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ABSTRACT OF DISSERTATION 

 
 

 

SELECTIVE TRIPODAL TITANIUM SILSESQUIOXANE CATALYSTS FOR THE 
EPOXIDATION OF UNACTIVATED OLEFINS 

 
Regiomeric mixture of HMe2Si(CH2)3(i-Bu)6Si7O9(OH)3 (6), containing a Si-

H group in one of the ligands of the silsesquioxane,   was tethered onto a vinyl 
terminated hyperbranched poly(siloxysilane) polymer via a hydrosilation reaction 
to generate extremely active catalysts, P1-8 and c-P1-8.  The synthesis of 6, in 
good yield, was accomplished via hydrosilation of CH2=CHCH2(i-Bu)7Si8O12 (1) to 
generate ClMe2Si(CH2)3(i-Bu)7Si8O12 (3) followed by the reduction of 3 with 
LiAlH4 to afford HMe2Si(CH2)3(i-Bu)7Si8O12 (4) where the base-catalyzed excision 
of one framework silicon was employed to generate a regiomeric mixture of 6.  

 [Ti(NMe2){Et3Si(CH2)3(i-Bu)6Si7O12}] (7),  [Ti(NMe2){HMe2Si(CH2)3(i-
Bu)6Si7O12}] (8), [Ti(NMe2){(i-C4H9)7Si7O12}] (9) and [Ti(NMe2){(c-C6H11)7Si7O12}] 
(10) were synthesized via protonolysis of Ti(NMe2)4 with one equivalent of the 
trisilanol precursor in order to determine if the presence of isomers would be 
intrinsically different as compared to the uniformly substituted catalysts.  Isomers 
8 and 9, demonstrated lower activity as compared to the uniformly substituted 
catalysts 9 and 10, however the isomers still exhibited extremely high catalytic 
activity for the epoxidation of 1-octene using tert-butyl hydroperoxide (TBHP) 
relative to titanium catalysts used in industry.  Additionally, 9, 10, P1-8 and c-P1-
8 were very selective catalysts for the epoxidation of various olefins such as 
terminal (1-octene), cyclic (cyclohexene or 1-methylcyclohexene), and more 
demanding olefins (limonene or α-pinene) employing TBHP as the oxidant.  
Furthermore, P1-8 and c-P1-8 were recyclable with minimal loss of titanium 
however the catalysts could also be repaired if a loss in activity was observed.   

Preliminary epoxidation reactions employing P1-8 and c-P1-8 along with 
hydrogen peroxide (H2O2) as the oxidant were also explored using different 
solvents.  P1-8 degraded quickly due to the hydrolysis of the titanium from the 
large amount of water present in the reaction mixture however c-P1-8 showed 
activity for the epoxidation of cyclohexene.  Finally, regiomeric mixture of 
Ti(NMe2)(HS(CH2)3)(i-C4H9)6Si7O12) (13), was tethered onto gold nanoparticles 



for the conversion of propene to propylene oxide using molecular hydrogen and 
oxygen.  While the catalysts showed low activity under our reaction conditions, 
numerous improvements can be investigated in order to improve upon the 
catalysts.  

 

Keywords: Olefin epoxidation; Titanium silsesquioxane; Gold nanoparticles; 
Heterogeneous catalysis; Immobilized catalysts; Non-activated alkenes 
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Chapter 1: Introduction 

  

1.1 Importance 

 

Epoxy resins, such as bisphenol A epoxy resin (Figure 1.1),2,3 are used for 

numerous applications and billions of pounds are produced annually.  In fact, 5-6 

billion pounds of bisphenol A, starting reagent for bisphenol A epoxy resin, was 

produced in 2008.2  An epoxy resin consists of an epoxide that can be cured or 

crosslinked, with a hardener such as an amine or alcohol containing compound.   

The majority of epoxy resins are employed in the protective coating industry due 

to numerous advantages: strength, flexibility, minimal amount of shrinkage upon 

curing, superior adhesion to various types of surfaces, and excellent resistance 

to chemicals and corrosion.  Epoxy resins are also favored due to their ability to 

cure over a wide range of temperatures, allowing for use in electrical insulation 

and temperature sensitive materials.2-4  

 

Figure 1.1—Bisphenol A epoxy resin 

 

 

Epoxides (Figure1.2) are used in resins because they have high reactivity 

derived from their strained three-membered ring geometry.4,5  High reactivity 

allows epoxides to be useful intermediates, as they react with numerous 

reagents such as amines, alcohols, acids, bases, carbon dioxide, etc.  Aside 

from epoxy resins, epoxides are also used as plasticizers/stabilizers for 

polyvinylchloride (PVC) and are important intermediates in the synthesis of 

glycols, anti-freeze, pharmaceuticals, and fragrances.2-4,6-8  Specifically, terminal 
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epoxides such as 1,2-epoxyoctane and 1,2-epoxyhexane can be employed as 

stabilizers for alky halides while cyclic olefins, such as cyclohexene oxide, can be 

used in the synthesis of pesticides or polymers.  Epoxide compounds are also 

used in the pharmaceutical industry as antitumor, anticancer, anticonvulsant, 

antiepileptic and antibiotic medicines.  For example, fosfomycin ((1R,2S)-(-)-

(1,2)-epoxypropyl phosphonic acid, Figure 1.3 a) has wide-spectrum antibiotic 

activity and is synthesized via the epoxidation of cis-1-propenylphosphonic acid 

(CPPA) using a chiral W or Mo catalyst.7  Cytochalasin E (Figure 1.3 b) is 

another epoxide containing medicine shown to inhibit angiogenesis and tumor 

growth by disrupting the actin stress fibers due to the high reactivity of epoxides.9          

 

Figure 1.2—Epoxide structure 

 

 

 

Figure 1.3— (a) Fosfomycin and (b) cytochalasin E 
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The fragrance and flavoring industry also employs numerous epoxides such 

as β-lonone epoxide that has a sweet berry fragrance and trans-carvone-5,6-

oxide which has a herbal, mint fragrance; additional examples can be found in 

Table 1.1.10,11  α-Pinene oxide has a sweet, berry-like fragrance (Figure 1.4) and 

is produced commercially for the fragrance industry as an intermediate to α-

campholenic alcohol and campholene aldehyde is used as a sandalwood 

scent.7,12  Limonene (Figure 1.4), derived from citrus oils, is also used in the 

fragrance industry and can be oxidized to limonene oxide, which is used in 

perfumes.   

 

Figure 1.4—Examples of compounds used in fragrance industry 
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Table 1.1—Epoxides used in the fragrance and flavoring industry10 

Flavoring Agent Structure Fragrance 

4,5-Epoxy-(E)-2-

decenal 

 

Pungent metallic 

β-lonone epoxide 

 

Sweet, Berry 

trans-Carvone-5,6-

oxide 

 

Herbal, mint 

Epoxyoxophorone 

 

Camphoreous 

type odor 

Piperitenone oxide 

 

Woody 

β-Caryophyllene oxide 

 

Strawberry 

Ethyl methyl-para-

tolylglycidate 

 

Sweet, floral, 

fruity, cherry 
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Due to the high demand for epoxides in different applications, efficient ways 

to synthesize epoxides needs to be developed that display high yield and 

selectivity.  Additionally, the method should display high atom efficiency to keep 

production costs to a minimum.   

1.2 Synthetic Methods 

 Ethylene oxide, EO, is a colorless, flammable gas used primarily to 

produce ethylene glycol and surfactants, making EO the most consumed epoxide 

material.  Ethylene glycol is commonly used in the production of polyester fibers 

for the textile industry as well as resins and the formation of antifreeze.5,13  In 

addition to the use of EO as an important intermediate, it is commonly used to 

sterilize temperature sensitive medical equipment such as plastics and electronic 

components.  The sterilization occurs when the epoxide interacts with the amine 

functional group of DNA, thereby changing the DNA structure causing the 

microorganisms to be killed at room temperature (Scheme 1.1).5  Industrial 

synthesis of ethylene oxide (EO) is one of the most efficient ways to form an 

epoxide. 

 

Scheme 1.1—Interaction of EO with DNA 
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Synthesis of EO occurs over a silver (Ag) catalyst supported on low 

surface area α-Al2O3 support using molecular oxygen as the oxidant (Scheme 

1.2).14  The direct epoxidation of ethylene displays high selectivity to epoxide 

(>85%) and high atom efficiency when promoters are added, making it very cost 

effective.  Although this catalyst is very active for EO production, when propene 

was employed, the formation of propylene oxide was 16 times slower than the 

production of EO.  Moreover, carbon dioxide formation was observed, resulting in 

low selectivities.  Both low selectivities and low rate of reaction are due to the 

allylic hydrogens present in propylene, which are easily oxidized by the Ag 

catalyst.7,13  Due to the inability of the Ag catalyst to effectively catalyze the 

epoxidation of olefins larger than ethylene, new alkene epoxidation methods 

need to be developed.    

 

Scheme 1.2—Synthesis of ethylene oxide over Ag catalyst 

 

 

For the epoxidation of olefins larger than ethylene, organic peracids, such 

as meta-chloroperoxybenzoic acid (mCPBA), peroxyacetic acid, and perbenzoic 

acid, have been used as the oxidant (oxygen source) in the synthesis of 

epoxides however carboxylic acids are generated as by-products (Scheme 1.3).3-

5  Acids are known to easily ring-open an epoxide thus a buffer must be added to 

keep the solution neutral, preventing product degradation.  Due to the unwanted 

by-product, along with the necessity to add a buffer, these reactions display very 

low atom efficiency, making this reaction high costing.  In addition, there are 

numerous safety concerns with regards to storage, transport and handling of 

peracids.   
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Scheme 1.3—Synthesis of epoxides from peracids 

 

 

Alternatively, the chlorohydrin process (Scheme 1.4) was a primary 

industrial route for the synthesis of epoxides (as late as 2008) although this 

process is now viewed as unfavorable from an environmental standpoint 

because it employs chlorine which is toxic and more expensive than other 

materials such as peracids and alkylhydroperoxides.3  In addition, the disposal of 

highly toxic by-products such as chlorinated organics, chlorinated water, and 

calcium chloride (CaCl2) present an ecological problem that needs to be 

addressed.  Although this process has become less favored, it still accounts for a 

large percentage of the overall production of epoxides.14   

 

Scheme 1.4—Synthesis of epoxides by the chlorohydrin process14 

 

    

The numerous limitations and drawback of both peracids and chlorohydrin 

process led to the development of metal-catalyzed epoxidation reactions, 
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employing hydrogen peroxide (H2O2) or alkyl hydroperoxides (ROOH) as the 

sacrificial oxidant. 

