metal cations, it
gives rise to transition metal-modified lacunary heteropoly compounds having the
general formula [XW,,0;0M]"" (where M =first row transition metal). These species
have recently attracted considerable attention [29], because of their thermal and
chemical stability and the range of possibilities for their modification of electrocatalytic
property without affecting the primary Keggin structure [30].

Recently, Patel et al. reported the detailed synthesis and characterization of Keggin-
type manganese (II)-substituted phosphotungstate and its activity toward liquid phase
oxidation of styrene [29]. Various works have already been carried out on Fe metal-
substituted heteropoly acids. Mizuno et al. [31] reported synthesis of Fe, Ni-substituted
Keggin-type heteropoly anion and evaluated its catalytic activity toward oxidation
reaction. Nagai et al. reported iron in the Keggin anion of heteropoly acid catalysts for
selective oxidation of isobutene [32]. But so far there is no literature available on the
catalytic aspects of supported Cs salt of iron-substituted lacunary anions.

Many a study was already carried out on oxidation of frans-stilbene as well as
bromination of phenol using various catalysts. Maurya and Amit Kumar [33]
reported oxidation of frans-stilbene. But the inherent disadvantages associated were
higher temperature and longer reaction time. Our group [34] reported bromination
of phenol over heteropoly acid (HPA)-impregnated zirconium phosphate (ZrP),
with 86 % conversion. But the most enchanting part of the present study is that this
single catalyst is showing its superlative catalytic activity toward both the reactions.

We have investigated the use of various LFeW/MCM-41 as catalysts in the acid-
catalyzed bromination of phenol as well as in the oxidation of trans-stilbene. The
bromination of phenol was carried out in acetic acid medium with KBr and hydrogen
peroxide at room temperature.
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(a) Synthesis of sodium salt of iron-substituted lacunary phosphotungstate
(NasFePW,,03)

The sodium salt of lacunary heteropoly compound modified with iron ion
was prepared by the alkalization of a solution of dodecatungstophosphoric acid
with an aqueous solution of NaHCO;. First H;PW,04,:nH,0 (2.88 g) was dis-
solved in water (10 ml) and the pH of the solution was adjusted to 4.8 using
NaHCO; solution. This resulted in the formation of lacunary heteropoly anion
[PW,,030]"~. The solution having pH 4.8 was heated to 90 °C with constant stir-
ring. A solution of FeCl, (0.197 g, 1 mmol) in water (10 ml) was added to this
hot solution. The NasFePW,,0;y was obtained by solvent evaporation and
recrystallization from water, followed by subsequent drying at 110 °C for 12 h.

(b) Synthesis of Cs salt of iron-substituted lacunary phosphotungstate supported
onto MCM-41 (x LFeW/MCM-41)

A series of catalysts having different loading of Cs salt of Fe-modified lacu-
nary phosphotungstate (30-60 wt%)-promoted MCM-41 were synthesized by
incipient weight impregnation method by adopting the following procedure.

MCM-41 was first impregnated with aqueous solution of the Cs* precursor
(Cs,CO3), dried at 110 °C for 12 h. Following this, an aqueous solution of
NasFePW,,0;y was impregnated, dried at 110 °C for 12 h, and calcined at
200°C for 3 h. The catalysts are designated as x LFeW/MCM-41 (x=30-60 wt%).

(c) Synthesis of cesium salt of iron-substituted lacunary phosphotungstate (LFeW)
and Cs salt of lacunary phosphotungstate (LW)

The preparation procedure for LFeW was same as described in the section for
the preparation of NasFePW 05, up to the addition of FeCl,. After which a satu-
rated solution of the Cs,CO; was added to the hot filtrate and the resulting mixture
was allowed to stand overnight at room temperature. The mixture was filtered and
the residue was dried at 110 °C for 12 h, which resulted in LFeW. The filtrate was
used for the estimation of W and Fe, in order to see the loss during synthesis.

3.5.1 Characterization
Surface Area and Pore Size Distribution

The nitrogen adsorption—desorption isotherms for MCM-41 and 50 LFeW/MCM-41
are shown in Fig. 3.9. N, sorption resulted typical type IV isotherm which is defined
by Brunauer et al. [35]. It is observed that there are three different well-defined
stages in the isotherm of MCM-41. The initial increase in nitrogen uptake at low
P/P, may be due to monolayer adsorption on the pore walls; a sharp steep increase
at intermediate P/P, indicates the capillary condensation in the mesopores and a
plateau portion at higher P/P, is associated with multilayer adsorption on the external
surface of the materials [35].

