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ABSTRACT 

Mesoporous materials have several advantages like high surface area, high pore volumes, easily 

controllable, and relatively uniform and narrow pore size distributions, and convenient ways of 

attachment of desired organic or organometallic species lead to multi use organic-inorganic 

hybrid materials which have been effectively utilized for various applications such as drug 

delivery, enzyme encapsulation, catalysis, sensors, and nanoelectronics etc. 

Single site Pt (II) complexes were covalently tethered on mesoporous silica nanoparticles 

(MSNs) using co-condensation and grafting methods and the resulting catalysts were studies for 

olefin hydroarylation reaction of unactivated olefins. A comprehensive study was carried out 

towards understanding the different structural aspects of the catalysts and catalysis. A 

comparison was made between heterogeneous catalysts and homogeneous catalysts reported in 

previous studies.  

Single site Pd (II) complexes were covalently tethered on mesoporous silica nanoparticles 

(MSNs) using co-condensation and grafting methods and the resulting catalysts were studies for 

allylic acetoxylation reaction of alkenes. Various novel approaches were tried to understand the 

various aspects of this catalysis in detail. 
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CHAPTER 1. GENERAL INTRODUCTION 

1.1 Dissertation Organization 

This dissertation starts with a general introduction of different aspects of mesoporous silica 

materials in chapter 1. The introduction comprises of synthetic and application aspects of 

mesoporous silica nanomaterials (MSNs). Chapter 2 describes synthesis, characterizations and 

applications of the covalent tethering of bipyridyl containing Pt containing organometallic 

complexes to the MSNs for synthesizing single site catalysts for olefin hydroarylation reactions. 

Chapter 3 discusses the covalent attachment of diazafluorenone and bipyridyl ligands to MSNs 

and study of their catalytic activity for allylic acetoxylation reactions. 

1.2 Introduction 

Rapid increases in the cost of feedstock chemicals and precious metals and recent environmental 

concerns of chemical waste have caused a shift from homogeneous catalysis to heterogeneous 

catalysis where catalyst stability and recyclability is a clear advantage. The times of utilizing 

stoichiometric reagents for organic chemical transformations to convert starting reagents to 

products are long gone. Today, optimized catalysts are critical to maximize product yield and 

minimize the thermal and capital expenses that contribute to increased chemical costs. Many 

highly efficient and selective catalysts have been developed in the last three decades establishing 

the field of catalysis. Among these, homogeneous catalysts, mainly organometallic, enjoyed a 

substantial growth that used with diverse reactive reagents; produce a large number of fine 

chemicals. The significant drawbacks of homogeneous catalysis include challenging molecular 

synthesis, difficulty in separating and recycling, and poor thermal stability to name a few. 

Advantages of homogeneous catalysis are the feasibility of following reactions via spectroscopic 
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methods to gain an understanding of the real active species, transition states, and mechanistic 

details, good product selectivity, and single phase reaction conditions. The shear volume and 

capacity common to the petroleum and chemical industries make utilizing rationally designed 

homogeneous catalysts prohibitively expensive; i.e., continuous flow reactors, which are often 

the reactors used in high capacity synthesis and cracking systems, are not compatible with 

homogeneous catalysts. 

Heterogeneous catalysis has been a major factor in the development of sustainable processes in 

fuel and fine chemical syntheses.
1, 2

 Advantages of heterogeneous catalysis over homogeneous 

include easier separation, recyclability, decreased level of metal contamination in the products 

and selectivity based on substrate and structural parameters. One important example of 

heterogeneous catalysis is inorganic mesoporous materials. These materials have been 

extensively researched for the past two decades as supports for a variety of different active 

species. The research in the field of mesoporous silica materials has been ever-growing since the 

discovery of the MCM family of mesoporous materials by the Mobil Corporation.
3, 4

 A series of 

MCM-type mesoporous silica materials with tunable pore sizes and pore morphology were 

developed by varying surfactants as structure-directing templates. For example, MCM-41 type 

materials consisting of hexagonal channels and MCM-48 type materials with cubic pores were 

synthesized. High surface area, easily controllable, and relatively uniform and narrow pore size 

distributions of these materials were effectively utilized for various applications such as drug 

delivery, enzyme encapsulation, catalysis, sensors, and nanoelectronics.
5, 6, 7, 8, 9, 10, 11, 12 

Over the 

last decade other mesoporous silica materials like SBA-, MSU-, FSM-, and MSN-10-type 

materials have been developed and have been used for variety of applications as well.
13, 14, 15, 16
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Synthesis and structural aspects of mesoporous silica 

Figure 1.1 shows the schematic formation of mesoporous silica in steps. Acidic or basic medium 

used for synthesis of these materials first leads to the formation of self assembled micelles 

(hexagonal array shown in the Figure 1.1), followed by the interaction between silica source 

during their hydrolysis and condensation to lead to inorganic mesostructured solid-surfactant 

composite. The final step involves surfactant removal either by calcination or acid extraction 

resulting in the formation of inorganic mesoporous silica materials. 

 

Figure 1.1. Formation mechanism of mesoporous silica materials 

The synthesis of mesostructured materials can be controlled by varying organic-inorganic 

interactions and cooperative assembly of silica species and surfactants. The final mesostructures 

are dependent on the surfactant liquid-crystal phases or silica-surfactant liquid crystal-like 

phases.
17

 Often critical micelle concentration (CMC) values for a given surfactant need to be 

between 0 and 20 mg L
-1

 in order to achieve ordered mesostructures. CMC values between 20 to 

300 mg L
-1

 can be strategically reduced to give ordered mesostructures.
17

 Surfactants with large 

CMC values usually result in cubic mesostructures and it is difficult to form ordered 

mesostructures if the CMC values are above 300 mg L
-1

. The final mesostructures formed from 

ionic surfactants are explained by using packing parameter values (g value). The g value can be 

calculated by g= V/(a0l), where V is the total volume of the hydrophobic chains (tail region) and 

cosolvent (organic molecules) between the chains, a0 is the effective hydrophilic head group area 
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at the aqueous-micelle surface, and l is the surfactant tail length. Cubic (Pm  n) and 3D 

hexagonal (P63/mmc) mesostructures have g values <1/3, 2D hexagonal (p6mm) and cubic 

bicontinuous (Ia  d) have g values between 1/  and 1/2 and lamellar with g ≈1/2 - 1.  

The hydrophilic/hydrophobic volume ratios (VH/VL) are suggested for the formation of different 

mesophases involving nonionic surfactants. Block copolymers such as F108, F98, F127 and Brij 

700 with high VH/VL ratios usually direct the synthesis of cage-type cubic mesoporous materials 

with high topological curvature. Medium hydrophilic/hydrophobic volume ratio block 

copolymers such as P123, B50-1500 form mesostructures with medium curvature like 2D 

hexagonal or 3D biocontinuous cubic (Ia  d). Tailoring the pore size of ordered mesoporous 

materials is one of the most remarkable features.
17

 Several methods have been used to control the 

pore sizes of mesoporous silica as illustrated in Table 1.1. 

Table 1.1. Pore sizes of ordered mesoporous structures obtained using different methods  

Pore Size (nm) Method 

2-5 Surfactants with different chain lengths 

Quaternary cationic salts and neutral organamines 

4-7 Long chain quaternary cationic salt surfactants  

High temperature hydrothermal treatments  

5-8 Charged surfactants with the addition of organic swelling agents 

such as TMB and mid-chain amines 

2-8 Nonionic surfactants 

4-20 Triblock copolymer surfactants 

4-11 Secondary synthesis, for example water-amine post synthesis 

10-27 High molecular weight block copolymers such as PI-b-PEO, PIB-b-

PEO and PS-b-PEO triblock copolymers with the addition of 

swelling agents such as TMB and inorganic salts Low temperature 

synthesis  

 

Hydrophobic groups in the surfactants play a large part in controlling the pore size of the 

mesoporous materials. Larger pore sizes are observed when the length of alkyl chains of cationic 

quaternary surfactants is increased; for example, when the surfactant chain length increases from 
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C8 to C22, the BJH pore diameter increases from 1.6 nm to 4.2 nm.
18

 The pore size of MCM-48 

mesostructures can be tuned by adjusting the carbon chain length in a cationic gemini surfactant 

increased from 1.6 nm to 3.8 nm.
19

 Mesoporous silicas synthesized using block copolymers have 

larger pore sizes as compared to low molecular weight surfactant systems. Pore sizes for 

conventional PEO-PPO-PEO triblock copolymers are increased with growing molecular weights 

of the hydrophobic blocks rather than those of the copolymers.
20

 Diblock copolymers often lead 

to larger pore sizes than triblock copolymers of similar molecular weight because PPO chains of 

the triblock copolymers tend to bend during aggregation. Pore size tuning of MCM-41 materials 

can also be achieved by using a mixture of two surfactants with alkyl chain lengths ranging from 

C8 to C22. The value of the pore sizes of the resulting materials obtained is between the pore sizes 

of the two surfactants when used individually. Pore sizes increase upon adjusting the fraction of 

the surfactant with the larger chain length.
18

 A good sense of suitability of a swelling agent while 

using a particular surfactant can be made by considering the structure of the surfactant. For 

instance P12  has ≈ 70 weight % of hydrophobic PPO domains that can accommodate the 

hydrophobic swelling agent whereas F127 has only ≈  0 weight % of hydrophobic PPO. Large 

organic hydrocarbons such as 1, 3, 5-trimethylbenzene (TMB), dodecane, triisopropylbenzene, 

tertiary amines, and polypropylene glycol can act as micelle swelling agents/expanders to 

increase the pore size. Challenges using the micelle expanders include the tendency to reduce the 

mesoporous structure order or even change the structure type; for example, changing SBA-15 to 

mesocellular foam.
21, 22, 23, 24, 25, 26, 27

 Not well defined very large pore structures would be formed 

if the swelling action is too strong and no noticeable pore enlargement would occur if the 

swelling action is very weak.
28, 29

 Only a limited solubilization of swelling agents in the pore 

forming micelles leads to retention of highly ordered mesoporous structures with a significant 
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increase in pore size. For optimum swelling action, Pluronic P123 should be used with less 

Pluronic soluble swelling agents like TIPB or cyclohexane, similarly Pluronic F127 should be 

used with more Pluronic soluble swelling agents like xylene, ethylbenzene, and toluene.
30, 31, 32, 33

 

For ordered mesostructures, addition of TMB can increase the pore sizes to 13 nm for SBA-15 

type materials and to 6 nm for MCM-41 type materials. TMB can increase the pore sizes to 40 

nm in acidic triblock copolymer systems and to 10 nm in basic CTAB surfactant systems. The 

addition of sodium dioctyl sulfosuccinate (AOT) and TMB leads to highly ordered 2D hexagonal 

mesoporous silicates with large pores of 11 nm.
34

 The pore diameter also expanded when other 

substances were incorporated that can be solubilized in the micelle core. For example, super 

critical (sc) carbon dioxide was used as a swelling agent for tuning the pore size during silicate 

hydrolysis for hexagonal mesoporous silica.
35

 It was also discovered that incorporation of 

specific concentration of metallic nanoparticles in the system where P123 was used as the 

surfactant and TEOS as the silica source, could also expand the mesochannels.
36

  

Additionally, the pore size can be tailored by changing the initial synthesis temperature and 

hydrothermal treatment conditions.
27, 28

 Carrying out the synthesis at low temperature (≈ 25 °C) 

showed that the combination of pluronic block copolymers with the appropriate swelling agents 

form mesoporous silica with unusually large pore size.
37

 Lowering of the initial temperature 

from 25-40 °C to 15 °C in the synthesis of FDU-12 templated by F127 in the presence of TMB 

led to doubling the pore diameter to 27 nm.
27

 Hydrothermal temperature can significantly affect 

pore size; the pore sizes of SBA-15 can be altered from 4.6 nm to 10 nm and from 9.5 nm to 11.4 

nm by increasing the hydrothermal temperature from 70 °C to 130 °C and by increasing the time 

from 6 h to 4 days, respectively.
38, 39, 40, 41

 Similar trends were seen for mesoporous silicates with 

body centered cubic Im  m mesostructures and for cubic bicontinuous Ia  d mesostructures when 
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using F127 and the triblock copolymer P123 as a template with butanol as a co-solute, 

respectively.
42, 43

 Increasing the hydrothermal treatment conditions from 45 °C and 24 h to 100 

°C and 48 h resulted in SBA-16 with larger mesopores, thinner pore walls, and reduced intrawall 

micropores. The pore sizes of mesoporous silica with Ia  d symmetry could be tuned from 4 to 

10 nm by increasing the hydrothermal temperature from 65 °C to 130 °C.
17

  

Functionalization techniques for mesoporous silica  

There are two common techniques used to functionalize the surfaces of mesoporous silica with 

organic moieties for supporting single-site catalytic groups. The first approach, post-synthesis 

grafting, is the more popular method due to the fewer synthetic variables that go into the 

preparation. As is shown in Scheme 1.1.a, either a modified homogeneous catalyst or a metal-

free organic ligand is covalently immobilized on the surface of presynthesized mesoporous 

support through a silylation reaction, typically in a moisture-free environment. The lack of 

moisture is critical to avoid self-condensation of organosilanes. 

 

Scheme 1.1. Schematic illustration of the two most common techniques for surface 

functionalization of mesoporous materials, a. describes the in situ co-condensation method and b. 

describes the post-synthesis grafting method. 

a. 

 

 

b. 
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While the porous structure stays intact, the placement of the ligands/catalysts may not be 

uniform, but focused on the external surface and near the pore openings. This phenomenon is 

typically dependent on the pore size and the freedom of mass transport into the pores. The 

reactivity of the surface silanol groups is a diffusion dependent characteristic and the kinetically 

most accessible regions are on the exterior and pore openings. The other approach, in situ co-

condensation, is a direct synthesis method in which the organic functional group 

(organoalkoxysilane) is introduced to an aqueous solution (acidic or basic) of template-forming 

surfactant along with the silanol precursor (i.e. tetraethylorthosilicate, TEOS), illustrated in 

Scheme 1.1.b. The condensation of both the organoalkoxysilane and TEOS occurs 

simultaneously (co-condensation) leading to uniform distribution of the organic ligand on the 

surfaces of the mesoporous materials. There are some limitations with this method, the organic 

functional groups can only be those that are soluble in aqueous solutions and can tolerate pH 

extremes since either acids or bases are catalysts for the silicate hydrolysis. The incorporation of 

bulky organic functional groups is not always successful because the bulky groups interfere with 

silica condensation. Finally, the amount of functional group incorporated in the mesoporous 

material this way cannot exceed 25% surface coverage without having a negative effect on the 

structure integrity. Some ingenious recent publications will be discussed within this chapter that 

report chemical methods to measure the spatial independence of ligands using the in situ co-

condensation method. 