1.3 Catalytic Pathways 

 The Halcon process,3,15 the first commercial catalytic process developed 

for alkene epoxidation, uses a homogeneous molybdenum (Mo) catalyst and an 

alkyl hydroperoxide (ROOH) as the oxidant (Scheme 1.5).  After the success of 

the Halcon process, numerous other metals were explored such as rhenium,7,16-

21 tungsten,7,16,17,19,22-26 vanadium,16,18,19,21,27-30 ruthenium,7,16-19,21 and titanium 

(Table 1.2).1,7,16-18,21,31-62  Numerous studies have shown that a Lewis acid 

mechanism prevailed where two very similar pathways dominate.  The first 

pathway involves formation of an alkylhydroperoxide species on the metal center 

followed by the nucleophilic attack of the olefin on the hydroperoxide to form the 

epoxide; this pathway is common for Ti and V (Scheme 1.6).19,50  The second 

pathway, common for Mo and W, is when an alkylhydroperoxide (C in Scheme 

1.7) coordinates an olefin to the metal (D in Scheme 1.7).  The olefin then attacks 

the hydroperoxide oxygen generating the epoxide along with a metal carbonyl 

complex (Scheme 1.7).19,22,63 From these mechanisms, we can deduce that 

metals with high Lewis acidity will display high catalytic activity.  Highly Lewis 

acidic metals are beneficial for the epoxidation of olefins because the metal 

center withdraws electron density away from the peroxo-oxygen.  Due to the 

lower electron density, the peroxo-oxygen is more susceptible to nucleophilic 

attack of the olefin to generate the epoxide.  Although different metals can vary in 

the degree of Lewis acidity, the ligands play a major role by either donating or 

withdrawing electron density from the metal center.  Hence electron withdrawing 

ligands allow for the best Lewis acids. 

Scheme 1.5—Halcon process for the synthesis of epoxides 
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Table 1.2—Examples of various metal catalysts 

Catalyst Reactive olefins Drawbacks Oxidant Reference 

TS-1 Terminal small (less than 4 

carbon) olefins, allyl alcohol 

Inefficient for cyclic, bulky, or 

branched olefins 

H2O2 7,46,49,57,64-

68 

TiO2-SiO2 

aerogel 

Cyclic or tertiary olefins Inefficient for terminal olefins H2O2 or 

hydroperoxides 

7,37,69,70 

Sharpless 

(TiIV tartrate) 

Trisubstituted and  trans-1,2-

disubstituted allyl alcohols 

Must have allylic alcohol, 

Inefficient for cis-1,2-

disubstituted allyl alcohols 

TBHP 7,19,21 

FeIII(phen) Terminal, cyclic, aromatic Inefficient for electron deficient 

olefins, Oxidant  

Peracid 7 

MnIII(salen) Aromatic Inefficient for terminal olefins  m-CPBA 7,19,71-73 

Mo(CO)6 Cyclic, Terminal Homogeneous TBHP 7,18,22,63 

VV(OPri)(bis-

hydroxamic) 

Trisubstituted and  trans-1,2-

disubstituted allyl alcohols 

Inefficient for cis-1,2-

disubstituted allyl alcohols 

TBHP 7,21,29,30,61 

CH3ReO3 Terminal, Cyclic Low activity H2O2 
7,16-18 

RuIICl2(PPh3)3 Cyclic Inefficient for terminal olefins, 

 low yields 

TBHP 7,18,19,74 
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Scheme 1.6—Catalytic mechanism for epoxidation reactions employing Ti and V 

metal centers19,50 

 

 

Scheme 1.7— Catalytic mechanism for epoxidation reactions employing Mo and 

W metal centers19,22,63 

 



 

11 
 

 Due to the Halcon process using a molybdenum (VI) catalyst, numerous 

Mo complexes7,18,19,22,74-79 have been studied as epoxidation catalysts using 

alkylhydroperoxides as the oxidant such as Mo(CO)6
7,27,63 and MoO2(acac)2

18,22 

which display high selectivity.  Mo (VI) catalysts have been shown to be very 

effective catalysts for the epoxidation of several olefins including small olefins, 

such as ethylene, as well as larger olefins such as 1-octene.  Mo catalysts are 

efficient epoxidation catalysts employing alkylhydroperoxides as the oxidant; 

although using H2O2 as the oxidant would lead to higher atom efficiency because 

the co-product generated is water as compared to alkylhydroperoxides which 

generate an alcohol as co-product.  Due to the deactivation of Mo catalysts in the 

presence of water, numerous attempts have been made to protect the Mo 

catalysts by immobilization onto an inert support in order to employ H2O2 as the 

oxidant.22,23,74  However, the immobilized catalysts displayed low selectivities and 

low turnover frequency leading to a need for improvements.      

Similar to Mo(VI) catalysts, tungsten(VI) catalysts have been developed for 

the epoxidation of olefins however hydrogen peroxide (H2O2) is employed as the 

oxidant instead of alkyl hydroperoxides, leading to high atom efficiency.16,19,22,23,74  

Industrially, a mixture of WO2
-2/H2O2 is used to produce epichlorohydrin which is 

used for the production of epoxy resins, glycerol, etc. (Scheme 1.8).3,7  Although 

using H2O2 as the oxidant decreases the amount of by-products generated, water 

is known to retard the reaction rate and also cause decomposition of the epoxide 

to glycols therefore water must be removed from the reaction medium.  Biphasic 

systems are often used with chlorinated or aromatic solvents and display high 

selectivity (>90%) for simple aliphatic alkenes.7,16,17,21,74  Since the choice of 

olefin is limited, a more versatile catalyst needs to be developed which maintains 

high catalytic activity. 
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Scheme 1.8—Synthesis of epichlorohydrin 

 

 

Due to higher Lewis acidity than Mo and W catalysts, vanadium (V) catalysts 

have been extensively studied7,18,19,28-30 however they have been found to be 

less active compared to Mo catalysts except for the epoxidation of allylic alcohols 

where V catalysts are far superior compared to Mo catalysts.16,18,19,21,27  The high 

catalytic activity of V catalysts for the epoxidation of allylic alcohols is presumably 

due to the higher Lewis acidity and oxophilicity of V compared to Mo catalysts.  

The high oxophilicity could allow the allylic alcohol to bind to the V center causing 

easier nucleophilic attack of the peroxo-oxygen by the olefin.  Numerous other 

metals such as rhenium, ruthenium, zirconium, and iron complexes have been 

explored as epoxidation catalysts.7,16,18,19,22,74  Oxorhenium (V) complexes20 

displayed catalytic activity for the epoxidation of cyclooctene albeit these 

catalysts are drastically slower compared to Mo, W, or Ti catalysts.  Zr 

catalysts19,80 have been shown to be less active compared to Ti catalysts 

however when ZrO2 was immobilized onto SiO2, the epoxidation of 1-octene with 

TBHP as the oxidant was very selective albeit the support had to specifically be 

Aerosil-SiO2.80  Iron (Fe) complexes25,81,82 have also been tested with various 

different olefins however the yields are low (80%) compared to other metal 

catalysts such as Mo, W, or Ti.   

Overall, the catalytically most active metals for the epoxidation of olefins are 

Mo, W, and V.  However, when stereospecific olefins are employed, a racemic 

mixture was generated.  Sharpless and coworkers were the first to develop an 

efficient asymmetric epoxidation catalyst consisting of Ti(OPri)4 in conjunction 

with a chiral tartrate diester; using TBHP as the oxidant (Scheme 1.9).7,48  It was 

shown that the catalyst displayed high moisture sensitivity since the addition of 
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molecular sieves decreased the amount of catalyst required.  Numerous olefins 

have been tested with Sharpless catalyst and are summarized in Table 1.3.7,19,48  

The main drawback is that there needed to be a directing group such as an allylic 

alcohol in order for the catalyst to be effective.   

 

Scheme 1.9—Sharpless asymmetric epoxidation of olefins7,19,21,48 
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Table 1.3—Examples of olefins used in Sharpless asymmetric 

epoxidation19,48 

Starting Material Product ee Yield 

(E)-2-Decen-1-ol 

 

96 % 85 % 

Geraniol 

 

91 % 95 % 

Cyclohexenylmethanol 

 

77% 77 % 

Allyl alcohol 

 

90% 65 % 

2-methyl-2-penten-1-ol 

 

95 % 45 % 

 

 

Akin to Sharpless’ catalyst, Jacobsen’s catalyst,7 (Figure 1.5) a Mn (III) 

containing asymmetric salen-based catalyst is used in the synthesis of chiral 

epoxides with high enantiomeric purity.7  Due to the steric environment around 

the metal center, the olefin does not need a directing group like the Sharpless 

catalyst.  The stereochemistry around the metal center allows only one direction 

a cis-alkene can approach the metal center.  However, the steric limitations also 

present a problem when terminal or trans-alkenes are used instead.  Another 

drawback is the homogeneous nature of the catalyst, leading to a difficult to 

recycle catalyst.   
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Figure 1.5—Jacobsen’s catalyst7 

 

 

Due to the high catalytic activity of Jacobsen’s catalyst, other manganese 

complexes were developed which mimicked catalysts found in nature.16,18,19,22,74  

Immobilized Mn (II)-hydrazide complex83 displayed high selectivity for simple 

cyclic complexes using H2O2 as the oxidant, albeit larger olefins such as stilbene 

were less efficient.  Additionally, excess H2O2 was required due to the 

decomposition of H2O2 promoted by the catalyst.  (Guanidine)manganese 

complexes73 have also been used for the epoxidation of 1-octene however 

peracetic acid was used as the oxidant which generated a carboxylic acid as the 

by-product.  Although there is some promise to Mn catalysts, numerous 

improvements need to be made in order for them to be industrially applicable. 