Parent MCM-41 sample exhibits N, uptake at a relative pressure of 0.32 which
corresponds to the pre-condensation loop. The isotherm shows a H4-type hysteresis
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loop (according to ITUPAC nomenclature) with well-developed step in the relative
pressure range ~0.9. The incorporation of LFeW in the MCM-41 framework is
found to lower the P/P, value for capillary condensation step, indicating the shift in
pore size to lower value due to incorporation of lacunary acid. The pore diameter
is found to decrease with increasing loading of LFeW content over the MCM-41
surface (Fig. 3.10).

The textural properties such as BET surface area, pore diameter, and pore vol-
ume derived from the N, adsorption—desorption measurements. The parent MCM-
41 has a surface area of 1,250 m?/g. But there is a gradual decrease in the value
with increasing LFeW content in MCM-41. This may be due to the fact that
increasing loading may result in the formation of polylayer on the pores of the
silica surface. Pore size and pore volume exhibit similar trend as that of surface
area. There is a gradual decrease in the values with increasing LFeW content on
MCM-41 samples.
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X-Ray Powder Diffraction Studies

The wide angle XRD of LFeW and LFeW/MCM-41 is shown in Fig. 3.11. The
XRD pattern of LFeW shows that it is crystalline in nature. But in the case of 50
LFeW/MCM-41 sample, the XRD pattern shows a broad peak showing no character-
istic peaks of LFeW, indicating a very high dispersion of LFeW in a noncrystalline
form on the surface of MCM-41.

FTIR Studies

The FTIR spectra of various samples are shown in Fig. 3.12. In the case of LFeW/
MCM-41, the broad band around 3,500 cm™' may be attributed to surface silanols
and adsorbed water molecules, while deformational vibrations of adsorbed molecules
cause the absorption bands at 1,623-1,640 cm™ [36]. The spectrum of the Keggin
anion [PW,0,]>~ shows prominent bands at 1,080, 985, 890, and 800 cm™' which
are characteristic of Keggin structure and are assigned to vp_o), V(w-0), corner-sharing
Vw_o-w), and edge-sharing vw_o_w), respectively [37]. In the case of LW, the
1,080 cm™! band has been split into two components (1,084—1,044 cm™), due to the
symmetry decrease of the PO, tetrahedron. The other bands found are 953 (vasw_oa)),
860 (vasw_ob-w)), 809, and 742 cm™! (vasw_o._wy) and differ from those of [PW,0,]*~
[37]. The spectra for LFeW showed characteristic splitting for the P-O bond frequency
at 1,074 and 1,052 cm™, which faced a slight shifting toward lower frequency
compared to bulk lacunary unit. This clearly indicated that Fe was introduced into
the octahedral lacuna. The slight shifting of bands in FTIR spectra of LFeW sample
compared to bulk LW may be due to formation of pseudosymmetric environment
that resulted from the replacement of a W atom with a Fe atom. It can be observed that
50 LFeW/MCM-41 sample has similar vibration bands to those of the corresponding
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Fig. 3.12 FTIR spectra
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pure LFeW, which suggests that the LFeW structures remained intact regardless of
their functionality. The shifting in the positions of the IR absorption peaks is due to
both hydrogen bonding and chemical interactions that exist between the surface of
LFeW and the MCM-41.

3.5.2 Catalytic Activity Toward Bromination of Phenol
and Oxidation of trans-Stilbene

Bromination of phenol was carried out in a 50 ml two-necked round-bottom flask,
charged with 0.2 g catalyst, phenol (2 mmol) in acetic acid (4 ml), and KBr
(2.2 mmol). Then 30 % H,0, (2.2 mmol) was added dropwise to the reaction mixture
and the contents in the flask was stirred continuously at room temperature for 5 h
[38]. After 5 h of the reaction, the catalyst was filtered and the solid was washed
with ether. The combined filtrates were washed with saturated sodium bicarbonate
solution and then shaken with ether in a separating funnel. The organic extract was
dried over anhydrous sodium sulfate. The products were analyzed by GC, through
capillary column (Scheme 3.4).
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Scheme 3.4 Schematic representation of bromination of phenol
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Scheme 3.5 Schematic representation of trans-stilbene oxidation

The oxidation of trans-stilbene was carried out in a 50 ml two-necked round-bottom
flask, provided with a mercury thermometer for measuring the reaction temperature
and a reflux condenser. The reaction mixture containing 0.015 g catalyst, 1.82 g
trans-stilbene (10 mmol) and 30 % H,0, (20 mmol), 20 ml of acetonitrile was
heated at 60 °C for 4 h in an oil bath with stirring. The reaction products were analyzed
by gas chromatograph using capillary column (ZB MAX) (Scheme 3.5).