Single-Site Heterogeneous Catalysts 

The types of supported catalysts can be divided into two major categories: single-site 

heterogeneous catalysis (SSHC) and multi-site heterogeneous catalysis (MSHC). Multi-site 

heterogeneous catalysis, also called connected-site, is defined as closely packed atoms of 
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reactive metal, metal oxides, alloys and, rarely, halides. Spatial independence is not a 

characteristic of this type of catalyst and strong interactions occur between active sites, making 

kinetic and thermodynamic analyses very challenging. In contrast, SSHC consist of spatially 

independent active sites and lack interactions between active sites making the interactions 

between each supported active site and reactant equivalent. Since the first report by Mazzie et al. 

to immobilize rhodium cationic complexes on clays for carrying out asymmetric hydrogenation 

of substituted acrylic acid, a large volume of work has been published and shared.
44, 45

 Two 

important structural features of SSHC are spatial separation and consistency in the structures of 

the active sites. This ensures constant energetic interaction between each active site and the 

reactant, thereby minimizing additional variables that frequently complicate catalytic studies. In 

many conditions, these catalysts are superior to MSHC where significant energetic interactions 

between the active sites lead to additional phenomena, i.e. oscillatory and chaotic behavior, 

making the chemistry tedious to interpret and comprehend even for simple chemical processes. 

While characterizing these catalysts remains challenging, computational and kinetic 

measurements of SSHC are less problematic than close packed heterogeneous catalysts.
1
 One of 

the remarkable features offered by these catalysts is spatial restriction in the pores of mesoporous 

materials which has been utilized for asymmetric catalysis.
2
  

The work in this thesis focuses on projects funded by Energy Frontier Research centers (EFRC) 

located at Center for Catalytic Hydrocarbon Functionalization (CCHF) at University of Virginia. 

The primary goals of the projects discussed in this thesis are the development of SSHC for 

various purposes, they are listed below: 

1) Single Site Pt (II) Complexes Supported Over Mesoporous Silica Nanoparticles 

(MSNs) for The Catalytic Hydroarylation of Unactivated Olefins: This project is 
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collaboration between the research group of Dr. Brian Trewyn at Colorado School of 

Mines and the research group of Dr. Brent Gunnoe at University of Virginia. Syntheses 

of catalysts are performed in the group of Dr. Brian Trewyn and the catalytic part of this 

project is being studied by the group of Dr. Brent Gunnoe. Under this project three 

generations of MSN supported single site Pt(II) catalysts were synthesized  using both 

grafting and co-condensation methods, they are depicted below: 

 

 

               Scheme 1.2. Different generations of bipyridyl ligand based MSN supported catalysts for  

            olefin hydroarylation reactions 

 

The motivation for the synthesis of these catalysts was to explore the difference in 

catalytic activity for olefin hydroarylation reaction of these SSHC by varying the 

electronic properties of the groups attached to the bipyridyl ring which coordinates to Pt 

atom, also the corresponding organosilanes provide the opportunity to see the differences 

if any in the properties of these heterogeneous catalysts. Interesting results were seen and 

are discussed in detail in chapter 2. 

Synthesis of diphosphane based silanes is also tried and mesoporous silica supported 

catalysts were synthesized in two ways: in the first approach, only the diphosphane based 
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organosilane was grafted, whereas in the second approach, diphosphane based 

organosilane was metallated first and then metallated ligand was grafted over the 

mesoporous silica support. A schematic presentation of MSN supported diphosphane 

organosilane, and metallated diphosphane organosilane is shown in the Scheme 1.3 

below:  

 

Scheme 1.3. Diphosphane Ligand Based Catalysts for Olefin Hydroarylation Reactions 

2) Single Site Pd (II) Complexes Supported Over MSNs for The Allyllic Acetoxylation 

Reactions: Work on this project is done in the research group of Dr. Brian Trewyn at 

Colorado School of Mines. Design and syntheses of all the catalysts reported was 

achieved while working on this project by the author in Dr. Trewyn’s group and the study 

of the catalytic activities of as synthesized catalysts was performed and is reported. The 

synthesized catalysts are shown in the Scheme 1.4 below. This project is discussed in 

detail in Chapter 3.  
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Scheme 1.4. Catalysts synthesized for allylic acetoxylation reactions 

3) Methane to Methanol Oxidation by Molecular Oxygen using DPMS based MSN 

Catalysts: This project is collaboration between the research group of Dr. Brian Trewyn 

at Colorado School of Mines and the research group of Dr. Andrei Vedernikov at 

University of Maryland. Syntheses of catalysts are performed in the group of Dr. Brian 

Trewyn and the catalytic studies under this project are carried out by the group of Dr. 

Andrei Vedernikov. Di(2-pyridyl)methanesulfonate (DPMS) ligands showed various 

promising characteristics for C-H activation as studied in detail by Dr. Vedernikov’s 

group. Keeping this in mind, two generations of DPMS based ligands were covalently 

tethered to MSN surface using both co-condensation and grafting method with the big 

picture of synthesis of more robust and enhanced heterogeneous catalysts for methane to 
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methanol oxidation reaction. The two generations of the catalysts synthesized in this 

collaborative project are depicted in the Scheme below: 

 

Scheme 1.5. DPMS based MSN supported catalysts for methane to methanol oxidation reaction 
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CHAPTER 2. MSN SUPPORTED SINGLE SITE Pt (II) COMPLEXES FOR THE 

CATALYTIC HYDROARYLATION OF UNACTIVATED OLEFINS 

2.1 Introduction 

Aromatic substrates are important substrates in pharmaceutical and agricultural industries. Alkyl 

arenes are extremely important chemical for various manufacturing chemical industries, for 

example they are widely used for the synthesis of polymers and detergents, of the total annual 

use of 30 million tons of benzene, approximately 21 million tons is converted into ethyl benzene 

or cumene, and long chain alkyl arenes.
1
  

Lewis acid Friedel-Crafts (FC) reaction is one of the most widespread methods to synthesize 

simple alkyl arenes. FC catalysis has its merits but it also has several inherent disadvantages. 

Few of the most noTable disadvantages are: polyalkylation, use of toxic starting materials like 

HF, and lack of control over regioselectivity for bisubstituted arenes. Some of the alternatives of 

FC catalysis are Negishi, Suzuki, Sonogashira, Stille, Heck, Mizoriki-Heck reactions.
2
 But the 

use of halogenated aromatic starting materials and generation of stoichiometric waste poses 

several problems in using them at industrial scale. 

Olefin hydroarylation reaction, which essentially involves C-H activation and additions of 

aromatic C-H bonds across C=C bonds of an olefin to result in C-C bond formation, offers an 

alternative to all the reactions motioned above.
3, 4, 5, 6, 7

 A simple olefin hydroarylation reaction 

involving benzene and ethylene is shown below:  
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Pt (II) complexes are one of the most studied systems for the activation of C-H bonds. A new 

advancement in the catalysis of C-H activation bonds might be brought by introducing 

heterogeneous catalysis. Heterogeneous catalysts have many remarkable advantages like 

robustness of the catalyst, recyclability, increased activity, and selectivity. Besides, supporting 

organometallic complexes on heterogeneous support might be used in exploring certain aspects 

of reaction mechanism which would be otherwise impossible in homogeneous systems. Thinking 

along this line, this project involves the tethering of some of some novel Pt (II) complexes on the 

mesoporous silica support and testing them for olefin hydroarylation catalysis reactions. 

2.2 Experimental: Design, Syntheses, and Characterizations of Catalysts  

Materials. Tetramethylorthosilicate (TMOS) (98 %), thionyl chloride (≥99%),  -

aminopropyltrimethoxysilane (APTMS, 97%), (≥99%) wERE purchased from Aldrich, 2, 2’-

bipyridine, 4, 4’-dicarboxylic acid (98%) was obtained from Alfa-Aesar. Non ionic surfactant 

pluronic 104 (P104) was purchased from BASF Corporation with a composition of (EO) 27(PO) 

61(EO) 27. Nanopure water (18.2 MHz) used for MSN synthesis was prepared from a Barnstead 

E-pure water purification system. 

Characterizations. The structures of the synthesized organic ligands and organometallic 

complexes were characterized using 
1
H, 

13
C, and 

29
Si solution and solid-state NMR 

spectroscopy, and the characterizations of MSN materials were carried out using powder X-ray 

diffraction (PXRD), nitrogen sorption porosimetry (using BET and BJH methods), Infrared 

spectroscopy (IR), 
13

C{
1
H} and 

29
Si{

1
H} cross polarization/magic-angle spinning (CP/MAS) 

NMR spectroscopy. Metal loadings were found using inductive coupled plasma optical emission 
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spectrometry (ICP-OES) and ligand loadings of MSN materials were also found by etching MSN 

materials using KOH in D2O followed by quantification using an internal standard. 

Structural Characterization. X Ray Diffraction. Powder X-ray diffraction (PXRD) 

measurements were performed using Rigaku Ultima IV diffractometer using a Cu Kα radiation 

source. Transmission Electron Microscopy. The TEM samples were prepared by placing a small 

aliquot of an aqueous suspension on a lacey carbon film coated 400 mesh copper grid and drying 

it in air. The TEM images were obtained on a Tecnai F2 microscope. Scanning Electron 

Microscopy. Particle morphology was determined by SEM using a Hitachi S 4700 FE-SEM 

system with 10 kV accelerating voltage. Surface Characterization. The surface area and average 

pore diameter were measured using nitrogen adsorption/desorption measurements in a 

Micromeritics ASAP 2020 BET surface analyzer system. The data were evaluated using 

Brunauer−Emmett−Teller (BET) and Barrett−Joyner−Halenda (BJH) methods respectively to 

calculate surface area and pore distributions. Samples were prepared by degassing at 100 °C for 

6 h before analysis. Functional group and metal loading characterization. Solid-state NMR 

(SS NMR). The characterizations of MSN materials tethering desired silanes were carried out 

using infrared spectroscopy (IR), 
13

C{
1
H} and 

29
Si{

1
H} cross polarization/magic-angle spinning 

(CP/MAS) NMR spectroscopy. A detailed investigation into the mode of tethering was studied in 

detail using 
29

Si{
1
H} CP/MAS SS NMR. Surface ligand loadings were determined by 

29
Si 

DPMAS and also by etching MSN materials using KOH in D2O followed by quantification using 

an internal standard. Metal loadings were found using inductive coupled plasma optical emission 

spectrometry (ICP-OES) over Optima 8300 PerkinElmer ICP-OES spectrometer. 
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Synthesis of organic silanes: synthesis of 4,4’-bis(2-(triisoropoxysilyl)ethyl)-2, 2’-bipyridine 

This ligand was synthesized by Dr. Gunnoe’s group in the department of chemistry at University 

of Virginia under EFRC project. This ligand has two siloxy moieties which potentially can 

covalently attach to the surface of mesoporous silica. Also driven by synthetic convenience; 

another unique feature of this ligand is the presence of alkyl chain directly attached to the 

bipyridyl system, as it will be seen with as the chapter progresses that catalytic results obtained 

after supporting this ligand over MSNs would serve as an important reference while designing 

and synthesizing other ligands and catalysts.      

  

 

 

 

Synthesis of 4,4’-bis(2-(triisoropoxysilyl)ethyl)-2, 2’-bipyridine Pt biphenyl 

This organometallic complex was synthesized by Dr. Gunnoe’s group in the department of 

chemistry at University of Virginia under EFRC project.  
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Synthesis of 2,2’-bipyridyl-4,4’-dicarboxylic acid bis[(3-trimethoxysilylpropyl)amide] 

[2,2’-bipyridine]-4,4’-dicarboxylic acid (1.0 g) was suspended in thionyl chloride (20 ml) and 

refluxed under Ar until complete dissolution of the diacid (about 20 h). Excess of SOCl2 was 

removed by distillation to yield crude acid chloride. The resulting acyl chloride was dissolved in 

CH2Cl2 (50 ml) and the solution was added dropwise into a CH2Cl2 solution (75 ml) of 3-

aminopropyltrimethoxysilane (1.45 ml) and triethylamine (1.8 ml). The color of the solution 

became pink and fumes are produced due to neutralization. After addition, the mixture was 

stirred at room temperature for 1 h and the refluxed for another hour. The solution was washed 

with water twice and once with brine. The organic layer was dried with MgSO4 and concentrated 

under the vacuum to yield light pink white powder 2.1 g (yield = 90.5%). 1H NMR (500 MHz, 

CDCl ): δ 0.75 (d, 4H, J=5Hz), 1.80 (d, 4H, J=5Hz),  .49 (m, 4H),  .51 (t, 2H),  .58 (m, 18H), 

6.98 (s, 2H), 7.81 (dd, 4H), 8.74 (s, 2H), 8.79 (d, 2H, J=5Hz) 

 

 

 

 

Synthesis of 2,2’-bipyridyl-4,4’-dicarboxylic acid bis[(3-trimethoxysilylpropyl)amide] Pt 

biphenyl. 

320.3 mg of [Pt] complex (2 equiv.) was added in 40 ml of ether followed by the addition of 

103.3 mg of 2,2’-bipyridyl-4,4’-dicarboxylic acid bis[(3-trimethoxysilylpropyl)amide] (1 equiv.) 

and the reaction mixture was stirred for 20 h after which the precipitate was filtered and washed 

with ether. The filtrate was partly concentrated and more product was precipitated by the 
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addition of hexane, followed by filtration and thorough washing. The orange collected precipitate 

was dried and identified as the desired product. 

 

 

 

  

Synthesis of 1-([2,2'-bipyridin]-4-yl)-3-(3-(triethoxysilyl)propyl)urea 

Synthesis of 2,2'-bipyridine N-oxide:
8, 9

bipyridine (7.51 g, 96 mmol) was added to magnesium 

monoperoxyphthalate hexahydrate (MMPP, 19.30 g, 39 mmol) dissolved in 150 ml of ethanol 

and the mixture was refluxed at constant stirring for 6 h. Evaporation of the solvent after the 

completion of the reaction led to a gummy solid, which was stirred vigorously in 300 ml of 

chloroform for 1 h after which the insoluble material was filtered out and discarded. The solvent 

was removed again and the unreacted bipyridine was removed by column chromatography (silica 

gel, ethyl acetate) followed by elution of the pure product with 20% methanol in ethyl acetate. 