     Due to the excellent catalytic activity of titanium containing Sharpless’ 

catalyst, industrial titanium catalysts were developed.  Specifically the Shell 

catalyst (titania-on-silica, Figure 1.6)84 employs alkyl hydroperoxides as the 

oxidant and TS-1 (titanium silicate-1)38,46,65,66,85 uses H2O2 as the oxidant.  Both 

the Shell catalyst and TS-1 are heterogeneous and are very efficient for the 

epoxidation of small olefins such as cyclohexene.  However, they are less 

effective using more demanding olefins, such as bulky olefins or allylic alcohols 
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due to the structural limitations of the catalysts.  While numerous other 

supports,33,38,47,59,64,69,86-89 such as MCM-41,47,51,56,90 SBA-15,52,62,91 and 

zeolites,41,92,93 have been used in order to alleviate the steric limitations of TS-1, 

the resulting catalysts are less efficient for alkene epoxidation with H2O2 than TS-

1.  The lower activity is due to the larger pores present in the catalysts, allowing 

water to deactivate the active site.69 

 

Figure 1.6—Generalized, condensed structure of titania silica supports45,46 

 

 

 Both the Shell catalyst (titania-on-silica) and TS-1 contain multiple titanium 

(Ti) structural frameworks such as bipodal, tripodal, and tetrapodal sites (Figure 

1.7).  Polyhedral oligomeric silsesquioxanes (POSS, Figure 1.8)36,94-100 

complexes were developed as well-defined, homogeneous, model compounds to 

investigate which Ti structural framework (in the Shell catalyst and TS-1) 

displayed the highest catalytic activity.31,39,40,43,45,50,53,101  Looking at the 
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mechanism for olefin epoxidation using Ti catalysts (Scheme 1.10), the first step 

is the formation of a Ti-OOR (R=H or alkyl) species followed by nucleophilic 

attack of the olefin in order to generate the epoxide.  This means that a high 

Lewis acidic metal center will withdraw electron density from the oxygen making 

it easier for the olefin to attack.  Tetrapodal Ti silsesquioxane exhibits the highest 

Lewis acidity,39,40  compared to tripodal and bipodal, due to the electron 

withdrawing nature of the silsesquioxane ligand which is similar to that of a CF3 

group.41,102  Even though a high Lewis acidic Ti center is preferred, the Ti center 

must also be accessible to the reactants.  Thus, using 1-octene as the olefin and 

tert-butyl hydroperoxide (TBHP) as the oxidant (Table 1.4), tripodal Ti 

silsesquioxane complexes displayed high selectivities, yield, and turnover 

frequencies (TOF)37,39,40,42 due to a balance between sterics and electronics.  All 

structural frameworks of Ti displayed some catalytic activity for the epoxidation of 

1-octene (Table 1.4), however, tripodal Ti displayed superior activity compared to 

bipodal titanium silsesquioxane, tetrapodal titanium silsesquioxane, Shell 

catalyst, and Mo based catalysts (Table 1.4). 

 

Figure 1.7— Possible titanium site structures in heterogeneous 

titanosilicates: (a) tetrapodal, (b) tripodal, and (c) bipodal40 

 

                                          

(a)                                       (b)                                         (c) 
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Figure 1.8—Structure of polyhedral oligomeric silsesquioxanes (POSS) 

 

 

 

 

Scheme 1.10—Catalytic mechanism of epoxidation reaction with Ti40,43,45,50 
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Table 1.4—Ti containing catalysts for the epoxidation of 1-octene40 

Catalyst k2 X 102 

 (dm3 mol-1s-1) 
Selectivity to 
epoxide (%) 

MoO2(acac)2 31 92 

Mo(CO)6 6.1 94 

TiO2/SiO2  
(Shell Catalyst) 
 

18.3 97 

Ti(OPri)2{(c-C6H11)7Si7O11(OSiMe3)}  
 

9.3 75 

Ti{(c-C6H11)7Si7O11(OSiMe3)}2 
 

4.7 83 

Ti(NMe2){(cC6H11)7Si7O12} 
 

139 99 

Ti(NMe2){iC4H9)7Si7O12} 80 97 

 

Given that tripodal titanium catalysts have been shown to be excellent 

catalysts for terminal olefins (1-octene) and simple cyclic olefins (cyclohexene or 

cyclooctene), the versatility of these complexes needs be investigated in order to 

fully determine their potential as efficient alkene epoxidation catalysts.  

Additionally, due to high catalytic activity, tripodal titanium silsesquioxane 

complexes are ideal candidates for immobilization in order to generate a robust, 

heterogeneous catalyst.     

Immobilization of tripodal titanium onto a hydrophobic support would 

generate catalysts that had advantages of both homogeneous and 

heterogeneous materials.  The active site would be uniform, easily accessible, 

and spatially isolated while the catalyst would be reusable and potentially more 

resistant to hydrolysis, making it more robust.  Additionally, TBHP can be 

substituted with H2O2 as the oxidant, leading to higher atom efficiency.  H2O2 

cannot be employed as the oxidant using homogeneous tripodal Ti 

silsesquioxane catalysts since water deactivates the catalysts via hydrolysis of 

Conditions(1-octene): T= 353 K, Ti=0.2 mmol, TBHP=30mmol, 1-octene (75g) as solvent. 
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the Ti to form TiO2, a thermodynamically favorable reaction. Previously, 

heterogenization of titanium silsesquioxane complexes has been accomplished 

by attachment to a polymer or silica support,1,41,52,55,58,59,62,91,103,104 or 

alternatively, by encapsulation in polydimethylsiloxane (PDMS) membrane.32  

Although less active than tripodal Ti, tetrapodal titanium silsesquioxanes 

were successfully tethered onto mesoporous silica supports such as SBA-

1562,91,104 and dimethyl-silyl functionalized silica.58,59 However, both types of 

immobilized catalysts displayed low conversions due in part to the less 

catalytically active tetrapodal titanium.  Epoxidation of cyclooctene with TBHP 

catalyzed by CpTi[(c-C5H9)7Si7O12] impregnated onto a silica support was 

investigated (Figure 1.9),54  however only 39% yield of epoxide was observed 

after 4 hours leading to a turnover frequency (TOF) of 20 hr-1.  Under the same 

reaction conditions, homogeneous tetrapodal Ti (Ti[(c-C5H9)8Si8O13)]2) displayed 

29% yield after 1.5 hours leading to a TOF of 39.  When more demanding olefins 

were used such as limonene, the TOF was reduced to 11-14 hr-1 suggesting that 

improvements need to be made in order to develop a more efficient catalyst.54  

Additionally, when tetrapodal titanium POSS was tethered onto SBA-15 via a 

covalent linkage,104 the Ti loading could not be altered and achieved a maximal 

loading of 0.3 wt% due to the physical limitations of the anchoring.  Nonetheless, 

the catalyst displayed high selectivities (>85%) for the conversion of limonene 

although, only 30% of the olefin had been converted after 24 hours.  The 

successfully attachment of tetrapodal titanium POSS onto the silica support was 

confirmed by conducting a leaching study where no titanium was observed in the 

reaction medium although it is believed the POSS moiety was mainly on the 

surface of SBA-15.104  
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Figure 1.9—CpTi[(c-C5H9)7Si7O12]54 

 

  

Heterogenization of tripodal titanium silsesquioxane was accomplished by 

grafting tripodal Ti onto a methylhydrosiloxane-dimethylsiloxane co-polymer 

followed by crosslinking with a vinyl-terminated siloxane polymer to form an 

insoluble organosilicon material (netted polysiloxysilane) that enclosed the Ti in a 

hydrophobic cavity (Figure 1.10).55  This method allowed for the size of the 

cavity, used to encapsulate titanium, to be tuned for optimum accessibility by 

varying the starting materials.  Epoxidation of cyclooctene with H2O2 catalyzed by 

grafted tripodal Ti gave 80% yield of the epoxide and after hot filtration, the 

catalyst could be reused suggesting that this catalyst is indeed heterogeneous.  

When larger olefins were used, such as cyclododecane and 1-octene, the yield 

decreased to 45% and 62%, respectively.  For the epoxidation of 1-octene, the 

catalyst displayed a TOF of 20 hr-1 where TS-1, under similar reaction conditions, 

has a TOF of 80 hr-1.55   Major drawbacks of this series of catalysts include lower 

activity compared to TS-1, difficultly in controlling the 3-D structure of the polymer 

which protects the Ti center, as well as numerous synthetic steps to generate 

active catalysts.       
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Figure 1.10—Tripodal Ti POSS tethered onto a linear polymer55 

 

 

Lastly, tripodal titanium silsesquioxane has been successfully encapsulated 

within polydimethylsiloxane (PDMS) membrane and displayed high selectivity 

when the epoxidation of cyclohexene and 1-octene was explored.32  PDMS is a 

hydrophobic elastomer providing a non-polar environment around the titanium 

center, preventing catalyst deactivation.  Jacobsen’s catalyst was encapsulated 

in PDMS and displayed high catalytic activity suggesting that PDMS was an ideal 

inert, hydrophobic support.105  Although the epoxidation of 1-octene and 

cyclohexene catalyzed by immobilized tripodal titanium using H2O2 as the oxidant 

showed excellent activity, the choice of solvent was limited to acetonitrile and 

methanol since only solvents that would not appreciably swell the PDMS 

membrane could be employed.  If the membrane swelled, the pores would 

become larger and the catalysts would leach into solution due to the catalyst 

being held within the membrane simply by van der Waals interactions.32  A new 

catalyst needs to be developed that displays higher versatility in solvents 

compared to tripodal Ti physically trapped in PDMS while maintaining high 

selectivity and catalytic activity.   
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1.4 Objective and Dissertation Outline 

  Tripodal titanium catalysts have been shown to be excellent catalysts for 

alkene epoxidation however the versatility of these catalysts has yet to be 

determined.  Chapter 2 and 3 demonstrates that tripodal titanium effectively 

catalyzes the conversion of terminal, cyclic, and demanding olefins (limonene 

and α-pinene) employing TBHP as the oxidant with high selectivity and excellent 

turnover frequency (TOF) making these catalysts excellent candidates for 

heterogenization.   

 Heterogenization of tripodal titanium would allow for the generation of 

catalysts which ideally display similar catalytic activity compared to the 

homogeneous analogs, and allow for versatility in solvents and oxidants that can 

be used.  In addition, the catalysts wouldb e reusable and be easily repaired 

when a loss in activity is observed.  Chapter 2 discusses the successful 

immobilization of tripodal titanium onto a hydrophobic hyperbranched polymer.  

Hyperbranched polymers have recently attracted a lot of attention due to 

numerous advantageous properties; robust, inert, thermally stable, and easy to 

synthesize.106,107  Immobilized tripodal Ti yielded very selective catalysts for the 

epoxidation of 1-octene with TBHP as the oxidant therefore, the versatility of 

these catalysts was explored in chapter 3, ranging from cyclic compounds to 

more demanding olefins such as limonene and α-pinene.  Remarkably, 

immobilized tripodal Ti catalysts remained very selective for cyclic olefins as well 

as limonene, showing similar selectivities compare to homogeneous analogs.  