Fe metal-modified Keggin-type lacunary phosphotungstate-supported mesoporous
silica acts as an excellent catalyst for acid-catalyzed bromination of phenol as well
as oxidation reaction of trans-stilbene. The 50 wt% Css [PFeW,,05,]/MCM-41
showed remarkable catalytic performance, obtaining mono bromophenol having
95 % conversion with 99 % selectivity and trans-stilbene oxide having 52 % conversion
with 99 % selectivity. The materials are characterized by different techniques.

3.6 Cs Salt of Pd Substituted Lacunary Phosphotungstate-
Supported MCM-41 Toward Hydrogenation
of p-Nitrophenol to p-Aminophenol

Considering enormous interest in palladium chemistry, it must be realized that
homogeneous palladium catalysis has gained great success in Suzuki cross-coupling
as well as other coupling reactions for the formation of C—C bonds [39]. To address
the disadvantages associated with the homogeneous catalysis, one of the effective
strategies is to support palladium on various inorganic supports including mesoporous
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silica, mesoporous alumina, mesoporous tin, and mesoporous carbon [40-44] and
polymers [45, 46]. Palladium constitutes a very promising catalyst toward hydroge-
nation reactions [47].

Various methods have been reported earlier to synthesize p-aminophenol, such
as multistep iron—acid reduction of p-nitrochlorobenzene or p-nitrophenol [48],
catalytic hydrogenation of nitrobenzene [49], and electrochemical synthesizing
method. However, to meet the growing commercial demand of p-aminophenol, the
direct catalytic hydrogenation of p-nitrophenol is presently becoming important.
So in this study we tried to explore the reducing ability of Keggin-type Cs salt of
palladium metal-substituted mono-lacunary phosphotungstate-supported mesoporous
silica (Css [PPdW,,039]/MCM-41) toward catalytic hydrogenation of p-nitrophenol
to p-aminophenol. The catalyst showed eye-catching activity toward the desired
reaction.

(a) Synthesis of sodium salt of palladium substituted lacunary phosphotungstate
(NasPdPW,05)

The sodium salt of lacunary heteropoly compound modified with palladium
ion was prepared by the alkalization of a solution of dodecatungstophosphoric
acid with an aqueous solution of NaHCO;. First H;PW,,0,,-nH,0 (2.88 g) was
dissolved in water (10 ml) and the pH of the solution was adjusted to 4.8 using
NaHCO; solution. This resulted in the formation of lacunary heteropoly anion
[PW,,03]"". The solution having pH 4.8 was heated to 90 °C with constant
stirring. A solution of PdCl, (0.177 g, 1 mmol) in water (10 ml) was added to
this hot solution. The NasPdPW,,0;9 was obtained by solvent evaporation and
recrystallization from water, followed by subsequent drying at 110 °C for 12 h.

(b) Synthesis of Cs salt of palladium-substituted lacunary phosphotungstate supported
onto MCM-41 (x LP[AW/MCM-41)

MCM-41 was first impregnated with aqueous solution of the Cs* precursor
(Cs,COs), dried at 110 °C for 12 h. Following this, a methanolic solution of
NasPdPW ;039 was impregnated, dried at 110 °C for 12 h, and calcined at 200.
The catalysts are designated as x LPdAW/MCM-41(x=30-60 wt%). The materi-
als are characterized by different technique.

3.6.1 Characterization
X-Ray Powder Diffraction Studies

The PXRD patterns of MCM-41 and 50 LPdW/MCM-41 samples are shown in
Fig. 3.13. It can be observed that both materials exhibit a strong peak at about
26=2.2° due to reflection at (100) plane. A little bit reduction and broadening of the
(100) peak of 50 LPdAW/MCM-41 which can be seen with a slight shift toward a
higher 26 indicates a slight disturbance in its hexagonal symmetry. Also small peaks
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due to higher order reflections at (110), (200), and (210) planes within 5° indicate
that both the materials possess well-ordered mesoporosity [50].

The wide angle PXRD of LPdW and SOLPdW/MCM-41 is shown in Fig. 3.14.
The XRD pattern of palladium metal has major diffraction peaks at 26=40.1° (111)
and 46.7° (200), which is in agreement with the reported literature [51]. The
characteristic peaks for LPdW are observed in both cases, which indicate that the
structure of LPdW remains intact after metal modification.