The product was isolated (5.90 g, 34.27 mmol, 35.7 % yield) as yellow oil. 
1
H-NMR (CDCl3, 

400 MHz): 8.86 (d, 1H, J= 8.0 Hz), 8.70 (m, 1H, J= 4.0 Hz), 8.29 (m, 1H), 8.15 (t, 1H, J = 5.0 

Hz), 7.81 (m, 1H), 7.29 (m, 2H), 7.23 (m, 1H). 13C-NMR (CDCl3, 400 MHz): 149.8, 149.6, 

140.8, 137.1, 136.4, 128.0, 126.0, 125.7, 125.4, 124.4  

Synthesis of 4-nitro-2,2'-bipyridine N-oxide: 2,2'-bipyridine N-oxide 2 (4.48 g, 26.0 mmol) 

was dissolved in 50 ml conc. H2SO4 and the mixture was stirred and heated to 100 °C. 

Concentrated HNO3 (6 mL) was added to the reaction mixture over a period of 12 hours after 

which an additional 5 ml HNO3 was added for another 6 h, the reaction mixture was maintained 

at the same temperature for another 2 h. Then the reaction mixture was cooled to the room 
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temperature and was poured in a beaker containing 50 g of ice. In the meantime, a basic solution 

was prepared by dissolving 81 g of NaOH in the minimum amount of water and this solution was 

added to the cooled reaction mixture to neutralize the excess acid and render it slightly basic. 

(Caution: This is an extremely exothermic reaction). The resulting solution was extracted with 

CHCl3) (4 x 50 ml) and the combined organic extracts were washed twice with water, dried over 

MgSO4, filtered and concentrated using rotatory evaporation to lead to pale white solid as the 

desired product (4.82 g, 22.18 mmol, 85.3%). 
1
H-NMR (CDCl3, 400 MHz): 9.15 (d, 1H, J= 4.0 

Hz), 8.90 (m, 1H), 8.79 (m, 1H), 8.32 (d, 1H, J= 8.0 Hz), 8.04 (m, 1H), 7.82 (m, 1H), 7.41 (m, 

1H). 13C-NMR (CDCl3, 100 MHz):  150.0, 147.8, 142.1, 136.9, 125.7, 125.4, 122.8, 119.1. 

Synthesis of 4-amino-2,2’-bipyridine: 4-nitro-2,2’-bipyridine-N-oxide (1.1 g, 5.1 mmol) was 

dissolved in 20 ml methanol and 0.23 g of 10% Pd/C was added, the reaction mixture was 

purged with Ar gas and stirred at 800 rpm under an inert atmosphere. Sodium borohydride 

powder (2.5 g) was added to the reaction mixture in small aliquots, the cooling of the reaction 

mixture was continued until the gas evolution ceased, and the reaction was stirred overnight. The 

reaction mixture was filtered and solvent was removed under reduced pressure. Water (60 mL) 

was added to the reaction product and the aqueous solution was extracted with diethyl ether (5 x 

50 ml). The organic extracts were combined, dried over MgSO4, filtered and evaporated to yield 

white solid (0.86 g, 95%). 
1
H NMR (CDCl3, 400 MHz): 4.43 (br, 2H), 6.46 (d, J=4 Hz, 1H), 7.23 

(m, 1H), 7.62 (d, J=2.4 Hz, 1H), 7.71 (dd, J=8, 2 Hz, 1H), 8.24 (d, J=4 Hz, 1H), 8.34 (d, J=8.0 

Hz, 1H), 8.63 ppm (d, J=4 Hz, 1H) ; 13C NMR (CDCl3, 75 MHz): 106.7, 109.7, 121.2, 123.6, 

136.9, 149.0, 149.9, 153.9, 156.1, 156.8 ppm. 

Synthesis of 1-([2,2'-bipyridin]-4-yl)-3-(3-(triethoxysilyl)propyl)urea: dried 4-amino-2,2’-

bipyridine (10.21 mmol, 1.9 g) was charged into a Schlenk tube and the flask was flushed with 
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argon followed by addition of 100 ml of dry pyridine. To this mixture, 3-

triethoxysilylpropylisocyanate (15.31 mmol, 4 ml) was added and reaction flask was heated at 

60°C for 36 h after which pyridine was removed under vacuum resulting in yellow viscous oil. 

The reaction product was washed with pentane to give the ligand as yellow oil. 1H NMR 

(DMSO, 400 MHz): 0.55 (m, 2H), 1.13 (t, J=12 Hz, 9H), 1.47 (m, 2 H), 3.06 (m, 2H), 3.70 (m, 

6H), 6.45 (br, 1H), 7.42 (m, 2H), 7.90 ppm (t, J=15 Hz, 1H), 8.30 ppm (m, 3H), 8.64 ppm (s, 

1H), 9.12 ppm (s, 1H); 
13

C NMR (DMSO, 100 MHz): 7.26, 14.64, 18.23, 23.18, 23.57, 41.79, 

108.50, 112.03, 120.44, 120.10, 137.18, 149.05, 149.70, 154.56 ppm  

 

 

 

 

 

 

 

 

 

 

Synthesis of 1-([2,2'-bipyridin]-4-yl)-3-(3-(triethoxysilyl)propyl)urea Pt biphenyl. The 

synthesis of this compound was achieved using the procedure discussed in detail in section 

2.1.2.b. 
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Syntheses of catalysts: 

The synthesis of catalysts was accomplished via two different methods: by co-condensing and by 

grafting methods, as is described in detail in Chapter 1. For co-condensation, the desired organo-

silane was added in situ during the synthesis whereas for catalysts prepared using grafting, MSN-

10 was synthesized first followed by covalent attachment of desired organo-silane. Below are the 

synthesis methods for different materials and catalysts synthesized.      

Synthesis of MSN-10:
10

 P104 (7.0 g, 1.186 mmol) was added to 1.6 M HCl (273.0 g). After 

stirring at a speed of 400 rpm in a lightly covered 500 ml Erlenmeyer flask at 56 °C for 1 h, 

TMOS (10.64 g, 69.9 mmol) was added and stirred for additional 24 h. The resulting mixture 

was subjected to hydrothermal treatment at 150 °C for 24 h in a 450 ml Parr reactor. After 

cooling, the white solid was collected by filtration, washed with nanopure water and methanol 

and dried in air. Removal of the surfactant (P104) was done by calcination at 550 °C for 6 h in a 

programmable oven at a ramp rate of 1.5 °C min 
-1

. Prior to every grafting reaction used to 

prepare various catalysts, the silanol groups of as synthesized MSNs were regenerated by 

suspending 1 g of calcined MSN-10 in 80 ml of nanopure water at 80 °C for four hours, after 

which MSNs were filtered, and dried under vacuum overnight.   

Synthesis of G-
alkyl-2

BpyPt-TMOS-MSN:
11

 These catalysts were synthesized using grafting 

method. Four different G-
alkyl-2

BpyPt-TMOS-MSN materials were synthesized by varying the 

grafting reaction time and the materials were termed as G-
alkyl-2

BpyPt-TMOS-MSN-t (t = 20, 

26, 30, 36 h). Prior to grafting, MSN-10 was treated with water at 90 °C for 4 h for the 

regeneration of silanol groups and was dried using a Labconco freeze dryer overnight and then in 

the Schlenk line at 80 °C for 4 h. For the grafting reaction, 100 mg of MSN-10 was suspended in 

20 ml of dry toluene and 194 mg (0.2 mmol) of 4,4'-bis ((2-triisopropoxysilyl) ethyl) 2,2'-
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bipyridine Pt biphenyl was added. The mixture was sonicated until the complex dissolved 

completely in toluene and then it was refluxed at 110 °C for 20 or 26 h under argon atmosphere. 

The resulting mixture was filtered, washed with copious amounts of toluene and methanol, and 

dried under vacuum overnight before characterizing and testing catalysis. The synthesis of G-

alkyl-2
BpyPt-TMOS-MSN-20 is shown in the Scheme below; the product on the right shows two 

of the several possible ways of covalent attachment (discussed in detail in results and discussion) 

of the organic moiety to the MSN surface.  

 

  

 

 

Scheme 2.1. Synthesis of G-
alkyl-2

BpyPt-TMOS-MSN-20 

Synthesis of C-
alkyl-2

BpyPt-TMOS-MSN:
12

 1 g of P104 was dissolved in 39.0 g of 1.6 M HCl 

by stirring at 56 °C for 1 h in a lightly covered 50 ml Erlenmeyer flask. 1.52 g of TMOS was 

added to the flask and reaction mixture was stirred under the same reaction condition for 40 min 

after which 194 mg (0.2 mmol) of 4,4'-bis ((2-triisopropoxysilyl) ethyl) 2,2'-bipyridine Pt 

biphenyl was added. The reaction mixture was stirred at 56 °C for another 24 h after which the 

reaction mixture was hydrothermally treated at 100 °C for 24 h in a high pressure Parr reactor. 

After cooling to the room temperature, slightly yellow solid was collected by filtration and 

washing with copious amount of water and methanol. The surfactant removal from the resulting 

material was carried out by Soxhlet extraction using methanol as the solvent. The final material 
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was dried under vacuum overnight before being used for several characterization methods and 

catalysis. 

 

Scheme 2.2. Synthesis of C-
alkyl-2

BpyPt-TMOS-MSN-20 

Synthesis of G-
amide-2

BpyPt-TMOS-MSN:
13

 MSN-10 was dried under vacuum at 90 °C for 4 h 

prior to grafting. For grafting 100 mg of MSN-10 was suspended in 20 ml of dry toluene and 183 

mg (0.2 mmol) of 2,2’-bipyridyl-4,4’-dicarboxylic acid bis[(3-trimethoxysilylpropyl)amide] Pt 

biphenyl was added to it. The mixture was refluxed at 110 °C for 20 h under argon atmosphere. 

The resulting mixture was filtered, washed with toluene and methanol, and dried under vacuum 

overnight before being used for characterizations and catalysis. 

 

 

 

 

 

Scheme 2.3. Synthesis of G-
amide-2

BpyPt-TMOS-MSN 
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Synthesis of C-
amide-2

BpyPt-TMOS-MSN:
14

 1 g of P104 was dissolved in 39.0 g of 1.6 M HCl 

by stirring at 56 °C for 1 h in a lightly covered 50 ml Erlenmeyer flask. 1.52 g of TMOS was 

added to the flask and reaction mixture was stirred under the same reaction condition for 40 min 

after which 183 mg (0.2 mmol) of 2,2’-bipyridyl-4,4’-dicarboxylic acid bis[(3-

trimethoxysilylpropyl)amide] Pt biphenyl was added. The reaction mixture was stirred at 56 °C 

for another 24 h after which the reaction mixture was hydrothermally treated at 100 °C for 24 h 

in a high pressure Parr reactor. After cooling to the room temperature, orange solid was collected 

by filtration and washing with copious amount of water and methanol. The surfactant removal 

from the resulting material was carried out by Soxhlet extraction using methanol as the solvent. 

The final material was dried under vacuum overnight before being used for characterizations and 

catalysis. 

 

Scheme 2.4. Synthesis of C-
amide-2

BpyPt-TMOS-MSN-20 

Synthesis of G-
urea-1

BpyPt-TMOS-MSN:
15

 MSN-10 was dried under vacuum at 90 °C for 4 h 

prior to grafting. For grafting 100 mg of MSN-10 was suspended in 20 ml of dry toluene and 154 

mg (0.2 mmol) of 1-([2,2'-bipyridin]-4-yl)-3-(3-(triethoxysilyl)propyl)urea Pt biphenyl was 

added. The mixture was refluxed at 110 °C for 20 h under argon atmosphere. The resulting 
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mixture was filtered, washed with toluene and methanol, and dried under vacuum overnight 

before being used for characterizations and catalysis. 

 

 

 

 

 

Scheme 2.5. Synthesis of G-
urea-1

BpyPt-TMOS-MSN 

Synthesis of C-
urea-1

BpyPt-TMOS-MSN:
16

 1 g of P104 was dissolved in 39.0 g of 1.6 M HCl 

by stirring at 56 °C for 1 h in a lightly covered 50 ml Erlenmeyer flask. 1.52 g of TMOS was 

added to the flask and reaction mixture was stirred under the same reaction condition for 40 min 

after which 51 mg (0.67 mmol) of 1-([2,2'-bipyridin]-4-yl)-3-(3-(triethoxysilyl)propyl)urea Pt 

biphenyl was added. The reaction mixture was stirred at 56 °C for another 24 h after which the 

reaction mixture was transferred to a high pressure Parr reactor (autoclave) and was 

hydrothermally treated at 100 °C for 24 h. After 24 h, the Parr reactor was cooled to the room 

temperature, and a yellow solid was collected by filtration and the collected product was washed 

with copious amount of water, chloroform, and methanol. The surfactant removal from the 

resulting material was carried out by Soxhlet extraction using methanol as the solvent for 24 

hours. The final material was dried under vacuum overnight before being used for several 

characterization methods and catalysis. 
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Scheme 2.6. Synthesis of C-
urea-1

BpyPt-TMOS-MSN 

2.3 Results and Discussion 

The order in the mesostructure of unfunctionalized MSN-10 was characterized using low angle 

XRD and the nitrogen adsorption/desorption porosimetry providing the information regarding 

surface properties. Figure 1 below shows the data corresponding to as synthesized MSN-10; 

specifically Figure 2.1.A) shows the nitrogen isotherm and pore size distribution (in the inset) 

and Figure 2.1.B) shows the low angle XRD. 

 

Figure 2.1.A. Nitrogen isotherm and pore size distribution (in the inset) and 2.1.B. Low angle 

XRD  

The surface properties of MSN-10 are shown in the Table 2.1. 
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Table 2.1. Surface properties of MSN-10 obtained using BET and BJH methods in nitrogen 

adsorption/desorption porosimetry measurements. 

 

Material Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore Diameter 

(nm) 

MSN-10 418 1.22 11.1 

 

Characterizations of G-
alkyl-2

BpyPt-TMOS-MSN: Nitrogen adsorption/desorption porosimetry 

of the materials gave the information about the surface properties of G-
alkyl-2

BpyPt-TMOS-

MSN-20, and G-
alkyl-2

BpyPt-TMOS-MSN-26. As shown in the Table 2.2, both the materials 

maintained high surface areas, pore volumes, and pore diameters even after grafting. 

Table 2.2. Surface properties of G-
alkyl-2

BpyPt-TMOS-MSN catalysts obtained using BET and 

BJH methods in nitrogen adsorption/desorption porosimetry measurements. 