Deviation from the selectivity displayed by the homogeneous analog was 

observed for α-pinene however the heterogeneous tripodal Ti catalysts 

developed displayed higher selectivities compared to other Ti based 

heterogeneous analogs. 

 Immobilization allows for a more robust catalyst which can be recycled 

therefore chapter 2 and 3 discuss the recyclability of immobilized tripodal Ti 

catalysts using 1-octene and limonene as substrates.  Even though the catalysts 

lost some activity after five recycles, the catalysts was easily repaired and 
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displayed identical catalytic activity compared to the pristine catalysts.  Chapter 3 

also divulges that the immobilized tripodal Ti catalysts are not diffusion 

controlled.  This was accomplished by determining the apparent activation 

energy for heterogeneous complexes and comparing the values to the values for 

homogeneous analogs.  Additionally, the stirring rate was altered where the initial 

rate constant remained unchanged suggesting that indeed, the rate of reaction is 

not diffusion limited.    

 Versatility of the oxidant was then explored in Chapter 4 when preliminary 

studies were conducted for the epoxidation of cyclohexene with H2O2 catalyzed 

by tripodal Ti immobilized onto hyperbranched polysiloxysilane polymer.  Using 

H2O2 as the oxidant would allow for higher atom efficiency and the by-product 

would be water which is non-toxic thus limiting the environmental impacts 

associated with epoxidation reactions.  As discussed previously, homogeneous 

tripodal Ti catalysts cannot withstand water due to hydrolysis.  However, by 

immobilizing tripodal Ti onto a hydrophobic hyperbranched polymer, the amount 

of water reaching the Ti center would be limited generating active catalysts for 

the epoxidation of cyclohexene.  Preliminary results demonstrated that water is 

very detrimental to the Ti catalysts and only biphasic solvent systems displayed 

good selectivities.  Additional precautions were explored in order to limit the 

amount of water present in the reaction medium such as the addition of 

anhydrous Na2SO4 (sodium sulfate) and using a phase transfer agent.  

Optimization of the reaction conditions yielded catalysts that were active for the 

epoxidation of cyclohexene with H2O2 and displayed good selectivities. 

 As discussed previously, ethylene oxide (EO) is produced via epoxidation 

of ethylene using a Ag catalyst however when propene was employed, the 

catalyst was inefficient due to the presence of easily oxidized allylic hydrogens.  

Numerous attempts have been made to optimize the Ag catalyst for the direct 

epoxidation of propene however they are still ineffective.  Recently, gold 

dispersed onto titanium containing silica supports have shown to be active 

catalysts for the direct epoxidation of propene.  Immobilization of tripodal titanium 



 

25 
 

silsesquioxanes onto gold nanoparticles was explored in chapter 5 where the 

gold nanoparticles would generate H2O2 in situ followed by the formation of the 

Ti-OOH species in order to successfully synthesize propylene oxide (PO).   

 Finally, chapter 6 will give concluding remarks as well as elucidate future 

directions which can be explored in order to optimize the catalysts developed 

within this dissertation.           

                            

 

 

 

 

 

 

 

 

Copyright © Sarah Michelle Peak 2015 
 



 

26 
 

Chapter 2:  Selective Epoxidation of 1-Octene with tert-Butyl Hydroperoxide 

Catalyzed by Tripodal Titanium Silsesquioxane Complexes Grafted to 

Hyperbranched Polysiloxysilane Matrices. 

 

Note—This chapter was reprinted from 

Peak, S.M.; Crocker, M.; Ladipo, F.T. Selective Epoxidation of 1-Octene with tert-

Butyl Hydroperoxide Catalyzed by Tripodal Titanium Silsesquioxane Complexes 

Grafted to Hyperbranched Polysiloxysilane Matrices. Catalysis Science & 

Technology  2015, Submitted  

 

2.1.  Introduction 

 Alkene epoxidation is not only important in the manufacture of bulk 

chemicals, but is also a widely used transformation in the fine chemicals 

industry.108-110  While a number of homogeneous and heterogeneous alkene 

epoxidation catalysts that utilize alkyl hydroperoxides (ROOH) as the oxidant have 

been developed,111-114 there is a continuing need for the development of catalysts 

which display both high activity and product selectivity, as well as high atom 

efficiency with respect to utilization of the oxidant.  In this context, studies of 

titanium silsesquioxane complexes as well-defined homogeneous models for 

heterogeneous titanium-based alkene epoxidation catalysts have revealed that 

they are among the most active and most selective catalysts for the epoxidation of 

unactivated alkenes with alkyl hydroperoxides.40,50,84  These studies have further 

shown that tripodal titanium silsesquioxane complexes are intrinsically more active 

and selective than related heterogeneous catalysts, such as titanium silicalite-1 

(TS-1),38,115,116 titania-on-silica,84,117 and titania-silica mixed oxides,69 which 

invariably contain non-uniform titanium sites that show different degrees of activity 

in catalyzing alkene epoxidation and/or peroxide decomposition.84,118-120  The 

outstanding catalytic properties of tripodal titanium silsesquioxane complexes 

have largely been attributed to both the electron-withdrawing and steric properties 

of tripodal silsesquioxane ligand, which give rise to an optimal balance between 

high Lewis acidity and steric accessibility of the titanium center.40  Given the 
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excellent promise of tripodal titanium silsesquioxane complexes as homogeneous 

catalysts, their use as precursors for the preparation of well-defined 

heterogeneous alkene epoxidation catalysts is highly attractive.  In this regard, 

impregnation of the pores of MCM-41 with a tripodal titanium silsesquioxane 

complex followed by silylation of the outer surface of the MCM-41 with a bulky 

silane (to prevent leaching of the silsesquioxane complex) has been reported to 

furnish a material that was active for catalytic epoxidation of alkenes with t-butyl 

hydroperoxide (TBHP).121  Furthermore, although control of their three-

dimensional structure appears difficult, hydrophobic titanium polysiloxane 

materials that exhibited catalytic activity in alkene epoxidation with aqueous 

hydrogen peroxide (H2O2) have been prepared from tripodal titanium vinyl-

silsesquioxane complexes, by in-situ copolymerization on a mesoporous SBA-15-

supported polystyrene polymer,62 or by grafting onto a siloxane copolymer (via Pt-

catalyzed hydrosilylation) and crosslinking of the resulting polymer with a vinyl-

terminated siloxane polymer.55  Recently, we described the preparation of 

heterogeneous alkene epoxidation catalysts by encapsulation of tripodal Ti 

silsesquioxane complexes in polydimethylsiloxane (PDMS) membrane, thereby 

ensuring a hydrophobic environment around the titanium complex.32  The catalysts 

displayed high activity, as well as excellent epoxide selectivity and H2O2 efficiency, 

for cyclohexene- and 1-octene epoxidation with aqueous H2O2.  Furthermore, the 

catalysts were highly recyclable.  

 Herein, we describe the preparation of Ti silsesquioxane catalyst materials 

via immobilization of tripodal Ti silsesquioxane complexes by covalent linkage to 

hyperbranched polysiloxysilane matrices, as well as results of preliminary studies 

of the efficiency of the materials for catalytic alkene epoxidation with t-butyl 

hydroperoxide (TBHP).  In contrast to encapsulation of tripodal Ti silsesquioxane 

complexes in PDMS membrane, which relies on physical entrapment of the 

catalyst and thereby limits epoxidation reactions to solvents (acetonitrile and 

methanol) that promote catalyst retention in the membrane by not appreciably 

swelling PDMS,32 covalent linkage of tripodal Ti silsesquioxane complexes to a 

hydrophobic hyperbranched polysiloxysilane matrix offers the opportunity for 
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greater flexibility in solvent choice while retaining the well-defined molecular 

features required for detailed analysis of catalytic events.  In this context, it is 

noteworthy that hyperbranched polysiloxysilanes106,107,122-125 are very attractive 

for commercial applications since they are easily prepared via a variety of one-

step synthetic routes, which can reduce costs and environmental impacts.  

Equally important, characteristic properties of hyperbranched polysiloxysilanes 

include hydrophobicity, a wide interval of thermal and thermo-oxidative stability, 

and resistance against different chemical factors and environments.106,107,122-125   

2.2 Experimental Methods 

2.2.1 Materials and methods 

All experiments were performed under an atmosphere of nitrogen either 

using standard Schlenk techniques or in a Vacuum Atmospheres glovebox.  

Solvents were dried and distilled by standard methods before use.126  All solvents 

were stored in glovebox over 4Å molecular sieves that had been dried in a 

vacuum oven at 250 °C for at least 24 hours before use.  All glassware were 

dried in an oven at 110 °C for 24 hours before use.  Unless otherwise stated, all 

reagents were purchased from Aldrich Chemical Company and used without 

further purification.  TBHP (5.5 M in nonane) and 1-octene were stored over 4Ǻ 

molecular sieves in the glovebox along with Ti(NMe2)4.  Allylisobutyl POSS 

(CH2=CHCH2(i-Bu)7Si8O12 (1)), trisilanol isobutyl POSS, octaisobutyl POSS and 

trisilanol cyclohexyl POSS were purchased from Hybrid Plastics Inc. and dried 

overnight under vacuum at 50 C prior to use.  Platinum divinyl tetramethyl 

disiloxane (2.4% in xylene, Karstedt’s catalyst), chlorodimethylsilane, 

vinyldimethylchlorosilane, triethylsilane, and trichlorosilane were purchased from 

Gelest Inc. and used without further purification.  Celite and activated charcoal 

were dried in a vacuum oven at 150 °C for 24 hours before use.  The compounds 

[Ti(NMe2){(i-C4H9)7Si7O12}] (9)32 and [Ti(NMe2){(c-C6H11)7Si7O12}] (10)40 were 

prepared by literature methods. Vinyl-terminated hyperbranched polysiloxysilane 

P1 (Scheme 3) was synthesized via Pt-catalyzed polymerization of 

HSi(OSiMe2CH=CH2)3,106 and isolated as a viscous oil with molecular weight 
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(Mn) and polydispersity index (PDI) of 9318 g mol-1 and 1.93, respectively.  NMR 

(1H, 13C, & 29Si) and IR data of P1 are consistent with literature data (see 

supplementary information).   

1H, 13C, and 29Si NMR spectra were recorded on a Varian INOVA 400 

MHz spectrometer employing VnmrJ software.  All chemical shifts are reported in 

units of δ (downfield of tetramethylsilane) and 1H & 13C chemical shifts were 

referenced to residual solvent peaks.  29Si NMR spectra were recorded using 

inverse-gated proton decoupling in order to increase resolution and minimize 

nuclear Overhauser enhancement effects.  To ensure accurate integrated 

intensities, [Cr(acac)3] (0.05 M) was added to 13C and 29Si NMR samples as a 

shiftless relaxation agent and a delay of at least 5 s was used between 

observation pulses for 13C measurements and 10 s for 29Si measurements.  