3P MAS NMR Spectrum Studies

The *'P MAS NMR spectrum for SOLPdW/MCM-41 catalyst is shown in Fig. 3.15.
The spectra show two peaks, the main peak at —15.4 ppm and small peaks at —13.5 ppm.
From the literature [52], the spectra of LPdW shows two peaks, the major peak
at —15.17 ppm (95 %) attributable to [PPdW,,03]>~ and a small peak at —13.32 ppm
(5 %) attributable to an impurity of the starting material, [PW;03,]7~. The 50 LPdW/
MCM-41 catalysts with high LPdW content exhibit a sharp resonance at —15.4 ppm,
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Fig. 3.15 P MAS NMR
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Fig. 3.16 Raman spectroscopy of LP[dW and 5S0LPdW/MCM-41

which is close to that of bulk LPdW. This indicates unambiguously that the
Keggin structure is retained even after LPdW is loaded on MCM-41, and it is
slightly shifted toward right due to chemical interaction, hydrogen bonding, and
covalent bonding between support and LPdW.

Raman Spectroscopy

Figure 3.16 shows the Raman scattering spectroscopy of LPdW and 50 LPdW/
MCM-41. The bulk LPdW gives peaks at 984, 888, 847, and 799 cm™! which are
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Fig. 3.17 XPS spectrum of
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attributed to the stretching vibrations of P-O, W-Ob-W, W-Oc-W, and W-0Ot
bonds of metal-modified mono-lacunary Keggin unit, respectively. The 50 LPdW/
MCM-41 sample shows all the above-described bands of LPdW, but the intensities
of the bands are low and slightly shifted toward higher wave number due to strong
interactions between MCM-41 support and lacunary Keggin unit [53].

XPS Spectrum Studies

The incorporation of Pd ions into lacunary phosphotungstate, its oxidation states,
and its interaction with the support were confirmed from XPS measurements. The
Pd 3d XPS spectrum of 50 LPAW/MCM-41 sample are shown in Fig. 3.17.

From this figure two distinct palladium peaks were observed at binding energies
338.7 and 347.9 eV. The binding energy of about 337.9 eV for the Pd 3d 5/2 peak is
reported in the literature [53]. However, shifting of 3d 5/2 peak toward a higher
binding energy suggests the interaction of Pd (II) with the support surface [53].

3.6.2 Catalytic Activity Toward Hydrogenation
of p-Nitrophenol to p-Aminophenol

The hydrogenation of p-nitrophenol was carried out in a two-necked round-bottom
flask with a reflux condenser at atmospheric pressure, which was charged with 1.0 g
of p-nitrophenol dissolved in 50 ml anhydrous ethanol and 0.05 g of catalyst. The
flask was purged with nitrogen for 10 min. The reaction was started by vigorous stir-
ring of the reaction mixture under H, gas-flow (10 ml min™!) at room temperature for
1 h. The reaction products were analyzed by oft-line gas chromatography (Scheme 3.6).

A green and effective method is reported for the hydrogenation of p-nitrophenol
to p-aminophenol using a Cs salt of Pd-substituted Keggin-type mono-lacunary
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phosphotungstate-supported mesoporous silica (LPdAW/MCM-41). This economical
and environmentally friendly method carried out at room temperature gives 99 %
conversion and 100 % selectivity.

As shown in Scheme 3.7, a mechanism is proposed for this reaction. The key step
in this mechanism involves the single electron transfer (SET) to form a nitro anion
free radical. The subsequent step involves the electron transfer and also hydrogen
ion transform to form an intermediate. The intermediate then gets converted to
p-aminophenol.
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4 Conclusions

We have successfully synthesized Cs salt of phosphotungstic acid, Cu salt of phos-
photungstic acid, Fe-modified lacunary phosphotungstate, and Cs salt of
Pd-substituted lacunary phosphotungstate supported on MCM-41 and unambigu-
ously characterized by XRD, UV-vis DRS, FTIR, BET surface area, acid sites by
ammonia TPD, and morphology by SEM. The catalytic activity of the transition
metal salts of polyoxometalate-promoted MCM-41 was evaluated for various
organic transition reactions. Among the catalysts with different Cs-PTA loadings,
the 50 wt% Cs-PTA/MCM-41 catalyst gave the highest conversion (98 %) toward
acylation of anisole with acetic anhydride. 50 wt% Cu, sPW,0,//MCM-41 catalyst
gave the highest conversion (98 %) of phenyl iodide to cinnamic acid (Heck
vinylation reaction). The 50 wt% Css [PFeW,,05]/MCM-41 showed remarkable
catalytic performance, obtaining mono bromophenol having 95 % conversion
with 99 % selectivity and trans-stilbene oxide having 52 % conversion with 99 %
selectivity. Out of various wt% of the lacunary salt loadings, SOLPdAW/MCM-41
was found to be an excellent catalyst toward hydrogenation of p-nitrophenol to
p-aminophenol at room temperature. The catalyst could be reused several times
without a significant degradation in catalytic activity. This suggests the commercial
exploitation of this polyoxometalate-based heterogeneous catalyst for the synthesis
of additional organic target molecules.
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