 

Material Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore 

Diameter 

(nm) 

G-
alkyl-2

BpyPt-TMOS-MSN-20 290 0.66 8.2 

G-
alkyl-2

BpyPt-TMOS-MSN-26 287 0.64 5.9 

G-
alkyl-2

BpyPt-TMOS-MSN-30 313 0.73 6.9 

G-
alkyl-2

BpyPt-TMOS-MSN-51 275 0.59 5.8 

 

Successful covalent attachment or tethering of the desired ligand to the MSN surface was 

characterized using solid-state (SS) 
13

C{
1
H} cross polarization/magic-angle spinning (CP/MAS) 

NMR spectroscopy and further investigation into the mode of tethering was studies in detail 
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using 
29

Si{
1
H} CP/MAS SS NMR. As shown in the Figure 2.2 below, 

13
C{

1
H} CP/MAS spectra 

showed the successful attachment of the 
alkyl-2

BpyPt-silane to the MSN surface. 

 

 

Figure 2.2. 
13

C{
1
H} CP/MAS spectra of G-

alkyl-2
BpyPt-TMOS-MSN-20 (shown in red), for    

reference 
13

C solution state NMR of the complex is shown in blue. 

Further information about the tethering mode was obtained by 
29

Si{
1
H} CP/MAS SS NMR. The 

framework of mesoporous silica is inorganic consisting of silicon and oxygen atoms, the basic 

bond units are called siloxanes (Si-O-Si bond) and silanols (Si-OH). Q sites as determined by 

29
Si{

1
H} CP/MAS SS NMR gives the information about the inorganic framework of MSNs, 

unfunctionalized MSNs show only Q sites which are of three types: Q
4
, Q

3
, and Q

2
 as shown in 

the Figure 2.3 below. Functionalization of MSNs involves the linking of an organic group to the 

original inorganic framework of MSNs and leads to T sites which can be identified by 
29

Si{
1
H} 

CP/MAS SS NMR
17

. For a successful functionalization, T sites are of several types, T
4
, T

3
, T

2
, 
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and T
1
. If T

0
 sites are observed, it indicates that covalent bond formation between the desired 

organo-silane and the framework of MSNs did not take place and thus the functionalization is 

not successful. 

   

 

Figure 2.3. Illustration describing the chemical nature Q and T sites in MSN materials. 

A detailed investigation into the mode of tethering was studied using 
29

Si{
1
H} CP/MAS SS 

NMR. As seen in 
13

C{
1
H} CP/MAS spectra of G-

alkyl-2
BpyPt-TMOS-MSN-20 (Figure 2.2), the 

peak at chemical shift of 65 ppm was observed due to the presence of isopropoxy carbon of 
alkyl-

2
BpyPt-silane. This indicated that all the isopropoxy tethers of 

alkyl-2
BpyPt-silane are not 
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hydrolyzed under grafting condition.
 29

Si{
1
H} CP/MAS SS NMR experiments were run and 

various Q and T sites were identified in the G-
alkyl-2

BpyPt-TMOS-MSN materials. 

 

Figure 2.4. Assignment of Q and T sites in G-
alkyl-2

BpyPt-TMOS-MSN using 
29

Si{
1
H} CP/MAS 

SS NMR. 

Analysis of 
29

Si{
1
H} CP/MAS SS NMR of G-

alkyl-2
BpyPt-TMOS-MSN-26 material showed that 

majority of Q sites are in Q
3
 form (Figure 2.4). The presence of T sites indicated that covalent 

attachment occurred under grafting conditions, the presence of T sites in all three possible 

bonding states showed that isopropoxy moiety of the 
alkyl-2

BpyPt-silane is attached via one, two, 

and three bonds to the silica surface, majority of the T sites were T
1
. The results obtained from 

13
C{

1
H} CP/MAS support the observations in 

29
Si{

1
H} CP/MAS SS NMR, the presence of 
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isopropoxy carbon of 
alkyl-2

BpyPt-silane at 65 ppm in 
13

C{
1
H} CP/MAS spectra was a result of 

incomplete hydrolysis of isopropoxy groups in grafting reaction conditions and, understandably 

so, as neither acidic or basic conditions are used for grafting, it only involves the thermal 

treatment for certain time interval. There are several probable ways by which
 alkyl-2

BpyPt-silane 

can possibly be attached to the MSN surface; they are shown in the Scheme below: 

 

  

 

 

 

  

 

 

 

 

                                                                                                                                                  

 

 

Scheme 2.7. Probable modes of attachment of
 alkyl-2

BpyPt-silane to the MSN surface in G-
alkyl-

2
BpyPt-TMOS-MSN-26 
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Loading Characterizations: The value of ligand loading of the G-
alkyl-2

BpyPt-TMOS-MSN-20 

material as determined from 
29

Si DPMAS and Pt loading value of this catalyst as measured by 

ICP-OES were in close agreement with each other as shown in the Table 2.3 below: 

Table 2.3. Ligand and metal loading of G-
alkyl-2

BpyPt-TMOS-MSN-20 catalyst. 
a 

Obtained 

using
 29

Si DPMAS NMR, 
b
 Obtained using

 
ICP-OES,

 c
 Calculated assuming that there is a 

uniform distribution of the tethered 
alkyl-2

BpyPt moiety over the MSN surface. 

 

Material Ligand Loading
a
 

(mmol g
-1

) 

 

Platinum Loading
b
 

(mmol g
-1

) 

 

Surface 

Coverage
c
 

(ligands nm
-2

) 

G-
alkyl-2

BpyPt-TMOS-MSN-20 0.04 0.0391 0.08 

 

Knowing the Pt loading in mmol g
-1

, surface coverage of all the synthesized catalysts can be 

easily calculated using the formulae shown below and assuming that there is a uniform 

distribution of tethered organometallic species on the surface of mesoporous silica support: 

                 
          

    
              

                      
 

Imaging analyses (SEM and TEM): After finishing surface, structural, and loading 

characterizations; SEM and TEM analysis of G-
alkyl-2

BpyPt-TMOS-MSN-20 catalyst was done 

to collect information about the morphology, shapes, and sizes of this catalyst. Both the TEM 

and SEM images showed very well defined morphology and particle size as shown in the Figure 

2.5 below.   



37 
 

 

Figure 2.5.A. SEM, and 2.5.B. TEM images of G-
alkyl-2

BpyPt-TMOS-MSN-20 

Monitoring the variation of metal loading with grafting reaction time: There was a 

significant increase in the metal loading when the reaction time of the grafting reaction was 

increased to 26 from 20 h while keeping the temperature constant at 110 °C i.e. reflux 

temperature of toluene. The grafting reaction was followed with time to see the variation of Pt 

loading with grafting reaction time. Experiments were done where the grafting reaction was done 

for four temperatures: 20 h, 26 h, 30h, and 51 h. The same batch of MSN materials was used for 

these reactions to maintain the same concentration of surface silanol groups. The metal loadings 

for each of the four synthesized catalysts were measured using ICP-OES. It was seen that the 

metal loading increases significantly (an increase of more than 300% in the Pt loading was 

observed) when the grafting reaction time was increased to 26 h from 20 h, the loading obtained 

when the grafting was run for 30 h was still 132% higher than observed for 26 h. When the 

grafting was done for 51 h, the increase in the Pt loading was mere 103% of that observed for 30 

h indicating the attainment of upper limit of the maximum loading that can be achieved under 
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this condition and also implying that most of the surface silanol groups have been used for 

attaching to the 
alkyl-2

BpyPt-silane. Table 2.4 shows the variation of metal loading with time. 

Table 2.4. Variation of metal loading of G-
alkyl-2

BpyPt-TMOS-MSN-20 catalyst. 
a 

Obtained 

using
 29

Si DPMAS NMR, 
b
 Obtained using

 
ICP-OES 

 

Material Reaction Time 

(h) 

 

Platinum Loading 

(mmol g
-1

) 

 

G-
alkyl-2

BpyPt-TMOS-MSN-20 20 0.0391 

G-
alkyl-2

BpyPt-TMOS-MSN-26 26 0.1285 

G-
alkyl-2

BpyPt-TMOS-MSN-30 30 0.1697 

G-
alkyl-2

BpyPt-TMOS-MSN-51 51 0.1753 

  

Characterizations of C-
alkyl-2

BpyPt-TMOS-MSN:  Nitrogen adsorption/desorption porosimetry 

of the materials showed high surface area, pore volume, and pore diameter. The surface area, 

pore volume, and pore diameter of this material was higher than G-
alkyl-2

BpyPt-TMOS-MSN 

materials where 
alkyl-2

BpyPt-silane was grafted to the MSN-10. Another noteworthy characteristic 

of this material was the Pt loading, which much less as compared to grafted materials, indicating 

possible leaching of the metal due to the acidic and thermal conditions used for the synthesis. 
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Table 2.5. Surface properties of C-
alkyl-2

BpyPt-TMOS-MSN catalysts obtained using BET and 

BJH methods in nitrogen adsorption/desorption porosimetry measurements. 
a
Metal loading of C-

alkyl-2
BpyPt-TMOS-MSN catalyst obtained using ICP-OES. 

 

 

Figure 2.6 shows the 
13

C{
1
H} CP/MAS NMR spectroscopy of C-

alkyl-2
BpyPt-TMOS-MSN, it 

showed no peaks at a chemical shift of 63.52 corresponding to isopropoxy carbon which is in 

agreement with reaction conditions for co-condensation reaction, the thermal treatment of
  alkyl-

2
BpyPt-silane under strong acidic conditions used for longer time (24 h at 56 °C, and 24 h at 100 

°C in 1.6 M HCl solution for co-condensation as compared to 26 h at 110 °C in anhydrous 

toluene for grafting) while preparing C-
alkyl-2

BpyPt-TMOS-MSN catalyst using co-condensation 

method led to complete hydrolysis of the isopropoxy groups attached to 
alkyl-2

BpyPt-silane.  Also 

the method of surfactant removal was different for co-condensed materials, Soxhlet extraction 

was used for C-
alkyl-2

BpyPt-TMOS-MSN which removed most of the surfactant, still a small 

peak at 69.17 ppm was observed for this material due to some residual P 104 remaining in it. For 

G-
alkyl-2

BpyPt-TMOS-MSN, surfactant was removed prior to grafting using calcination method 

and no surfactant was seen in the corresponding 
13

C{
1
H} CP/MAS NMR spectra.  

Material Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore 

Diameter 

(nm) 

Platinum 

Loading
a
 

(mmol g
-1

) 

 

C-
alkyl-2

BpyPt-TMOS-

MSN 

459 0.57 7.1 0.011 
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Figure 2.6. 
13

C{
1
H} CP/MAS stack plot of C-

alkyl-2
BpyPt-TMOS-MSN and 

alkyl-2
BpyPt complex 

29
Si{

1
H} CP/MAS SS NMR again provided useful information about the mode of 

alkyl-2
BpyPt-

silane tethering to the MSNs under co-condensation reaction conditions, the spectra is shown in 

Figure 2.7. The presence of T sites in 
13

C{
1
H} CP/MAS spectra showed the successful 

attachment of the alkyl-bpy ligand to the MSN surface. The absence of T
0
 sites supported the 

observation of 
13

C{
1
H} CP/MAS NMR that co-condensation reaction conditions led to a more 

complete hydrolysis and all the isopropoxy groups of 
alkyl-2

BpyPt-silane were successfully 

hydrolyzed. The intensity of Q
3 

peaks shows that the majority of the sites in the silica framework 
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were Q
3
 sites. As regards T sites, T

2
 peak intensity was the highest followed by T

3
, T

1
 sites 

exhibiting the smallest peak. 

 

Figure 2.7. Assignment of Q and T sites in C-
alkyl-2

BpyPt-TMOS-MSN using 
29

Si{
1
H} CP/MAS 

SS NMR 

 

There are six probable ways by which 
alkyl-2

BpyPt-silane can be attached to the MSN surface in 

C-
alkyl-2

BpyPt-TMOS-MSN material; these are shown in Scheme 2.8 shown below. They can be 

distinguished by two main ways: when only one or both the triisoprpoxy moiety of
 alkyl-2

BpyPt-

silane is attached to the MSN surface.   
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Scheme 2.8. Probable modes of attachment of
 alkyl-2

BpyPt-silane to the MSN surface in C-
alkyl-

2
BpyPt-TMOS-MSN 

Characterizations of G-
amide-2

BpyPt-TMOS-MSN-20 and C-
amide-2

BpyPt-TMOS-MSN: The 

surface and Pt loading characterizations of G-
amide-2

BpyPt-TMOS-MSN and C-
amide-2

BpyPt-

TMOS-MSN are shown in Table 2.6 below. The surface area, pore volume, and pore diameter 

of C-
amide-2

BpyPt-TMOS-MSN was higher than the corresponding values observed for G-
amide-

2
BpyPt-TMOS-MSN-20, this observation matched with G-

alkyl-2
BpyPt-TMOS-MSN and C-

alkyl-2
BpyPt-TMOS-MSN catalysts discussed earlier when material prepared using co-

condensation of 
 alkyl-2

BpyPt-silane to MSN-10 showed different surface properties than the 

material when the same complex was grafted to MSN-10 post-synthetically.     
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Table 2.6. Surface properties of G-
amide-2

BpyPt-TMOS-MSN-20 and C-
amide-2

BpyPt-TMOS-

MSN catalysts obtained using BET and BJH methods in nitrogen adsorption/desorption 

porosimetry measurements. 

Material Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore 

Diameter (nm) 

Platinum 

Loading 

(mmol g
-1

) 

 

G-
amide-2

BpyPt-TMOS-MSN-20 236 0.30 4.9 0.193 

C-
amide-2

BpyPt-TMOS-MSN 693 0.79 5.6 N. A. 

 

The low angle XRD of G-
amide-2

BpyPt-TMOS-MSN-20 showed 100 peak implying that the 

order in the mesoporous structure is maintained after the grafting reaction. 

   

 

Figure 2.8. Low angle XRD of G-
amide-2

BpyPt-TMOS-MSN-20 
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As can be seen from the ICP-OES results, the Pt loading of G-
amide-2

BpyPt-TMOS-MSN-20 is 

4.94 times higher than the corresponding C-
amide-2

BpyPt-TMOS-MSN-20 material, this can be 

accounted by the fact that
 amide-2

BpyPt-silane has one trimethoxy groups attached to each of the 

two silicon atoms as compared to one triisoproxy groups attached to each of the two silicon in 

case of 
alkyl-2

BpyPt-silane and in general, hydrolysis of trimethoxy group is faster than triisoproxy 

group. 