GLC analyses were performed on an Agilent HP 6890 GC instrument 

equipped with a flame ionization detector (FID).  A 1.0 µL injection was employed 

and helium was used as the carrier gas.  The FID was set to 300 °C and the inlet 

was isothermally maintained at 140 °C in split mode (split ratio 50:1; split flow 

221 ml/min).  An Agilent J&W HP-1 column (25 m × 320 µm × 0.52 µm) rated to 

350 °C was employed, maintaining a constant pressure of 14.5 psi.  The oven 

parameters were programmed to start at 35 °C; followed by a ramp of 45 °C/min 

to 200 °C and held for 2 minutes.  The total run time was 8.67 minutes.  

Quantification was performed through the use of toluene as an internal standard.  

Chromatographic programming was performed using Agilent Chemstation 

software.  Conversion and selectivity were calculated as follows: 

 

IR spectra were recorded on a Thermo Scientific Nicolet iS10 FT-IR 

Spectrometer.  UV-vis spectra were collected on a Thermo Scientific Evolution 

201 spectrophotometer using pentane solutions sealed in 1 cm cuvettes under 

N2.  Gel permeation chromatography (GPC) analyses were carried out on an 

Conversion =
moles of TBHP consumed

initial moles of TBHP
x 100 Selectivity =

moles of epoxyoctane formed

moles of TBHP consumed
x 100
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Agilent Technologies PL-GPC 50 Integrated GPC equipped with a UV detector 

and a refractive index detector, as well as a Polymer Laboratories PL-AS RT 

GPC autosampler.  The GPC was equipped with two PL gel Mini-MIX C columns 

(5 micron, 4.6 mm ID). The GPC columns were eluted with tetrahydrofuran at 30 

°C at 0.3 mL/min and were calibrated using monodisperse polystyrene 

standards.   Elemental analyses were performed by either Robertson Microlit 

laboratories or Galbraith laboratories, and typically included the use of a 

combustion aid.  Proton-induced X-ray emission (PIXE) analyses were performed 

by Elemental Analysis Inc.  

2.2.2. Catalyst Preparation 

2.2.2.1. Synthesis of Et3Si(CH2)3(i-C4H9)7Si8O12 (2) 

In a glovebox, fifteen drops of Karstedt’s catalyst (tetramethyldivinyl 

disiloxane-platinum in xylenes) was added to a slurry of allylisobutyl POSS 

CH2=CHCH2(i-C4H9)7Si8O12 (1, 10.0 g, 11.7 mmol) and Et3SiH (25 mL) in a thick-

walled glass reactor equipped with a stir-bar.  The reaction vessel was sealed 

with a Teflon screw-cap, placed in an oil bath maintained at 60 °C and allowed to 

stir overnight (~16 h).  The reaction mixture quickly became homogeneous upon 

heating, yielding a dark brown solution.  At completion, excess Et3SiH was 

removed under reduced pressure to give an off-white solid, which was dissolved 

in diethyl ether (40 mL).  The ether solution was transferred into a flask 

containing activated charcoal and stirred for 3 h.  The ether suspension was 

filtered through Celite to remove activated charcoal and the filtrate was 

evaporated under reduced pressure to give Et3Si(CH2)3(i-C4H9)7Si8O12 (2) as a 

white solid.  Yield: 9.90 g, 90%.  1H NMR (CDCl3): δ 0.47 (q, 3JH-H = 7.6 Hz, 6 H, 

Si(CH2CH3)3),  0.58 (d, 3JH-H = 8.0 Hz, 14 H, CH2CH(CH3)2), 0.59 (t, partially 

overlapped, 2 H, CH2CH2CH2SiEt3), 0.65 (t, 2 H, CH2CH2CH2SiEt3), 0.89 (t, 3JH-H 

= 7.6 Hz, 9 H, Si(CH2CH3)3), 0.93 (d, 3JH-H = 6.4 Hz, 42 H, CH2CH(CH3)2), 1.41 

(m, 2 H, CH2CH2CH2SiEt3), 1.83 (sept, 3JH-H = 6.8 Hz, 7 H, CH2CH(CH3)2).  

13C{1H} NMR (CDCl3): δ 3.3 (Si(CH2CH3)3), 7.4 (Si(CH2CH3)3), 16.8 

(CH2CH2CH2SiEt3), 17.4 (CH2CH2CH2SiEt3), 22.5 (br s, CH2CH(CH3)2), 23.8 (br 

s, CH2CH(CH3)2 and (CH2CH2CH2SiEt3), 25.7 (br s, CH2CH(CH3)2).  29Si NMR 
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(CDCl3): δ 6.2 (SiEt3), -67.6, -67.8, -67.9 (overlapping singlets, 1:3:3:1, 

SiCH2CHMe2 and Si(CH2)3SiEt3). 

2.2.2.2. Synthesis of ClMe2Si(CH2)3(i-C4H9)7Si8O12 (3)  

 In a glovebox, fifteen drops of Karstedt’s catalyst (tetramethyldivinyl 

disiloxane-platinum in xylenes) was added to a slurry of allylisobutyl POSS 

CH2=CHCH2(i-C4H9)7Si8O12 (1, 10.0 g, 11.7 mmol) and HSiMe2Cl (25 mL) in a 

thick-walled glass reactor equipped with a stir-bar.  The reaction vessel was 

sealed with a Teflon screw-cap, placed in an oil bath maintained at 60 °C and 

stirred overnight (~16 h).  The reaction mixture quickly became homogeneous 

upon heating, yielding a brown solution.  At completion, excess HSiMe2Cl was 

removed under reduced pressure to give an off-white solid, which was dissolved 

in diethyl ether (40 mL).  The ether solution was transferred into a flask 

containing activated charcoal and stirred for 3 h.  The ether suspension was 

filtered through Celite to remove activated charcoal and the filtrate was 

evaporated under reduced pressure to give ClMe2Si(CH2)3(i-C4H9)7Si8O12 (3) as 

a white solid.  Yield: 9.79 g, 88%.  1H NMR (CDCl3): δ 0.37 (s, 6 H, Si(CH3)2Cl), 

0.58 (d, 3JH-H = 7.0 Hz, 14 H, CH2CH(CH3)2), 0.68 (t, 3JH-H = 8.0 Hz, 2 H, 

CH2CH2CH2SiMe2Cl), 0.88 (t, 3JH-H = 8.0 Hz, 2 H, CH2CH2CH2SiMe2Cl), 0.94 (d, 

3JH-H = 6.4 Hz, 42 H, CH2CH(CH3)2), 1.53 (m, 2 H, CH2CH2CH2SiMe2Cl), 1.84 

(sept, 3JH-H = 6.8 Hz, 7 H, CH2CH(CH3)2).  13C{1H} NMR (CDCl3): δ 1.6 

(Si(CH3)2Cl), 15.9 (CH2CH2CH2SiMe2Cl), 16.6 (CH2CH2CH2SiMe2Cl), 22.5 

(CH2CH(CH3)2), 23.8 (CH2CH(CH3)2 and CH2CH2CH2SiMe2Cl), 25.7 

(CH2CH(CH3)2).  29Si NMR (CDCl3): δ 31.1 (SiMe2Cl), -67.7 to -68.0 (overlapping 

singlets, 1:3:3:1, SiCH2CHMe2 and Si(CH2)3SiMe2Cl). 

2.2.2.3. Synthesis of HMe2Si(CH2)3(i-C4H9)7Si8O12 (4) 

 LiAlH4 in diethyl ether (2.50 mL, 2.50 mmol) was added slowly via syringe 

into a diethyl ether (100 mL) solution of 2 (2.40 g, 2.50 mmol) in a 250 mL 

Schlenk flask equipped with a stir bar.  The reaction mixture was stirred overnight 

(~ 16 h) at room temperature and then filtered through Celite.  The filtrate was 

cautiously added to a mixture of aqueous HCl (1 M, 100 mL) and ice.  The 
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organic layer was separated, washed thrice with brine (3 × 30 mL), and dried 

over anhydrous Na2SO4 for 16 h.  After removal of Na2SO4 by filtration, the filtrate 

was concentrated to dryness under reduced pressure to give HMe2Si(CH2)3(i-

C4H9)7Si8O12 (4) as a white solid.  Yield: 1.76 g, 79.6 %.  1H NMR (CDCl3): δ 

0.065 (d, 3JH-H = 4.0 Hz, 6 H, Si(CH3)2H), 0.61 (d, 3JH-H = 6.0 Hz, 14 H, 

SiCH2CH(CH3)2), 0.64-0.74 (m, 4 H, CH2CH2CH2SiMe2H), 0.97 (d, 3JH-H = 6.4 Hz, 

42 H, CH2CH(CH3)2), 1.50 (m, 2 H, CH2CH2CH2SiMe2H), 1.88 (sept, 3JH-H = 6.4 

Hz, 7 H, CH2CH(CH3)2), 3.85 (m, 1 H, SiMe2H).  13C{1H} NMR (CDCl3): δ -4.6 

(Si(CH3)2H), 16.0 (CH2CH2CH2SiMe2H), 17.8 (CH2CH2CH2SiMe2H), 22.5 

(CH2CH(CH3)2), 23.9 (CH2CH(CH3)2 and CH2CH2CH2SiMe2H), 25.7 

(CH2CH(CH3)2).  29Si NMR (CDCl3): δ -13.9 (SiMe2H), -67.7 to -68.3 (overlapping 

s, 1:3:3:1, SiCH2CHMe2 and Si(CH2)3SiMe2H).  ATR-IR (ν, cm-1): 2110 (Si-H). 