Characterizations of G-
urea-1

BpyPt-TMOS-MSN-20 and C-
urea-1

BpyPt-TMOS-MSN: 

The surface and Pt loading characterizations of G-
urea-1

BpyPt-TMOS-MSN-20 and C-
urea-

1
BpyPt-TMOS-MSN are shown in Table 2.7 below. 

Table 2.7. Surface properties of G-
urea-1

BpyPt-TMOS-MSN-20 and C-
urea-1

BpyPt-TMOS-

MSN catalysts obtained using BET method in nitrogen adsorption/desorption porosimetry 

studies, 
a 

determined by solid-state NMR 

 

 

Material Surface 

Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore 

Diameter 

(nm) 

Ligand 

Loading 

(mmol g
-1

) 

 

Platinum 

Loading 

(mmol g
-1

) 

 

G-
urea-1

BpyPt-TMOS-MSN-20 139 0.24 4.8 0.5
a
 0.47 

C-
urea-1

BpyPt-TMOS-MSN 804 1.20 7.7  0.043 

     

The mesostructure ordering of the two catalysts was characterized using low angle XRD (Figure 

2.9), the presence of [100] peak in G-
urea-1

BpyPt-TMOS-MSN-20 showed that the mesoporous 

structure was ordered despite the high ligand and metal loadings. The co-condensed catalyst; C-

urea-1
BpyPt-TMOS-MSN showed ordered structure as seen by XRD as well, the Pt loading of 

this material was low i.e. only 0.043 mmol g
-1

 of Pt was observed by ICP-OES, again indicating 
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metal leaching under strong acidic condition and at high temperatures applied during co-

condensation method.    

 

 

 

Figure 2.9. Low angle XRD of G-
urea-1

BpyPt-TMOS-MSN-20 and C-
urea-1

BpyPt-TMOS-MSN 

catalysts  

SEM Analysis: SEM analyses of G-
urea-1

BpyPt-TMOS-MSN-20 and C-
urea-1

BpyPt-TMOS-

MSN catalysts showed very well defined morphology and particle size (Figure 2.10).  

 

Figure 2.10. A. SEM, and 2.10.B. TEM images of G-
urea-1

BpyPt-TMOS-MSN-20 and C-
urea-

1
BpyPt-TMOS-MSN catalysts 
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13
C{

1
H} CP/MAS spectra: The spectra of G-

urea-1
Bpy-TMOS-MSN-20 showed that the 

attachment of the ligand was successful and structural integrity of the ligand was preserved after 

the grafting reaction as all the peaks for the corresponding carbon atoms constituting the ligand 

were observed. The 
13

C{
1
H} CP/MAS spectra of G-

urea-1
BpyPt-TMOS-MSN-20 showed that 

the structure of organometallic complex was unaltered after grafting as well.  

 

Figure 2.11. 
13

C{
1
H} CP/MAS spectra of G-

urea-1
Bpy-TMOS-MSN-20 and G-

urea-1
BpyPt-

TMOS-MSN-20 

Catalytic Studies: 

All the synthesized catalysts; G-
alkyl-2

BpyPt-TMOS-MSN-20, C-
alkyl-2

BpyPt-TMOS-MSN, G-

amide-2
BpyPt-TMOS-MSN-20, C-

amide-2
BpyPt-TMOS-MSN, G-

urea-1
BpyPt-TMOS-MSN-20, 

and C-
urea-1

BpyPt-TMOS-MSN were tested for olefin hydroarylation reactions using benzene 

and ethylene as reactants and the catalytic results were recored and analyzed. The reaction 

between benzene and ethylene is outlined in Scheme 2.9 below. 
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Scheme 2.9. Olefin hydroarylation reaction tried using MSN supported catalysts. Initial studies 

showed that grafted catalysts outperformed co-condensed catalysts 

A detailed study showed that G-
alkyl-2

BpyPt-TMOS-MSN-20 catalyst had several remarkable 

advantages over homogeneous catalyst. One of the most important of them being increased 

stability, much higher turnover number (TON) for the catalysis, recyclability, G-
alkyl-2

BpyPt-

TMOS-MSN-20 catalyst was much stable to the thermal treatment during the reaction 

conditions at temperature higher than 150 °C for four hours. The molecular analogue catalyst had 

stability only to 100 °C for a short amount of time.
5
 Another remarkable advantage was styrene 

production, which is an extremely important feedstock in chemical industry. A comparison of 

catalytic activity between homogeneous and (G-
alkyl-2

BpyPt-TMOS-MSN-20) heterogeneous 

catalyst for olefin hydroarylation reaction is shown in Table 2.8.   

As shown in Tables 2.8, and 2.9, the catalytic activity of G-
alkyl-2

BpyPt-TMOS-MSN-20 for the 

same reaction was studied at different temperatures to see the activity and product distributions. 

The best operating temperature for the catalytic reaction was determined to be 150 °C, at 100 °C 

decent product yield and distribution was observed whereas at 170 °C, total as well as individual 

TONs decreased. The TONs achieved by G-
alkyl-2

BpyPt-TMOS-MSN-20 catalyst is much 

higher than previously reported homogeneous catalysts by Gunnoe et al.
5
 Under corresponding 

optimal reaction condition, G-
alkyl-2

BpyPt-TMOS-MSN-20 catalyst and homogeneous catalyst, 
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the former shows a 4.4 times higher TON for the production of ethylbenzene, 2.7 times higher 

TON for the production of ortho, meta, and para diethylbenzenes even when the concentration of 

Pt in the heterogeneous catalysis was ten times less than used in the previously reported 

homogeneous catalysis (0.01 mol % for MSN supported catalyst as compared to 0.1 mol % for 

the catalyst in homogeneous state), very little production of styrene (TON < 1) was observed 

using homogeneous catalyst tried previously.
5
 

Table 2.8. A comparison of catalytic activity between homogeneous and (G-
alkyl-2

BpyPt-TMOS-

MSN-20) heterogeneous catalyst for olefin hydroarylation reaction. 
a
100 °C. 

b
Stable to 

decomposition up to 4 hrs. 
c
Various conditions tried. 

 

 

Homogeneous Catalyst  

G-
alkyl-2

BpyPt-TMOS-MSN-

20 Catalyst  

% diethylbenzene
a
  ~ 23%  ~ 24%  

stability
b
  100 °C  ≥ 150 °C  

o:m:p  1:1.8:1.2  1.0:2.0:1.0  

propene  1:3 linear:branched  1:3 linear:branched  

styrene production  ≤ 1 TON
c
  up to 9 TONs  

TOF
a
  7.3 x 10

-3
 s

-1
  1.7 x 10

-3
 s

-1
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Table 2.9. Results of catalytic studies done using G-
alkyl-2

BpyPt-TMOS-MSN-20 at different 

temperatures, reaction condition: 0.01 mol % Pt, 3 equiv. of HBAr
F

4, 25 psi ethylene, 120 psi 

nitrogen, 24 h. 

 

Product 100 °C 150 °C 170 °C 

ethyl benzene 104.0 171.1 61.2 

1,2-diethylbenzene 2.5 2.6 1.7 

1,3-diethylbenzene 15.1 22.3 5.3 

1,4-diethylbenzene 7.8 12.0 2.8 

styrene 5.3 9.1 7.2 

o:m:p 1:6:3 1:9:5 1:3:2 

  

G-
amide-2

BpyPt-TMOS-MSN-20 showed enhanced catalytic activity as well, the TON for the 

production was styrene almost double as compared to the G-
alkyl-2

BpyPt-TMOS-MSN-20 i.e. 

17.0 for the former as compared 9.1 at 150 °C for the latter even when the Pt concentration used 

for the reaction was half in this case (0.005 mol % used for G-
amide-2

BpyPt-TMOS-MSN-20) as 

compared to (0.01 mol % used for G-
alkyl-2

BpyPt-TMOS-MSN-20. This correlates well with the 

trend observed for the homogeneous catalyst for the amount of styrene produced with changing 

Hammett constant values for the groups directly attached to the bipyridine ring constituting the 
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organic silanes used to synthesize these catalysts. Gunnoe et al. observed that ratio of styrene to 

ethyl benzene produced increased as the groups attached to bipyridine ring were changed from 

more electron donating/less electron withdrawing groups to less electron donating/more electron 

withdrawing groups i.e. from –OMe to –NO2 as shown in the Figure 2.12.  

Table 2.10. Results of catalytic studies done using G-
amide-2

BpyPt-TMOS-MSN-20 at different 

temperatures, reaction condition: 0.005 mol % Pt, 3 equiv. of HBAr
F

4, 25 psi ethylene, 120 psi 

nitrogen, 24 h   

     

Product 100 °C 120 °C 150 °C 170 °C 

ethylbenzene 40.0 63.3 139.5 110.4 

1,2-diethylbenzene 2.1 2.4 3.1 2.9 

1,3-diethylbenzene 6.2 9.9 20.2 14.9 

1,4-diethylbenzene 3.6 5.8 11.0 8.3 

styrene 5.8 6.9 17.0 17.5 
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Figure 2.12. Plot of the ratio of ethyl benzene to styrene vs. Hammett parameter while varying 

groups directly attached to the bipyridine group of the homogeneous catalyst. 

 

Recyclability: After every catalytic run with the addition of HBAr
F

4 initial studies suggested that 

these catalysts can be recycled up to three times with just a negligible loss in activity.  

Interestingly, G-
urea-1

BpyPt-TMOS-MSN-20 did not show any appreciable catalytic activity, 

one of the reasons might be Pt black formation under the grafting reaction in its case as the 

reaction mixture turned black thirty minutes after the start of the reaction. As shown in the 

Figure 2.13 below, broad peaks appear at a 2θ value close to 40 and at 21.5. The broadness of the 

peak at 40 indicates very small sizes of the Pt nanoparticles formed. X-ray absorption 

spectroscopy (XAS) will be used to provide further insight into the nature of Pt in all the 
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catalysts synthesized in this project, XAS will also help to quantify the ratio of Pt
II
 and Pt

0
 (if 

formed). Another interesting future aspect of this study is whether single tether (for the case of 

G-
urea-1

BpyPt-TMOS-MSN-20 catalyst) and double tether (for the case of G-
alkyl-2

BpyPt-

TMOS-MSN-20 and G-
amide-2

BpyPt-TMOS-MSN-20 catalysts) has a role to play in the Pt
0
 

formation under grafting reaction condition.        

 

Figure 2.13. High angle XRD of G-
urea-1

BpyPt-TMOS-MSN-20 

Pt loading efficiency in catalysts: Pt is an expensive metal with limited supply on earth. One of 

the aims of this project is to maximize the Pt loading efficiency in the synthesized catalysts. A 

single site catalyst with very high loading may not be the most ideal catalyst as site isolation 

plays a major role in most effective catalysis. Our aim is to increase the Pt loading efficiency 

while maintaining optimum site isolation of the MSN supported active catalytic Pt centers. The 

Table below shows the Pt loading efficiency achieved for various G-
alkyl-2

BpyPt-TMOS-MSN 

catalysts. 
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Table 2.11. Table showing Pt loading efficiency for various G-
alkyl-2

BpyPt-TMOS-MSN 

catalysts. 
a
Average value of duplicates run for analysis. 

   

Material Pt added 

during 

synthesis 

(mmol g
-1

) 

 

Platinum 

Loading 

(mmol g
-1

) 

 

Pt loading 

efficiency (%) 

G-
alkyl-2

BpyPt-TMOS-MSN-20 2 0.0391 1.9 

G-
alkyl-2

BpyPt-TMOS-MSN-26 2 0.1285
a 

6.4 

G-
alkyl-2

BpyPt-TMOS-MSN-30 2 0.1697
a
 8.5 

G-
alkyl-2

BpyPt-TMOS-MSN-51 2 0.1753
a
 8.8 

 

Two approaches were used for solving this issue: 

1) Recycling of the complex after a grafting reaction: It was thought that 2 mmol g
-1

 of 

the organometallic complex which is initially used for the grafting reaction, can be used 

for various cycles for grafting these complexes to MSN-10. So, in this case after the 

grafting reaction; the supernatant was collected after filtration, and rotatory evaporation 

under reduced pressure yielded the solid form of the complex. This recycled batch of the 

complex was again be used for grafting another batch of MSN-10 using the same relative 

concentration of the complex and MSN-10. An experiment was done under the same 

reaction conditions and by maintaining the same ratio of 
alkyl-2

BpyPt-silane to MSN-10, 

the recycling reaction is depicted in Scheme 2.10. 
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Scheme 2.10. Grafting of
 
recycled 

alkyl-2
BpyPt-silane over MSN-10 

The results of grafting reaction under recycling reaction conditions are summarized in the Table 

2.12 below: 

Table 2.12. Surface properties of Recycled G-
alkyl-2

BpyPt-TMOS-MSN-26, surface properties 

of G-
alkyl-2

BpyPt-TMOS-MSN-26 is shown as reference. 
a 

Measured using ICP-OES.   

  

Material Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore 

Diameter 

(nm) 

Platinum 

Loading
 

(mmol g
-1

)
 a

 

 

G-
alkyl-2

BpyPt-TMOS-

MSN-26 

287 0.64 5.9 0.1285 

Recycled G-
alkyl-2

BpyPt-

TMOS-MSN-26 

309 0.77 6.9 0.0994 
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As seen in the Table 2.12, Recycled G-
alkyl-2

BpyPt-TMOS-MSN-26 has a high surface 

area, pore volume, and pore diameter. It also shows a Pt loading of 77.4 % of the original 

loading of 0.1285 mmol g
-1

. Further efforts in this direction will be made by 

characterizing the mode of attachment of the
 alkyl-2

BpyPt-silane using 
29

Si{
1
H} CP/MAS 

SS NMR and recycling will be carried several times so that Pt loading efficiency might 

be considerably enhanced. 

29
Si{

1
H} CP/MAS SS NMR characterization of Recycled G-

alkyl-2
BpyPt-TMOS-

MSN-26:
 29

Si{
1
H} CP/MAS SS NMR of Recycled G-

alkyl-2
BpyPt-TMOS-MSN-26 

showed mainly T
1
 and T

2
 sites, no T

0
 sites were seen.  

 

Figure 2.14. Assignment of Q and T sites in Recycled G-
alkyl-2

BpyPt-TMOS-MSN-26 using 
29

Si{
1
H} CP/MAS SS NMR, spectra of G-

alkyl-2
BpyPt-TMOS-MSN-26 is shown as a reference 

at bottom  
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2) Using MSN-10 as the limiting reagent: Grafting reaction between 
alkyl-2

BpyPt-silane 

and MSN-10 is basically a condensation reaction between alkoxy groups of 
alkyl-

2
BpyPt-silane and silanol groups of MSN-10, until now all the grafting reactions for 

the syntheses of G-
alkyl-2

BpyPt-TMOS-MSN materials used 2 mmol of 
alkyl-2

BpyPt-

silane for 1 gram of MSN-10. An alternate approach was thought of where much less 

alkyl-2
BpyPt-silane would be used for 1 gram of MSN-10 thus increasing the  amount 

of silanol groups by several times and rendering it as the limiting reagent of the 

grafting reaction. Such a reaction was designed and the amount of 
alkyl-2

BpyPt-silane 

was reduced 20 times compared to earlier cases, now only 0.1 mmol of
 alkyl-2

BpyPt-

silane was used for grafting for 500 mg of MSN-10. The Scheme 2.11 shows the 

details of this reaction. 

 

 

 

 

 

 

 

Scheme 2.11. Grafting of 
alkyl-2

BpyPt-silane over MSN-10 (limiting reagent) 

The results of this grafting reaction when MSN-10 was used as the limiting reagent are 

shown in the Table 2.13 below: 
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Table 2.13. Surface properties of G-
alkyl-2

BpyPt-TMOS-MSN-26 (limiting reagent), surface 

properties of G-
alkyl-2

BpyPt-TMOS-MSN-26 is shown as reference. 
a 

Measured using ICP-OES.    

 

 

Material Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore 

Diameter 

(nm) 

Platinum 

Loading 

(mmol g
-1

) 

 

G-
alkyl-2

BpyPt-TMOS-

MSN-26 

287 0.64 5.9 0.1285 

G-
alkyl-2

BpyPt-TMOS-

MSN-26 (limiting reagent)  

 

391 0.99 10.6 0.0445 

 

As seen in the Table 2.13, G-
alkyl-2

BpyPt-TMOS-MSN-26 (limiting reagent), has a 

much higher surface area, pore volume, and pore diameter as compared to G-
alkyl-2

BpyPt-

TMOS-MSN-26. It also shows a Pt loading of 44.5 % of the original amount of 
alkyl-

2
BpyPt-silane used during the grafting reaction, evaluation of the catalytic performance 

of this catalyst is a work under progress. 

29
Si{

1
H} CP/MAS SS NMR characterization of G-

alkyl-2
BpyPt-TMOS-MSN-26 

(limiting reagent):
 29

Si{
1
H} CP/MAS SS NMR of G-

alkyl-2
BpyPt-TMOS-MSN-26 

(limiting reagent) showed mainly T
2
 and T

1
 sites, interestingly no T

0
 sites were seen in 

this case as well. 
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 Figure 2.15. Assignment of Q and T sites in G-
alkyl-2

BpyPt-TMOS-MSN-26 (limiting 

reagent) using 
29

Si{
1
H} CP/MAS SS NMR, spectra of G-

alkyl-2
BpyPt-TMOS-MSN-26 

is also shown at bottom 

 

Grafted vs. Co-condensed catalysts: Catalysts G-
alkyl-2

BpyPt-TMOS-MSN-20 and G-
amide-

2
BpyPt-TMOS-MSN-20 i.e. with the exception of G-

urea-1
BpyPt-TMOS-MSN-20 were highly 

active catalysts, on the other hand, all the co-condensed catalysts i.e. C-
alkyl-2

BpyPt-TMOS-

MSN, C-
amide-2

BpyPt-TMOS-MSN, and C-
urea-1

BpyPt-TMOS-MSN showed no activity at all, 

one of the possible reasons for this observed phenomenon is the metal loading of these catalysts 

and it is speculated that 1.6 M HCl (used during synthesis) might affect the active Pt center of 

the silanes and adversely affecting their catalytic performances. While these studies are ongoing, 

different approaches to prepare the catalysts using co-condensation method has been used as 

discussed below. These approaches have a potential to avoid Pt wastage and increase the Pt 

loading efficiency as well as once the loading of 
alkyl-2

Bpy-silane is known in C-
alkyl-2

Bpy-
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TMOS-MSN  type of materials; a limited and controlled amount (not excess) of bimetallic Pt 

precursor can be used to metallate them. 

Synthesis of C-
alkyl-2

Bpy-TMOS-MSN-Pt,
18

 and C-
alkyl-2

Bpy-TMOS-MSN-Pt
19

 (passivated 

silanols): Two new catalysts were synthesized by changing the approach in which the materials 

were synthesized by co-condensation of the ligand, followed by passivation of surface silanols 

using hexamethyldisilazane (HMDS) in one of the two catalysts synthesized followed by a final 

step of metallation (Scheme 2.12). These two materials will provide an insight into two things: 

1) If the catalytic active Pt center is adversely affected by the co-condensation reaction 

condition or not, this will be evident if these two catalysts show some catalytic activity 

for the reaction. 

2) Whether surface silanols have a role to play in effecting the catalytic activity of the 

catalysts, this is an important aspect and have been studied in past and was shown that 

surface silanols were detrimental to active metal centers by poisoning them.        

 

Scheme 2.12. Schematic representation of synthesis steps of C-
alkyl-2

Bpy-TMOS-MSN-Pt, and 

C-
alkyl-2

Bpy-TMOS-MSN-Pt (passivated silanols) 

For clarity the two catalysts are shown in the Figure 2.16. 
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Figure 2.16. Graphical representation of C-
alkyl-2

Bpy-TMOS-MSN-Pt, and C-
alkyl-2

Bpy-TMOS-

MSN-Pt (silanols passivated) 

 

2.4 Conclusion 

Syntheses of three generations of MSN supported single site Pt (II) catalysts were successfully 

achieved for olefin hydroarylation reaction. The catalytic performances of these catalysts were 

evaluated. These catalysts proved to have much higher activity and selectivity than the 

homogeneous catalysts. Effects of other reaction factors like temperature, stoichiometry of 

different chemical reagents, etc. and recyclability of these catalysts is currently being studied. 

The future goal of this work would be further analysis of all the catalysts synthesized; one of the 

most important characterization methods would be using X-ray absorption spectroscopy 

(XAS).
20, 21, 

 In addition other future goals are further analysis of this catalysis and to expand the 

synthesis of complexes comprising different metals and ligands that can be tethered to 

mesoporous support. 
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CHAPTER 3. MSN SUPPORTED SINGLE SITE Pd (II) COMPLEXES FOR THE 

CATALYTIC ALLYLIC ACETOXYLATION REACTION 

3.1 Introduction 

Controlled oxidation of allylic C-H bonds is a valuable approach for the construction of starting 

materials for various complex molecules.1 One of such reaction is allylic acetoxylation reaction, 

shown below is an example of this reaction between benzene and acetic acid using an oxidant.  

 

 

Traditionally used copper and selenium based catalysts have several problems like limited 

substrate scope, low yields, and poor selectivites.2, 3
 Several studies have shown Pd (II) as a 

remarkably selective allylic C-H activations and oxidation catalysts. 4, 5 Few recent reports have 

been published on using nitrogen-coordinated Pd catalysts and understanding mechanistic details 

of allylic acetoxylation reaction.
1, 6, 7 

Some important aspects of this reactions are understanding 

the use of solvent, oxidant, nature of the catalysts. Recently Stahl et al. reported use of 4-5-

Diazafluorenone-ligated palladium catalyst which successfully achieved aerobic catalytic 

turnover.
7
  

While few studies have been done on such reactions in past using the homogeneous catalysts, no 

reports have been published yet using heterogeneous catalysts. Heterogeneous catalysts in 

addition to being structurally robust, has also the potential of bringing in several other beneficial 

aspects like recyclability, increased activity, and selectivity. Besides, supporting organometallic 

complexes on MSN support might be helpful in better understanding of the underlying reaction 
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mechanism.
8
 This project involves supporting some of previously tried and some new Pd (II) 

complexes on the mesoporous silica support and using them for studying the catalysis of such 

reactions. 
 

3.2 Experimental: Design, Syntheses, and Characterizations of Catalysts  

Materials. Tetramethylorthosilicate (TMOS) (98%), hexadecyltrimethylammonium bromide 

(CTAB), (>99%), 3-aminoprpyltrimethoxysilane (APTMS), 1, 10-phenanthroline, and palladium 

acetate (reagent grade, 98%) were purchased from Aldrich. Non ionic surfactant pluronic 104 

(P104) was purchased from BASF Corporation with a composition of (EO) 27(PO) 61(EO) 27. 

Nano-pure water (18.2 MHz) used for MSN synthesis was prepared from a Barnstead E-pure 

water purification system. 

Characterizations. The structures of the synthesized organic ligands and organometallic 

complexes were characterized using 
1
H, 

13
C, 

29
Si NMR spectroscopy, and the characterizations 

of MSN materials tethering desired silanes were carried out using powder X-ray diffraction 

(PXRD), nitrogen adsorption/desorption porosimetry (using BET method), Infrared spectroscopy 

(IR), 
13

C{
1
H} and 

29
Si{

1
H} cross polarization/magic-angle spinning (CP/MAS) NMR 

spectroscopy. Metal loadings were found using inductive coupled plasma optical emission 

spectrometry (ICP-OES) and ligand loadings of MSN materials were also found by etching MSN 

materials using KOH in D2O followed by quantification using an internal standard. 

Structural Characterization. X Ray Diffraction. Powder X-ray diffraction (PXRD) 

measurements were performed using Rigaku Ultima IV diffractometer using a Cu Kα radiation 

source. Transmission Electron Microscopy. The TEM samples were prepared by placing a small 

aliquot of an aqueous suspension on a lacey carbon film coated 400 mesh copper grid and drying 
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it in air. The TEM images were obtained on a Tecnai F2 microscope. Scanning  Electron 

Microscopy. Particle morphology was determined by SEM using a Hitachi S 4700 FE-SEM 

system with 10 kV accelerating voltage. Surface Characterization. The surface area and average 

pore diameter were measured using N2 adsorption/desorption measurements in a Micromeritics 

ASAP 2020 BET surface analyzer system. The data were evaluated using 

Brunauer−Emmett−Teller (BET) and Barrett−Joyner−Halenda (BJH) methods respectively to 

calculate surface area and pore distributions. Samples were prepared by degassing at 100 °C for 

6 h before analysis. Functional group and metal loading characterization. Solid State NMR 

(SS NMR). The characterizations of MSN materials tethering desired silanes were carried out 

using Infrared spectroscopy (IR), 
13

C{
1
H} and 

29
Si{

1
H} cross polarization/magic-angle spinning 

(CP/MAS) NMR spectroscopy. A detailed investigation into the mode of tethering was studies in 

detail using 
29

Si{
1
H} CP/MAS SS NMR. Surface ligand loadings were determined by 

29
Si 

DPMAS and also by etching MSN materials using KOH in D2O followed by quantification using 

an internal standard. Metal loadings were found using inductive coupled plasma optical emission 

spectrometry (ICP-OES) over Optima 8300 PerkinElmer ICP-OES spectrometer. 

Synthesis of organic silanes: synthesis of 4,4’-bis(2-(triisoropoxysilyl)ethyl)-2, 2’-bipyridine  

Synthesis of this ligand is described on page number 20 of chapter 2. 
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Synthesis of N
4
,N

4'
-bis(3-(trimethoxysilyl)propyl)-[2,2'-bipyridine]-4,4'-dicarboxamide Pt 

biphenyl: Synthesis of this ligand is described on page number 21 of chapter 2. 

 

 

 

 

 

Synthesis of 4, 5-diazafluoren-9-one (cyclopenta[2,1-b;3,4-b']dipyridin-5-one)
9
 

 

 

Scheme 3.1. Synthesis of 4, 5-diazafluoren-9-one (DAF) ligand 

A solution of 1, 10-phenanthroline (4.0 g, 22 mmol) and potassium hydroxide (4 g, 75 mmol) in 

250 ml water was prepared and dissolved by heating at 80 °C. Another solution was prepared by 

dissolving potassium permanganate (10 g, 64 mmol) in 150 ml water and was heated at 80 °C as 

well and slowly added to the first solution ensuring that the KMnO4 solution stays hot during the 

addition. After the completion of this addition the reaction mixture was refluxed for 4 h and the 

reaction solution was filtered hot, the filtrate was cooled and was cooled extracted After 

completing the addition, the mixture was refluxed for 3 h. The solution was filtered directly 

when it’s hot. The cool filtrate was extracted with with CHCl3) (3 x 50 ml) and the combined 

organic extracts were washed with water, dried over MgSO4, filtered and concentrated using 

rotatory evaporation to lead the crude product which was recrystallized from acetone  to lead to a 
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yellow solid as the desired product (1.68 g, 22.18 mmol, 41.5 %). 1H NMR (CDCl3, 400 MHz) 

δ 7.28 (dd, J = 7.2 and 4.8 Hz), 7.91 (dd, J = 7.6 and 1.6 Hz), 8.72 (dd, J = 5.2 and 1.6 Hz); 13C 

NMR (CDCl , 100 MHz) δ 189.6, 16 .4, 155.2, 1 1.5, 129. , 124.8. 

Synthesis of catalysts: The synthesis of catalysts was again achieved using co-condensing and 

grafting methods. Below are the synthesis methods for different materials and catalysts 

synthesized. 

Synthesis of G-
imine-1

DAF-TMOS-MSN:10 MSN was dried under vacuum at 90 °C for 4 h prior 

to grafting. For grafting 300 mg of MSN was suspended in 24 ml of dry toluene and 107 mg (0.6 

mmol) of 3-aminopropyltrimethoxysilane (APTMS) was added to it. The mixture was refluxed at 

110 °C for 20 h under argon atmosphere. The resulting mixture was filtered, washed with toluene 

and methanol, and dried under vacuum overnight and Schlenk line at 80 °C for 4 h before being 

used for next step. A dried round bottom flask was charged with G-
alkyl-1

AP-TMOS-MSN (150 

mg) and 4, 5-diazafluoren-9-one (50 mg) and 30 ml of dry toluene, the reaction mixture was 

sonicated for 10 minutes after which azeotropic distillation with the removal of water was carried 

out using a Dean-Stark apparatus for 24 h to lead the material G-
imine-1

DAF-TMOS-MSN. The 

material was again dried in Schlenk line at 80 °C for 4 h before being used for metallation step. 