2.2.2.4. Synthesis of Et3Si(CH2)3(i-C4H9)6Si7O9(OH)3 (5) 

A solution of Et3Si(CH2)3(i-C4H9)7Si8O12 (2, 0.40 g, 0.41 mmol) and 35% 

w/w aqueous Et4NOH (0.190 g, 0.45 mmol) in THF (15 mL) was heated at reflux 

with stirring for 8 h.  The solution was then neutralized with dilute aqueous HCl (1 

M).  Evaporation of volatiles afforded white solids, which were dissolved in diethyl 

ether (25 mL).  The solution was dried over anhydrous Na2SO4 overnight.  After 

removal of Na2SO4 by filtration, the filtrate was concentrated to dryness under 

reduced pressure.  The resulting colorless gel was recrystallized from toluene-

acetonitrile (1:5 ratio) to furnish, after drying under vacuum, a mixture of 

Et3Si(CH2)3(i-C4H9)6Si7O9(OH)3 (5) regiomers as a colorless gel.  Yield: 0.17 g, 

48%.  1H NMR (CDCl3): δ 0.48 (q, 3JH-H = 7.6 Hz, 6 H, Si(CH2CH3)3), 0.50-0.78 

(m, 14 H, CH2CH(CH3)2 and CH2CH2CH2SiEt3), 0.80-1.00 (m, 47 H, 

CH2CH(CH3)2, CH2CH2CH2SiEt3 and Si(CH2CH3)3), 1.40 (m, 2 H, 

CH2CH2CH2SiEt3), 1.87 (m, 6 H, CH2CH (CH3)2), 6.50 (br s, 3 H, Si-OH).  13C{1H} 

NMR (CDCl3): δ 3.6 (Si(CH2CH3)), 7.7 (Si(CH2CH3)), 17.2 (CH2CH2CH2SiEt3), 

17.7 (CH2CH2CH2SiEt3), 22.8, 22.9 (overlapping singlets, CH2CH(CH3)2), 24.2, 

24.3 (overlapping singlets, CH2CH(CH3)2 and CH2CH2CH2SiEt3), 26.0, 26.1 

(overlapping singlets, CH2CH(CH3)2).  29Si NMR (CDCl3): δ 6.2 (SiEt3), -58.7 (Si-
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OH) -67.9, -68.3, -68.6 (SiCH2CHMe2 and Si(CH2)3SiEt3); Si-OH: Si(alkyl) = ~3:4.  

ATR-IR (ν, cm-1): 3150 (O-H) 

2.2.2.5. Synthesis of HMe2Si(CH2)3(i-C4H9)6Si7O9(OH)3 (6) 

A solution of HMe2Si(CH2)3(i-C4H9)7Si8O12 (4, 0.40 g, 0.44 mmol) and 35% w/w 

aqueous Et4NOH (0.205 g, 0.48 mmol) in THF (15 mL) was heated at reflux with 

stirring for 8 h.  The solution was then neutralized with dilute aqueous HCl (1 M) 

and worked up as described for synthesis of 5.  The regiomeric mixture of 

HMe2Si(CH2)3(i-C4H9)6Si7O9(OH)3 (6) was obtained as a colorless gel.  Yield: 

0.14 g, 45%.  1H NMR: δ 0.06-0.21 (m, 6 H, Si(CH3)2H), 0.55-0.66 (m, 14 H, 

CH2CH(CH3)2 and CH2CH2CH2SiMe2H), 0.70-1.15 (m, 40 H, CH2CH2CH2SiMe2H 

and CH2CH(CH3)2), 1.85 (m, 6 H, SiCH2CH(CH3)2), 3.75 (1 H, Si-H, overlap with 

THF), and 5.70 (br s, 3 H, Si-OH).  13C {1H} NMR (CDCl3): δ -4.6 (Si(CH3)2H), 

16.8 (CH2CH2CH2SiMe2H), 17.8 (CH2CH2CH2SiMe2H), 22.5 (CH2CH(CH3)2), 

23.0 (CH2CH2CH2SiMe2H), 23.9 (CH2CH(CH3)2), 25.7 (CH2CH(CH3)2).  29Si NMR 

(CDCl3): δ 58.9 (Si-OH), -67.5 (br s, Si-CH2CHMe2), -68.00 to -70 (br s, Si-

CH2CHMe2); Si-OH:Si(alkyl) = 3:4.  ATR-IR (ν, cm-1): 3395 (Si-OH), 2114 (Si-H).  

Anal. Calcd. for C29H70O12Si8: C, 41.69; H, 8.44. Found: C, 41.27; H, 8.33. 

2.2.2.6. Synthesis of [Ti(NMe2){Et3Si(CH2)3(i-C4H9)6Si7O12}] (7) 

In the glovebox, Ti(NMe2)4 (47.4 mg, 0.211 mmol) was added via syringe 

to a stirred solution of the regoiomeric mixture of Et3Si(CH2)3(i-C4H9)6Si7O9(OH)3 

(5, 180 mg, 0.200 mmol) in diethyl ether (15 mL). Stirring was continued at room 

temperature for 30 min, after which  the yellow solution was concentrated to 

dryness under reduced pressure.  The residue was dissolved in toluene (1 mL) 

and acetonitrile (15 mL) was added to precipitate a yellow solid, which was 

isolated by filtration and washed three times with acetonitrile (5 mL) and then 

dried under vacuum to give a regiomeric mixture of [Ti(NMe2){Et3Si(CH2)3(i-

C4H9)6Si7O12}] (7) as a highly moisture-sensitive yellow gel.  Yield: 171 mg, 89%.   

1H NMR (CDCl3): δ 0.16 (br m, 6 H, Si(CH2CH3)3),  0.50-0.80 (br m, 16 H, 

CH2CH(CH3)2, CH2CH2CH2SiEt3 and CH2CH2CH2SiEt3),  0.80-1.10 (br m, 45 H, 
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CH2CH(CH3)2 and Si(CH2CH3)3), 1.15-1.50 (br m, 2 H, CH2CH2CH2SiEt3), 1.90 

(br m, CH2CH(CH3)2), 2.50 (br m, NMe2H), 3.00-3.30 (br m, Ti-NMe2 and Ti-

NMe2H) 3.50-3.80 (br s, NMe2H and Ti-NMe2H).  13C{1H} NMR (CDCl3): δ 3.6 

(Si(CH2CH3)3), 7.7 (Si(CH2CH3)3), 22.8, (br s, CH2CH(CH3)2), 23.4 (br m), 24.2 

(br s, CH2CH(CH3)2), 26.0, 26.1 (br s, CH2CH(CH3)2), 39.6 (br s, NMe2H).  Both 

slow hydrolysis and exchange between Ti(NMe2) and NMe2H made observing 

the Ti(NMe2) resonance by 13C NMR difficult (see Results & Discussion Section).  

29Si NMR (CDCl3): δ 6.2 (br s, SiEt3), -66.0 to -71.0 (br m (overlapping singlets), 

Si-CH2CHMe2 and Si-(CH2)3SiEt3); SiEt3:Si(POSS) = 1:7.  Uv-vis: λmax = 203 nm 

2.2.2.7. Synthesis of [Ti(NMe2){HMe2Si(CH2)3(i-C4H9)6Si7O12}] (8) 

In the glovebox, Ti(NMe2)4 (47.4 mg, 0.211 mmol) was added via syringe 

to a stirred solution of the regiomeric mixture of HMe2Si(CH2)3(i-

C4H9)6Si7O9(OH)3 (6, 167 mg, 0.200 mmol) in diethyl ether (15 mL). Stirring was 

continued at room temperature for 30 min.  After work-up as described for 

synthesis of 7, a regiomeric mixture of [Ti(NMe2){HMe2Si(CH2)3(i-C4H9)6Si7O12}] 

(8) was isolated  as a highly moisture-sensitive yellow gel.  Yield: 0.170 g, 93%.   

1H NMR (CDCl3): δ 0.15 (br m, 6 H, Si(CH3)2H), 0.50-0.70 (br m, 14 H, 

CH2CH(CH3)2 and CH2CH2CH2SiMe2H), 0.90-1.10 (br m, 38 H, 

CH2CH2CH2SiMe2H and CH2CH(CH3)2), 1.20-1.30 (br m, 2 H, 

CH2CH2CH2SiMe2H), 1.84 (br m, 6 H, CH2CH(CH3)2), 2.42 (HNMe2), 2.47, 2.64 

(TiNMe2H), 3.07, 3.14, 3.20, 3.26 (6 H, TiNMe2), 3.50-3.80 (br m, 1 H, SiH, 

NMe2H).  13C{1H} NMR (CDCl3): δ -4.4 (SiMe2H), 16.9, 17.0 

(CH2CH2CH2SiMe2H), 17.8, 17.9 (CH2CH2CH2SiMe2H), 22.6 (CH2CH(CH3)2), 

23.1 (CH2CH2CH2SiMe2H), 23.9, 24.0 (CH2CH(CH3)2), 25.8, 25.9 CH2CH(CH3)2), 

38.9 (HNMe2), 43.4, (TiNMe2).  29Si NMR (CDCl3): δ -66.0 to -69.8 (br m 

(overlapping singlets), Si-CH2CHMe2 and Si-(CH2)3SiMe2H).  ATR-IR (ν, cm-1): 

2113 (Si-H).   Uv-vis: λmax = 212 nm.  Anal. Calcd. for C31H73NO12Si8Ti: C, 40.27; 

H, 7.96; N, 1.51.  Found C, 40.09 H, 7.76; N, 1.23.  
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2.2.2.8. Synthesis of P1-6 (Grafting 6 onto P1) 

A round-bottom three-neck flask (50 mL) equipped with a magnetic stir 

bar, condenser with N2 inlet, and thermometer was charged with vinyl-terminated 

hyperbranched polysiloxysilane P1 (4.00 g, 0.429 mmol, ~23.8 mmol CH=CH2 

groups), HMe2Si(CH2)3(i-C4H9)6Si7O9(OH)3 (6, 1.00 g, 1.20 mmol), toluene (40 

mL), and Karstedt's catalyst (0.2 mL).  The reaction mixture was heated at 60 °C 

overnight (~16 h) at which point complete disappearance of the Si-H groups was 

confirmed by 1H NMR spectroscopy.  The reaction mixture was cooled to room 

temperature and volatiles were removed under reduced pressure to afford P1-6 

(~20% by weight of 6) as a viscous colorless material.  Yield: 4.30 g, 86%.  1H 

NMR (CDCl3): δ 0.05-0.20 (m, Si(CH3)2H and polymer Si(CH3)2), 0.30-0.65 (m, 

SiCH2CH(CH3)2, CH2CH2CH2SiMe2H, polymer SiCH2), 0.90-1.10 (m, 

SiCH2CH(CH3)2, CH2CH2CH2SiMe2H), 1.85 (m, SiCH2CH(CH3)2),  5.70 (m, 

polymer Hvinyl), 5.93 (m, polymer Hvinyl), 6.11 (m, polymer Hvinyl).  13C{1H} NMR 

(CDCl3): δ -0.7, 0.23, 5.7, 8.3, 9.6, 22.8, 23.0 (CH2CH(CH3)2), 23.9 

(CH2CH(CH3)2), 25.7 (CH2CH(CH3)2), 131.6 (vinyl), 139.2 (vinyl).  29Si NMR 

(CDCl3): δ 8.3 (m, polysiloxysilane), -3.2 to -4.7 (polysiloxysilane), -58.2 (POSS 

Si-OH), -64.5, to -66.0 (m, polysiloxysilane), -67.6, -67.9, -68.3 (Si-CH2CHMe2 

and Si-(CH2)3SiMe2H).  ATR-IR (ν, cm-1): 3300 (O-H), 1596 (CH=CH2). 