The synthesis is shown in the Scheme 3.2 as shown below. 

 

Scheme 3.2. Synthesis of G-
imine-1

DAF-TMOS-MSN 
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Synthesis of G-
imine-1

DAFPd-TMOS-MSN:11 A dried round bottom flask was charged with 11.2  

mg of Pd(OAc)2 and 10 ml of dry acetone was added to it and the flask was sonicated until all of 

Pd(OAc)2 was dissolved after which 100 mg of G-
imine-1

DAF-TMOS-MSN was added to it and 

the reaction mixture was stirred under argon atmosphere for 24 h. After the completion of the 

reaction, the product was filtered off using excess acetone and methanol and dried in the Schlenk 

line at 80 °C for 4 h before being used for characterizations and catalysis. This reaction is shown 

in Scheme 3.3 below. 

 

Scheme 3.3. Synthesis of G-
imine-1

DAFPd-TMOS-MSN 

Synthesis of C-
imine-1

DAF-PFP-TMOS-MSN:12 3.5 g (0.3 mmol) of P104 was dissolved in 

136.5 g of 1.6 M HCl by stirring at 56 °C for 1 h in a lightly covered 250 ml Erlenmeyer flask. 

5.32 g (17.48 mmol) of TMOS was added to the flask and reaction mixture was stirred under the 

same reaction condition for 40 min after which a mixture of 120.2 mg (0.5 mmol) of 3-

aminopropyltrimethoxysilane (APTMS) and 108 mg of PFPTMS dissolved in 2 ml methanol was 

added to it. The reaction mixture was stirred at 56 °C for another 24 h and then the reaction 

mixture was hydrothermally treated at 150 °C for 24 h in a high pressure Parr reactor. After 

cooling to the room temperature, white solid was collected by filtration and washed with copious 

amount of water and methanol. The final material was dried under vacuum overnight before 
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being used for characterizations and catalysis. The surfactant removal from the resulting material 

was carried out by Soxhlet extraction using a mixture of methanol as the washing solvent. The 

final material was dried under vacuum overnight and then in the Schlenk line at 80 °C for 4 h 

before being used for the next step. A dried round bottom flask was charged with material 

synthesized in the previous step (500 mg) and 4, 5-diazafluoren-9-one (70 mg) and 40 ml of dry 

toluene, the reaction mixture was sonicated for 10 minutes after which azeotropic distillation 

with the removal of water was carried out using a Dean-Stark apparatus for 24 h to lead the 

material C-
imine-1

DAF-PFP-TMOS-MSN. The material was again dried in Schlenk line at 80 °C 

for 4 h before being used for metallation step. 

 

 

Scheme 3.4. Synthesis of C-
imine-1

DAF-PFP-TMOS-MSN 

Synthesis of C-
imine-1

DAFPd-PFP-TMOS-MSN:13 A dried round bottom flask was charged 

with 37.5 mg of Pd(OAc)2 and 20 ml of dry acetone was added to it and the flask was sonicated 

until all of Pd(OAc)2 was dissolved after which 0.5 g of C-
imine-1

DAF-PFP-TMOS-MSN was 

added to it and the reaction mixture was stirred under argon atmosphere for 24 h. After the 

completion of the reaction, the product was filtered off using excess acetone and methanol and 
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dried in the Schlenk line at 80 °C for 4 h before being used for characterizations and catalysis. 

The synthesis is shown in the Scheme as shown below. 

 

Scheme 3.5. Synthesis of C-
imine-1

DAFPd-PFP-TMOS-MSN 

Synthesis of C-
amide-2

Bpy-TEOS-MCM:14 CTAB (0.5 g, 1.37 mmol) was added to 240 ml nano-

pure water followed by the addition of 1.75 ml of 2 M NaOH. The mixture was heated at 80 °C 

for 1 h at a stirring speed of 800 rpm followed by a quick addition of 2.5 ml TEOS and solution 

of (0.284, 0.5 mmol) g of 
amide-2

Bpy-silane (2) in a 1:1 by volume mixture (total volume 4 ml) of 

chloroform and methanol. The reaction mixture was kept at 80 °C for 2 more hours under the 

same reaction condition. The product was filtered using a frit funnel and washed with copious 

amount of water and methanol. The surfactant removal from the resulting material was carried 

out by Soxhlet extraction using a mixture of methanol and chloroform as the washing solvent. 

The final material was dried under vacuum overnight and then in the Schlenk line at 80 °C for 4 

h before being used for Pd coordination.  

Synthesis of C-
amide-2

BpyPd-TEOS-MCM:15 A dried round bottom flask was charged with 

0.112 g of Pd(OAc)2 and 30 ml of dry acetone was added to it and the flask was sonicated until 

all of Pd(OAc)2 was dissolved after which 0.719 g of C-
amide-2

Bpy-TEOS-MCM was added to it 

and the reaction mixture was stirred under argon atmosphere for 24 h. After the completion of 
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the reaction, the product was filtered off using excess acetone and methanol and dried in the 

Schlenk line at 80 °C for 4 h before being used for characterizations and catalysis. The synthesis 

is shown in the Scheme as shown below. 

 

Scheme 3.6. Synthesis of C-
amide-2

BpyPd-TEOS-MCM 

Synthesis of C-
amide-2

Bpy-PFP-TEOS-MCM:16 CTAB (0.5 g, 1.37 mmol) was added to 240 ml 

nano-pure water followed by the addition of 1.75 ml of 2 M NaOH. The mixture was heated at 

80 °C for 1 h at a stirring speed of 800 rpm followed by a quick addition of 2.5 ml TEOS and 

solution of (0.284, 0.5 mmol) g of 
amide-2

Bpy-silane (2) and pentafluorophenyltrimethoxysilane 

(PFPTMS, 82.6 mg) in a 1:1 by volume mixture (total volume 4 ml) of chloroform and 

methanol. The reaction mixture was kept at 80 °C for 2 more hours under the same reaction 

condition. The product was filtered using a frit funnel and washed with copious amount of water 

and methanol. The surfactant removal from the resulting material was carried out by Soxhlet 

extraction using a mixture of methanol and chloroform as the washing solvent. The final material 

was dried under vacuum overnight and then in the Schlenk line at 80 °C for 4 h before being 

used for Pd coordination.  
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Synthesis of C-
amide-2

BpyPd-PFP-TEOS-MCM:17 A dried round bottom flask was charged with 

0.112 g of Pd(OAc)2 and 30 ml of dry acetone was added to it and the flask was sonicated until 

all of Pd(OAc)2 was dissolved after which all of C-
amide-2

Bpy-PFP-TEOS-MCM synthesized in 

previous step was added to it and the reaction mixture was stirred under argon atmosphere for 24 

h. After the completion of the reaction, the product was filtered off using excess acetone and 

methanol and dried in the Schlenk line at 80 °C for 4 h before being used for characterizations 

and catalysis. The synthesis is shown in the Scheme as shown below. 

 

Scheme 3.7. Synthesis of C-
amide-2

BpyPd-PFP-TEOS-MCM 

Synthesis of C-
amide-2

Bpy-TMOS-MSN:18 1.75 g (0.3 mmol) of P104 was dissolved in 68.25 g 

of 1.6 M HCl by stirring at 56 °C for 1 h in a lightly covered 50 ml Erlenmeyer flask. 2.66 g 

(17.48 mmol) of TMOS was added to the flask and reaction mixture was stirred under the same 

reaction condition for 40 min after which 284 mg (0.5 mmol) of 
amide-2

Bpy-silane (2) was added 

to it. The reaction mixture was stirred at 56 °C for another 24 h after which the reaction mixture 

was hydrothermally treated at 150 °C for 24 h in a high pressure Parr reactor. After cooling to 

the room temperature, dark yellow solid was collected by filtration and washing with copious 

amount of water and methanol. The final material was dried under vacuum overnight before 

being used for characterizations and catalysis. The surfactant removal from the resulting material 

was carried out by Soxhlet extraction using a mixture of methanol and chloroform as the 
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washing solvent. The final material was dried under vacuum overnight and then in the Schlenk 

line at 80 °C for 4 h before being used for Pd coordination.  

Synthesis of C-
amide-2

BpyPd-TMOS-MSN:19 A dried round bottom flask was charged with 

0.112 g of Pd(OAc)2 and 30 ml of dry acetone was added to it and the flask was sonicated until 

all of Pd(OAc)2 was dissolved after which all of isolated C-
amide-2

Bpy-TMOS-MSN was added 

to it and the reaction mixture was stirred under argon atmosphere for 24 h. After the completion 

of the reaction, the product was filtered off using excess acetone and methanol and dried in the 

Schlenk line at 80 °C for 4 h before being used for characterizations and catalysis. The synthesis 

is shown in the Scheme as shown below. 

 

Scheme 3.8. Synthesis of C-
amide-2

BpyPd-TMOS-MSN 

Synthesis of C-
alkyl-2

Bpy-TEOS-MCM:20 CTAB (1.0 g, 2.74 mmol) was added to 480 ml nano-

pure water followed by the addition of 3.5 ml of 2 M NaOH. The mixture was heated at 80 °C 

for 1 h at a stirring speed of 800 rpm followed by a quick addition of 5.0 ml TEOS and solution 

of (0.621, 1.0 mmol) g of 
alkyl-2

Bpy-silane (1) in 4 ml of methanol. The reaction mixture was kept 

at 80 °C for 2 more hours under the same reaction condition. The product was filtered using a frit 

funnel and washed with copious amount of water and methanol. The surfactant removal from the 
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resulting material was carried out by Soxhlet extraction using methanol as the washing solvent. 

The final material was dried under vacuum overnight and then in the Schlenk line at 80 °C for 4 

h before being used for Pd coordination.  

Synthesis of C-
alkyl-2

BpyPd-TEOS-MCM:21 A dried round bottom flask was charged with 0.224 

g of Pd(OAc)2 and 60 ml of dry acetone was added to it and the flask was sonicated until all of 

Pd(OAc)2 was dissolved after which 1.4 g of C-
alkyl-2

Bpy-TEOS-MCM was added to it and the 

reaction mixture was stirred under argon atmosphere for 24 h. After the completion of the 

reaction, the product was filtered off using excess acetone and methanol and dried in the Schlenk 

line at 80 °C for 4 h before being used for characterizations and catalysis. The synthesis is shown 

in the Scheme as shown below. 

 

Scheme 3.9. Synthesis of C-
alkyl-2

BpyPd-TEOS-MCM 

3.3 Results and Discussion 

Synthesis of imine derivative of 4, 5-diazafluoren-9-one by the condensation reaction with 

APTMS was attempted prior to trying the synthesis of imine on solid support. The solubility of 

the resulting product was a major issue as it was not soluble in a variety of solvents tried. This 

limited the approach of synthesizing the MSN supported Pd catalyst involving formation of 

imine moiety attached to the DAF ligand for allylic acetoxylation reaction and focus was given 
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on the synthesis imine derivative supported on MSNs. The Scheme below shows the synthesis 

route tried in the homogeneous medium. 

 

Scheme 3.10. Condensation reaction between DAF ligand and APTMS in the homogeneous state 

Characterizations of G-
imine-1

DAF-TMOS-MSN and G-
imine-1

DAFPd-TMOS-MSN:  Nitrogen 

adsorption/desorption porosimetry data of the materials gave the information about the surface 

properties of these two materials. As shown in the Table 3.2, both the materials maintained high 

surface areas, pore volumes, and pore diameters even after grafting. 

Table 3.1. Surface properties of G-
imine-1

DAF-TMOS-MSN and its metallated analogue obtained 

using BET method in nitrogen adsorption/desorption porosimetry studies. 

 

Material Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore 

Diameter (nm) 

G-
imine-1

DAF-TMOS-MSN 246 0.56 5.3 

G-
imine-1

DAFPd-TMOS-MSN 217 0.47 5.3 

 

The low angle XRD of G-
imine-1

DAFPd-TMOS-MSN shown in Figure 3.1, exhibits 100 peak 

which indicates that the mesoporous structure remains ordered after grafting, imine formation, 

and metallation.  
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Figure 3.1. Low angle XRD of G-
imine-1

DAFPd-TMOS-MSN 

Formation of imine tethering of the desired ligand to the MSN surface was characterized using 

solid-state (SS) 
13

C{
1
H} cross polarization/magic-angle spinning (CP/MAS) NMR spectroscopy. 

As shown in the Figure 3.2 below, 
13

C{
1
H} CP/MAS spectra showed the formation of imine as 

well as unreacted 3-amino propyl group attached to the MSN surface. 

Figure 3.2. 
13

C{
1
H} CP/MAS spectra of G-

imine-1
DAFPd-TMOS-MSN 
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The structure of G-
imine-1

DAF-TMOS-MSN can be better shown as in the Figure below which 

accounts for unreacted APTMS tethered to MSN surface. 

 

Scheme 3.11. Schematic presentation of reaction between DAF ligand and APTMS tethered to 

the MSN support 

Also the IR showed the stretching at 1652 cm
-1

 which can be assigned to C=N bond stretching. 

 

Figure 3.3. FTIR spectra of G-
imine-1

DAFPd-TMOS-MSN 
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Complete conversion of all the 3-aminopropyl groups tethered on MSNs to form the imine group 

attached to DAF ligand would be a desired situation and will make the metal coordination step 

convenient and easy to understand. Use of pentafluorophenyltrimethoxysilane (PFPTMS) might 

facilitate the formation of imine group as PFP moiety being extremely hydrophobic would expel 

water generated during the reaction as shown in the Figure and will also may provide substrate 

based selectivity which is the another goal of this project. Thus synthesis of bifunctional 

catalysts was designed where both APTMS and PFPTMS would be tethered to MSN surface; the 

former group will be used as a handle for DAF attachment and the later would be used as a 

catalyst for the Schiff base formation and also to impart selectivity. The remarkable behaviors of 

PFP group can be used more favorably if co-condensation is chosen over grafting as co-

condensation places most of the functional groups inside the pores of MSNs and the pore 

confinement may be an additional advantage for removal of byproduct of the reaction i.e. water 

and also for substrate based selectivity, hence C-
imine-1

DAFPd-TMOS-MSN was synthesized. A 

bifunctional catalysts Grafting of the on the other hand might place functional group inside and 

outside in a relatively more controlled way which will be interesting to study at a later stage of 

the project. 

 

Figure 3.4. Synthesis of bifunctional MSN 
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Surface characterizations of C-AP-PFP-TMOS-MSN and C-
imine-1

DAF-PFP-TMOS-MSN:  

Nitrogen adsorption/desorption porosimetry data of the materials showed a high surface area, 

pore volume, and pore diameter of the material synthesized. 

Table 3.2. Surface properties of C-AP-PFP-TMOS-MSN and C-
imine-1

DAF-PFP-TMOS-MSN  

Material Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore 

Diameter (nm) 

C-AP-PFP-TMOS-MSN 425 0.86 7.8 

C-
imine-1

DAF-PFP-TMOS-MSN 420 0.81 7.8 

 

Ligand quantification using solution state 
1
H NMR: A new method for the quantification of 

ligand was developed by Vedernikov et al. at University of Maryland and was extended to our 

studies. This procedure involved etching of 15-25 mg of C-AP-PFP-TMOS-MSN and C-
imine-

1
DAF-PFP-TMOS-MSN in 0.5 ml D2O using 30-60 mg of KOH and then quantifying the 

ligand using integration values of 
1
H NMR and an internal standard, acetonitrile was used in this 

case. The integration value of aminopropyl moiety was observed before and after the reaction 

with DAF molecule which gave a very clear idea about efficiency of this reaction. As shown in 

the Scheme below, under the reaction condition applied, not all the amine groups reacted with 

DAF ligand to form imine linkages, rather 34 % of all available amine groups tethered to the 

surface of C-AP-PFP-TMOS-MSN reacted to form imine group with DAF and there was still 

66 % of amine left unreacted. 
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Figure 3.5. Results of ligand quantification using solution state 
1
H NMR 

Surface characterizations of C-
amide-2

BpyPd-TEOS-MCM and C-
amide-2

BpyPd-PFP-TEOS-

MCM: Nitrogen adsorption/desorption porosimetry data of these materials are shown in the 

Table below, the surface area and the pore volume of C-
amide-2

BpyPd-PFP-TEOS-MCM is 

higher than C-
amide-2

BpyPd-TEOS-MCM, there is bigger difference in the pore volumes of 

these materials. The plot between pore width and pore volume for the pore size distribution 

doesn’t show any peak indicating that the pore sizes of both the materials are less than 2 nm. The 

measured Pt loading of C-
amide-2

BpyPd-TEOS-MCM using ICP-OES was 0.065 mmol g
-1

. 

Table 3.3. Surface properties of C-
amide-2

BpyPd-TEOS-MCM and C-
amide-2

BpyPd-PFP-TEOS-

MCM 

  

Material Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Mean Pore 

Diameter 

(nm) 

Platinum 

Loading 

(mmol g
-1

) 

 

C-
amide-2

BpyPd-TEOS-MCM 631 0.27 < 2 nm 0.065 

C-
amide-2

BpyPd-PFP-TEOS-MCM 693 0.49 < 2 nm N. A. 
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Catalysts C-
amide-2

BpyPd-TMOS-MSN and C-
alkyl-2

BpyPd-TEOS-MCM are currently being 

studied and analyzed for surface properties and metal loadings before testing them for allylic 

acetoxylation catalysis. 

Catalytic Results: The catalysts synthesized were tested for allylic acetoxylation reaction using 

p-benzoquinone and oxygen as the two oxidants. Mainly G-
imine-1

DAF-TMOS-MSN, G-
imine-

1
DAFPd-TMOS-MSN, C-

amide-2
BpyPd-TMOS-MSN, and C-

amide-2
BpyPd-PFP-TEOS-MCM 

were used for preliminary study of this reaction. For clarity, the catalysts are shown below: 

 

Figure 3.6. Catalysts (from left to right): G-
imine-1

DAF-TMOS-MSN, G-
imine-1

DAFPd-TMOS-

MSN, C-
amide-2

BpyPd-TMOS-MSN, C-
amide-2

BpyPd-PFP-TEOS-MCM 

 

1) Catalytic results obtained using G-
imine-1

DAF-TMOS-MSN 

a) Using p-Benzoquinone as the oxidant: G-
imine-1

DAF-TMOS-MSN was tried for 

catalysis with 5 mol % of Pd(OAc)2 and 2 equivalents (with respect to alkene used for the 

catalysis) of p-Benzoquinone. This catalyst showed decent yields of 70 % and 72 % 

respectively for two model substrates: allyl benzene and 1-decene, which might be used 

for exploring substrate based selectivity later on. Palladium acetate when run as a control 

gave a % yield of mere 8.6 %. Also work is currently being done on tuning the 

stoichiometry of the catalyst and understanding the kinetics of these reactions.  
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Scheme 3.12. Different reactions and results obtained using MSN supported Pd catalysts and 

palladium acetate 

b) Using oxygen as the oxidant: Catalysis using oxygen as the oxidant when ran gave a 

% yield of 12.5 %, when DAF was used as the ligand, it gave a % yield of 30.0 %. A 

higher yield might be attained by increasing the amount of catalysts added for the 

reaction and also by increasing the concentration of oxygen in the reaction mixture. 

These results are promising and work on tuning the amount of catalysts to be added is 

ongoing.  

 

Scheme 3.13. Allylic acetoxylation catalytic results shown using oxygen as an oxidant 
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2) Catalytic results obtained using G-
imine-1

DAFPd-TMOS-MSN: As shown below the 

catalytic result with the metallated analogue of G-
imine-1

DAF-TMOS-MSN i.e. G-
imine-

1
DAFPd-TMOS-MSN was quite close to the one observed for G-

imine-1
DAF-TMOS-

MSN, a % yield of 68 was obtained using G-
imine-1

DAFPd-TMOS-MSN as compared to 

the % yield of 70 % using Pd(OAc)2 and G-
imine-1

DAF-TMOS-MSN.     

  

 

Scheme 3.14. Allylic acetoxylation catalytic results shown where Pd is coordinated to G-
imine-

1
DAF-TMOS-MSN rather than forming it in situ and using BQ as an oxidant 

 

3) Catalytic results obtained using C-
amide-2

BpyPd-TEOS-MCM: One of the most 

important questions before these materials would be used as allylic acetoxylation 

catalysts would be regarding the stability of MCM-41 type materials under the reaction 

conditions employed. MCM-41 type materials have less stable framework than MSN-10 

or SBA-15 type materials because of thinner pore wall. Glacial acetic acid has been used 

as the solvent for allylic acetoxylation and the temperature used was 80 °C for a time of 

19 h. So, first experiment was run to test the stability of MCM-41 material in glacial 

acetic acid at 80°C for 19 h. No affect on the structure of MCM-41 was seen after subjecting it 

to reaction condition used for allylic acetoxylation reactions (as seen by N2 sorption analysis). 

The surface area of MCM-41 material remained high, as was the pore volume, and the value of 

mean pore diameter remained unchanged. The results from surface analysis are summarized in 

the Table 3.4 shown below. 
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Table 3.4. Surface properties of MCM-41 type material before and after being subjected 

to allyic acetoxylation reaction conditions. 

  

Material Surface Area 

 (m²g
-1

) 

Pore Volume  

(cm³g
-1

) 

Pore Diameter (Å) 

MCM-41 (before) 1021 0.70  22.2  

MCM-41 (after) 1088 0.76 22.1 

 

It was seen that MCM-41 was unaffected under these reaction conditions; this paved the 

path for C-
amide-2

BpyPd-TEOS-MCM to be used as catalysts for allyic acetoxylation 

reactions. Also there was no change in the nature of isotherm or pore size distribution 

curve as shown in the Figure 3.7.  

 

Figure 3.7. N2 isotherms and pore size distribution curves of MCM-41 type material before and 

after being subjected to allyic acetoxylation reaction conditions. 
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Catalytic results obtained using C-
amide-2

BpyPd-TEOS-MCM was very encouraging. Both the 

substrates: allyl benzene and 1-decene gave quantitative conversion using only 1.2 mol % of Pd 

attached to the MSN support.  

 

Scheme 3.15. Allylic acetoxylation catalytic results shown using C-
amide-2

BpyPd-TEOS-MCM 

as catalyst and BQ as an oxidant 

 

A detailed analysis using GC-MS and 
1
H NMR showed few other compounds along with the 

desired product. Bercaw et al. observed shutting down of the reaction while using bipyridyl 

ligand, in our case we saw a significant amount of desired product as well as Wacker type 

products were also seen using GC-MS.
1, 22

 Currently efforts are being made to address the 

product distribution and finding more efficient conversion of the reactants. Also optimizing the 

concentration of the catalyst and understanding the kinetics of these reactions in detail is a work 

in progress. 

Substrate based selectivity: A preliminary studies aimed at substrate based selectivity was 

carried out using C-
amide-2

BpyPd-TEOS-MCM, and C-
amide-2

BpyPd-PFP-TEOS-MCM as a 

catalysts and a 1:1 mixture of alkenes i.e. allyl benzene, and 1-decene and reaction product was 

monitored using GC-MS. The reaction is shown in Scheme 3.16.  

 



87 
 

  

 

 

Scheme 3.16. Allylic acetoxylation reaction aimed at substrate based selectivity using C-
amide-

2
BpyPd-TEOS-MCM, and C-

amide-2
BpyPd-PFP-TEOS-MCM as catalysts and BQ as oxidant. 

 

Several products were seen using GC-MS including the desired product and Wacker-type 

product, an idea about the reactivity of the two substrates was obtained by seeing the unreacted 

alkenes in the reaction mixture while using the two above mentioned catalysts. The results are 

shown in the Table 3.5 below. 

Table 3.5. Ratio of unreacted alkenes obtained for substrate based selectivity reaction 

Catalyst Ratio of unreacted allyl benzene/1-decene by GC-

MS 

C-
amide-2

BpyPd-TEOS-MCM 3.23 

C-
amide-2

BpyPd-PFP-TEOS-MCM 2.63 

 

The results showed the while C-
amide-2

BpyPd-TEOS-MCM was used as the catalyst; ratio of 

unreacted allyl benzene to 1-decene was 3.23, this ratio decreased to 2.63 when C-
amide-2

BpyPd-

PFP-TEOS-MCM was used as the catalyst. A plausible explanation of this phenomena is that in 

the former catalyst, the active catalytic palladium center is located in a less hydrophobic 

environment whereas in the later catalyst; C-
amide-2

BpyPd-PFP-TEOS-MCM, the inside 

environment where active metal center is located is more hydrophobic due to the presence of 
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PFP group and it supports the conversion of more hydrophobic substrate allyl benzene to a 

higher degree than the former catalyst which facilitates the conversion of less hydrophobic 

substrate 1-decene to a greater extent.  

3.4 Conclusion 

Syntheses of six new MSN supported single site Pd catalysts were successfully achieved for 

allylic acetoxylation reaction. Preliminary studies of the catalytic performances of these catalysts 

were done. This project has a lot of scope and further understanding of the catalysis is under 

progress. Further analysis of all the catalysts synthesized is work under progress. In addition 

other future goals are complete analysis of the mechanism of allylic acetoxylation catalysis while 

using MSN-supported heterogeneous catalysts, use of these catalysts for performing reactions in 

a sequential manner, recyclability, and usage of cheaper and more environmentally benign 

oxidants such as molecular oxygen for performing these reactions. 
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(13) In C-imine-1DAFPd-PFP-TMOS-MSN, C stands for cocondensation, DAF stands for 4, 

5-diazafluoren-9-one moiety, Pd is the metal coordinated, PFP stands for pentafluorophenyl, 

imine is the chain attached to the bipyridyl moiety, 1 denotes that the ligand is monotethered, 

TMOS (tetramethylorthosilicate) is the silica source used for MSN synthesis. 

(14) In C-amide-2Bpy-TEOS-MCM, C stands for cocondensation, Bpy stands for the bipyridyl 

moiety, amide is the chain attached to the bipyridyl moiety, 2 denotes that the ligand is 

bitethered, TEOS (tetraethylorthosilicate) is the silica source used for MSN synthesis.  
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(15) In C-amide-2BpyPd-TEOS-MCM, C stands for cocondensation, Bpy stands for the 

bipyridyl moiety, amide is the chain attached to the bipyridyl moiety, Pd is the metal 

coordinated, 2 denotes that the ligand is bitethered, on the surface of mesoporous silica, TEOS 

(tetraethylorthosilicate) is the silica source used for MSN synthesis.   

(16) In C-amide-2Bpy-PFP-TEOS-MCM, C stands for cocondensation, Bpy stands for the 

bipyridyl moiety, amide is the chain attached to the bipyridyl moiety, PFP stands for 

pentafluorophenyl, 2 denotes that the ligand is bitethered, on the surface of mesoporous silica, 

TEOS (tetraethylorthosilicate) is the silica source used for MSN synthesis.   

(17) In C-amide-2BpyPd-PFP-TEOS-MCM, C stands for cocondensation, Bpy stands for the 

bipyridyl moiety, Pd is the metal coordinated, amide is the chain attached to the bipyridyl 

moiety, PFP stands for pentafluorophenyl, 2 denotes that the ligand is bitethered, on the surface 

of mesoporous silica, TEOS (tetraethylorthosilicate) is the silica source used for MSN synthesis.   

(18) In C-amide-2Bpy-TMOS-MSN, C stands for cocondensation, Bpy stands for the bipyridyl 

moiety, amide is the chain attached to the bipyridyl moiety, 2 denotes that the ligand is 

bitethered, on the surface of mesoporous silica, TMOS (tetramethylorthosilicate) is the silica 

source used for MSN synthesis. 

(19) In C-amide-2BpyPd-TMOS-MSN, C stands for cocondensation, Bpy stands for the 

bipyridyl moiety, Pd is the metal coordinated, amide is the chain attached to the bipyridyl 

moiety, 2 denotes that the ligand is bitethered, on the surface of mesoporous silica, TMOS 

(tetramethylorthosilicate) is the silica source used for MSN synthesis. 

(20) In C-alkyl-2Bpy-TEOS-MCM, C stands for cocondensation, Bpy stands for the bipyridyl 

moiety, alkyl is the chain attached to the bipyridyl moiety, 2 denotes that the ligand is bitethered, 
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on the surface of mesoporous silica, TEOS (tetraethylorthosilicate) is the silica source used for 

MSN synthesis.   

(21) In C-alkyl-2BpyPd-TEOS-MCM, C stands for cocondensation, Bpy stands for the 

bipyridyl moiety, Pd is the metal coordinated, alkyl is the chain attached to the bipyridyl moiety, 

2 denotes that the ligand is bitethered, on the surface of mesoporous silica, TEOS 

(tetraethylorthosilicate) is the silica source used for MSN synthesis.   

(22) Chen, M. S.; White, M. C. J. Am. Chem. Soc. 2004, 126, 1346. 

  

  