2.2.2.9. Synthesis of c-P1-6  

A round-bottom three-neck flask (50 mL) equipped with a magnetic stir 

bar, condenser with N2 inlet, and thermometer was charged with vinyl-terminated 

hyperbranched polysiloxysilane P1 (4.00 g, 0.429 mmol, ~23.8 mmol CH=CH2 

groups), HMe2Si(CH2)3(i-C4H9)6Si7O9(OH)3 (6, 1.00 g, 1.20 mmol), toluene (40 

mL), and Karstedt's catalyst (0.2 mL).  The reaction mixture was heated at 60 °C 

overnight (~16 h) at which point complete disappearance of the Si-H groups was 

confirmed by 1H NMR spectroscopy.  The reaction mixture was cooled to room 

temperature and then charged with 1,1,3,3,5,5-hexamethyltrisiloxane (4.75 g, 

22.8 mmol) and Karstedt’s catalyst (0.2 mL).  After stirring the solution at 60 °C 

overnight (~ 16 h), it was cooled to room temperature and volatiles were removed 
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under reduced pressure, affording the crosslinked hyperbranched polymer c-P1-

6 (5.10 g, ~52% yield, ~10.3% by weight of 6) as a colorless elastomeric solid.  

Poor solubility of c-P1-6 prevented its characterization by solution NMR 

spectroscopy. However, its ATR-IR spectrum was absent of vinyl absorptions 

(see supplementary information). 

2.2.2.10. Synthesis of titanium silsesquioxane material P1-8  

In a glovebox, Ti(NMe2)4 (0.300 g, 1.34 mmol) was added by syringe to a 

stirred toluene solution (15 mL) of P1-6 (4.30 g, 1.03 mmol of 6).  The resulting 

deep yellow solution was allowed to stir for 1 h and then concentrated to dryness 

under reduced pressure.  The residue was washed with acetonitrile until the 

washings were no longer colored and then dried under vacuum to give P1-8 as a 

viscous orange gel.  Yield: 4.31 g, 98%.  1H NMR (CDCl3): δ 0.05-0.20 (m, 

Si(CH3)2H and polymer Si(CH3)2), 0.30-0.65 (m, SiCH2CH(CH3)2, 

CH2CH2CH2SiMe2H, polymer SiCH2), 0.90-1.10 (m, SiCH2CH(CH3)2, 

CH2CH2CH2SiMe2H), 1.85 (m, SiCH2CH(CH3)2), 3.06, 3.25 (TiNMe2) 5.70 (m, 

polymer Hvinyl), 5.93 (m, polymer Hvinyl), 6.11 (m, polymer Hvinyl).  13C{1H} NMR 

(CDCl3): δ -0.7, 0.22, 0.27, 5.7, 8.3, 8.6, 9.6, 22.8, 23.0 (CH2CH(CH3)2), 23.9 

(CH2CH(CH3)2), 25.7 (CH2CH(CH3)2), 43.2 (TiNMe2) 131.6 (vinyl), 139.2 (vinyl).  

29Si NMR (CDCl3): δ 8.3 (m, polysiloxysilane), -3.2 to -4.7 (polysiloxysilane), -

64.5, to -66.0 (m, polysiloxysilane), -66.2, to -69.0 (Si-CH2CHMe2 and Si-

(CH2)3SiMe2H).  ATR-IR (ν, cm-1): 1596 (CH=CH2). Uv-vis: λmax = 203 nm.  Anal. 

Calcd. for P1-8: Ti, 1.07.  Found: Ti, 1.13 (5% relative error).  

2.2.2.11. Synthesis of titanium silsesquioxane material c-P1-8  

In a glovebox, Ti(NMe2)4 (0.300 g, 1.34 mmol) was added by syringe to a 

stirred toluene solution (15 mL) of c-P1-6 (5.10 g, 0.063 mmol of 6).  The 

resulting deep yellow solution was let stir for 1 h then concentrated to dryness 

under reduced pressure.  The residue was washed with acetonitrile until the 

washings were no longer colored and then dried under vacuum to give c-P1-8 as 

an orange solid.  Yield: 5.09 g, 99%.  Poor solubility of c-P1-8 prevented its 
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characterization by solution NMR spectroscopy.  ATR-IR (ν, cm-1): 2240 (Si-H).  

Uv-vis: λmax = 199 nm.  Anal. Calcd. for c-P1-8: Ti, 0.59.  Found: Ti, 0.45 (5% 

relative error).  

2.2.3. Procedure for catalytic alkene epoxidation 

2.2.3.1. Epoxidation of 1-octene with t-butyl hydroperoxide (TBHP) catalyzed by 

titanium silsesquioxanes 7-10  

 Epoxidation tests were performed in a magnetically stirred 250 mL three-

necked flask, equipped with a condenser, thermometer probe and septum for 

withdrawing samples.  All runs were performed under an atmosphere of dry 

nitrogen.  Typically, 1-octene (73 g, 0.65 mol), TBHP (5.7 mL, 0.031 mol), 

toluene (3 g, 0.03 mol as internal standard), and a stirrer bar were placed in the 

flask.  The reaction mixture was warmed to 80 °C and maintained at the 

temperature for 1h.  A quantity of catalyst (equivalent to 0.2 mmol of Ti) in 1-

octene (10 mL, 0.063 mol) was then added via syringe.  Immediately a sample 

was taken for GC analysis, further samples for analysis being taken at regular 

intervals.  Rate constant for TBHP consumption k1, where (k1 = k2[Ti] = 

k3[Ti][Olefin] ) is determined from pseudo-first order rate plot (-ln[TBHP] versus t). 

2.2.3.2. Epoxidation of 1-Octene with t-butyl hydroperoxide (TBHP) catalyzed by 

titanium silsesquioxane materials P1-8 and c-P1-8  

 Epoxidation tests were performed in a magnetically stirred 50 mL three-

necked flask, equipped with a condenser, thermometer probe, and septum for 

withdrawing samples.  Typically, 1-octene (20.0 g, 0.18 mol), TBHP (100 µL, 0.55 

mmol), toluene (2 g, 0.022 mol as internal standard), a quantity of titanium 

silsesquioxane material (P1-8 or c-P1-8) and a stirrer bar were placed in the 

flask.  The reaction mixture was heated to 80˚ C.  A sample was immediately 

taken for GC analysis and additional samples for analysis were taken at regular 

intervals.  
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2.2.3.3.  c-P1-8-catalyzed epoxidation of 1-octene with t-butyl hydroperoxide 

(TBHP) in the presence of added t-butanol 

 The experimental procedure is the same as described for 1-octene 

epoxidation with TBHP at 80˚ C using c-P1-8 as catalyst, however, t-butanol (50 

µL) was added to the reaction mixture before it was warmed to 80 ˚C.  

2.2.4. Catalyst recycling studies 

  The experimental procedure is the same as described for 1-octene 

epoxidation with TBHP at 80˚ C using P1-8 or c-P1-8 as catalyst.  After the 

reaction had proceeded for a specified amount of time (Table 2.3), the reaction 

mixture was cooled to room temperature and then concentrated to dryness under 

reduced pressure.  The catalyst material was washed with copious amounts of 

acetonitrile to remove residual organics, and dried under vacuum overnight (~16 

h).  The catalyst was then reused for 1-octene epoxidation as previously 

described.   

2.2.5. Catalyst Repair  

 A sample of c-P1-8 catalyst that had been recycled five times for 1-octene 

epoxidation was swelled by stirring in toluene (5 mL) for 3h.  Ti(NMe2)4 (47.4 mg, 

0.211 mmol) was then added by syringe and the mixture was allowed to stir for 2 

h, after which the mixture was concentrated to dryness under reduced pressure.  

The residue was washed with copious amounts of acetonitrile (until the washings 

were colorless) and then dried under vacuum.  The repaired material was used 

for 1-octene epoxidation under our typical conditions (vide supra). 

2.3.  Results and Discussion 

2.3.1. Preparation and characterization of trisilanolisobutyl-POSS ligands 

 Trisilanolisobutyl-POSS (incompletely condensed silsesquioxane) ligands 

that bear a (silyl)propyl group, Et3Si(CH2)3(i-Bu)6Si7O9(OH)3 (5) and 

HMe2Si(CH2)3(i-Bu)6Si7O9(OH)3 (6), were synthesized starting from commercially 

available CH2=CHCH2(i-Bu)7Si8O12 (1) via routes depicted in Schemes 2.1 and 
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2.2.  Pt-catalyzed hydrosilylation of CH2=CHCH2(i-Bu)7Si8O12 (1) with HSiEt3 and 

HSiMe2Cl at 60 ˚C overnight furnished after work-up excellent yields of 

Et3Si(CH2)3(i-Bu)7Si8O12 (2) and ClMe2Si(CH2)3(i-Bu)7Si8O12 (3), respectively 

(Scheme 2.1).  Reduction of 3 with LiAlH4 in diethyl ether at room temperature 

gave HMe2Si(CH2)3(i-Bu)7Si8O12 (4) in good yield after work-up (Scheme 2.1).   

 

Scheme 2.1—Synthetic route to 2, 3, and 4 
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Scheme 2.2—Excision of one framework silicon 

 

 The formulation and structure of 2-4 were mainly established by solution 1H, 

13C, & 29Si NMR data.  Both the 1H & 13C NMR spectra for 2 and 3 confirmed the 

complete absence of the allyl resonances characteristic of 1.  Moreover, 2 

showed a 1H NMR methylene resonance at δ 0.47 and a 13C NMR methylene 

resonance at δ 3.3 for the Si(CH2CH3)3 substituent.  Similarly, 3 showed a 1H 

NMR methyl resonance at δ 0.37 and a 13C NMR methyl resonance at δ 1.6 for 

the SiMe2Cl substituent while 4 displayed a 1H NMR methyl resonance at δ 0.065 

and a 13C NMR methyl resonance at δ -4.6 for the SiMe2H substituent.  Also, a 

silyl hydride resonance at δ 3.85 was observed in the 1H NMR spectrum of 4 for 

the SiMe2H group; the presence of SiMe2H was also confirmed by IR 

spectroscopy, which showed a Si-H stretch at 2110 cm-1
.  Consistent with the C3v 
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symmetry expected for 2-4, their 29Si NMR spectra showed overlapping 

resonances between δ -67 and -68 that are characteristic of the silsesquioxane 

cage Si atoms32,40 (four closely positioned resonances in ~1:3:3:1 ratio are 

expected, see Experimental Section).  In addition, 2-4 each displayed a 29Si NMR 

resonance for a pendant SiEt3, SiMe2Cl, or SiMe2H substituent at δ 6.2, 31.1, 

and -13.9, respectively. 

 The preparation of (silyl)propyl-trisilanolisobutyl-POSS compounds 5 and 6 

(Scheme 2.2) was accomplished via modification of the method reported by 

Feher and colleagues for selective formation of incompletely condensed 

silsesquioxanes, that is, base-catalyzed excision of a framework Si atom from 

fully condensed (R8Si8O12) silsesquioxanes.99  By design, the unique Et3Si(CH2)3 

or HMe2Si(CH2)3 substituent of 2 and 4 was chosen to have comparable 

electronic and steric properties to the isobutyl substituents so that extraction of a 

(silyl)propyl-substituted silsesquioxane Si atom should occur with similar 

efficiency as extraction of isobutyl-substituted silsesquioxane Si atom.  In this 

regard, Feher and colleagues previously showed that Si centers possessing less 

bulky H or OH groups were much more readily extracted from the silsesquioxane 

framework than Si centers possessing more bulky, electron-rich groups. For 

instance, both (c-C6H11)7(H)Si8O12 and (c-C6H11)7(OH)Si8O12 reacted in similar 

fashion with aqueous Et4NOH (1.1 equiv) in THF at reflux for 1 h to give (c-

C6H11)7Si7O9(OH)3 in >50% yield.99  Based on the 7:1 isobutyl:(silyl)propyl 

substituent ratio and our hypothesis that extraction of (silyl)propyl- and isobutyl-

substituted silsesquioxane Si atoms would occur with similar efficiency, reaction 

of 2 (or 4) with Et4NOH would be expected to furnish 5 (or 6) and (i-

Bu)7Si7O9(OH)3  in 7:1 ratio, with 5 (or 6) consisting of three regiomers a-c 

(Scheme 2) in 1:3:3 ratio.  We found that the reaction of HMe2Si(CH2)3(i-

Bu)7Si8O12 (4) with aqueous Et4NOH (1.1 equiv) in THF at reflux for 4 h 

proceeded to only about 50% completion; 29Si NMR spectroscopic study of the 

product mixture revealed resonances for silanol Si atoms and silsesquioxane Si 

atoms in 1.5:6.5 integral ratio rather than the expected 3:4 ratio (vide infra).  In 

contrast, the reaction of (i-Bu)8Si8O12 with aqueous Et4NOH under identical 



 

42 
 

conditions proceeded to completion in 4 h to give (i-Bu)7Si7O9(OH)3 in ~40% 

isolated yield, consistent with literature report.99  Thus, we studied the reaction of 

4 with aqueous Et4NOH (1.1 equiv) in THF at reflux over time and found that an 

increase in the reaction time to 8 hours led to complete consumption of 4 and 

isolation of a regiomeric mixture of HMe2Si(CH2)3(i-Bu)6Si7O9(OH)3 (6) as a 

colorless gel in 45% yield after work-up (Scheme 2.2).  Analogous reaction of 

Et3Si(CH2)3(i-Bu)7Si8O12 (2) with aqueous Et4NOH for 8 h proceeded to provide a 

regiomeric mixture of Et3Si(CH2)3(i-Bu)6Si7O9(OH)3 (5) as a colorless gel in 48% 

yield after work-up. 

 1H, 13C, & 29Si NMR and IR data were mainly used to characterize 

regiomeric mixtures 5 and 6.  The formulation of 6 was also confirmed by 

microanalysis.  However as for many polyhedral silsesquioxane compounds, 

obtaining consistent elemental analyses for 5 proved very challenging, even with 

use of a combustion aid such as WO3 to suppress the formation of silicon 

carbide.  The 29Si NMR spectra of 5 and 6 were particularly informative, the 

resonance observed for the silanol Si atoms at δ -58.7 for 5 and δ -58.9 for 6, 

being consistent with the chemical shift (δ -58.5) previously reported for the 

silanol Si atoms of (i-Bu)7Si7O9(OH)3.
99  The silanol signal also displayed the 

expected 3:4 integral ratio with overlapping resonances for silsesquioxane Si 

atoms found between δ -67.5 and -69.9 for both 5 and 6.  Furthermore, the 

resonance for the silanol Si atoms displayed the expected 3:1 integral ratio 

versus the resonance for the pendant Et3Si(CH2)3 substituent of 5 (at δ 6.2).  

Regrettably, the Si resonance for the HMe2Si(CH2)3 substituent of 6 was not 

observed, preventing analogous integral ratio evaluation.  However, both the 1H 

and 13C NMR spectra of 6 showed resonances at δ 0.06-0.21 and -4.6 for methyl 

groups of the HMe2Si(CH2)3 substituent.  In the 1H NMR spectra, a broad 

resonance at δ 6.35 for 5 and δ 5.70 for 6 was observed for the silanol protons.  

Further confirming the presence of silanol groups was the observation of a broad 

O-H stretch at 3150 cm-1 for 5 and 3395 cm-1 for 6, while a Si-H stretch at 2114 

cm-1 was observed for 6.  
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2.3.2. Preparation and characterization of tripodal titanium silsesquioxane 

complexes 

 Regiomeric mixtures of tripodal titanium silsesquioxane complexes 

[Ti(NMe2){Et3Si(CH2)3(i-Bu)6Si7O12}] (7) and [Ti(NMe2){HMe2Si(CH2)3(i-

Bu)6Si7O12}] (8) were prepared in excellent yield via protonolysis of Ti(NMe2)4 

with one equivalent of Et3Si(CH2)3(i-Bu)6Si7O9(OH)3 (5) and HMe2Si(CH2)3(i-

Bu)6Si7O9(OH)3 (6), respectively (equation 1).  Reasoning that the differences in 

regiochemistry may lead to different reactivity of the titanium 

 

centers, we also prepared symmetrically substituted Ti silsesquioxane complexes 

[Ti(NMe2){(i-C4H9)7Si7O12}] (9)32 and [Ti(NMe2){(c-C6H11)7Si7O12}] (10)40 by the 

literature methods and evaluated the potential of 7-10 as homogeneous catalysts 

for 1-octene epoxidation with TBHP under identical conditions (vide infra).  

Whereas 9 and 10 are air- and moisture-sensitive yellow crystalline solids, Ti 

silsesquioxane regiomeric mixtures 7 and 8 were isolated as air- and highly 

moisture-sensitive yellow gels.  Both 7 and 8 display good solubility in a range of 

aliphatic and aromatic hydrocarbon solvents, such as pentane, hexane, THF, 
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diethyl ether, chloroform, dichloromethane, benzene and toluene, but show poor 

solubility in acetonitrile and acetone.   

 The formulation and structure of 7 and 8 were established by a combination 

of microanalysis, solution (1H, 13C, & 29Si) NMR, IR, and UV-vis data.  Consistent 

with the predominant regiomers of Ti silsesquioxanes 7 and 8 being C1-

symmetric (i.e. regiomers b and c, equation 1), their 29Si NMR spectra showed 

broad overlapping resonances in the range expected for framework 

silsesquioxane Si atoms (between δ -66 and -70).  Furthermore, consistent with 

previous observations for Ti silsesquioxane complexes,127,128 the resonance for 

the Si atoms bearing OH groups (at δ -58.7 for 5 and δ -58.9 for 6) shifts upfield 

(by ca. 7 ppm) upon co-ordination of the oxygen with titanium.  The Si atom of 

the Et3Si(CH2)3 group of 7 was observed as a singlet resonance at δ 6.2.  For 8, 

1H and 13C NMR resonances for methyl groups of the HMe2Si(CH2)3 substituent 

were observed at δ 0.15 and -4.4, respectively.  While the Si-H resonance 

overlapped with N-H resonance of the HNMe2 by-product in the 1H NMR 

spectrum (vide infra), the IR spectrum of 8 confirmed a Si-H stretch at 2113 cm-1 

and complete absence of an O-H stretch.  

 1H NMR spectra of 7 and 8 revealed that the yellow gels contained some 

residual HNMe2 (the protonolysis reaction by-product, equation 1) and that 

binding of HNMe2 to the Ti center and slow exchange between HNMe2 and Ti-

NMe2 occurred to broaden the Ti-NMe2 resonances observed between δ 3.02 

and 3.25, the expected range for the Ti-NMe2 resonance of Me2N-Ti-

silsesquioxane complexes.40  All attempts to remove the residual HNMe2 by 

either drying the gels under vacuum with gentle heating or by washing the gels 

with copious amounts of acetonitrile were unsuccessful; hydrolysis of Ti-NMe2 by 

adventitious water in acetonitrile was a major problem, due to high moisture-

sensitivity of the compounds.  In contrast, symmetrically substituted Ti 

silsesquioxanes [Ti(NMe2){(i-C4H9)7Si7O12}] (9) and [Ti(NMe2){(c-C6H11)7Si7O12}] 

(10) were obtained as crystalline solids (vide supra) and free of HNMe2.  That 7 

and 8 weakly bind HNMe2 and slowly exchange the Ti-NMe2 group is supported 
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by results of a titration experiment wherein one equivalent of HMe2Si(CH2)3(i-

Bu)6Si7O9(OH)3 (6) was added in small fractions to a CDCl3 solution of Ti(NMe2)4 

at room temperature and followed by 1H NMR.  As shown in Figure 2.1, when 

sub-equimolar amounts of 6 were added to a CDCl3 solution of Ti(NMe2)4, the 1H 

NMR spectra (a-d) contained a broad resonance at δ 2.2 for free HNMe2 and δ 

3.1 for unreacted Ti(NMe2)4, along with two broad resonances at ~ δ 2.44 and 

2.40 for Ti-bound HNMe2 as well as Ti-NMe2 resonances between δ 3.00 and 

3.25.  As addition of an equimolar amount of 6 was approached and Ti(NMe2)4 

was effectively consumed to produce a regiomeric mixture of 8, the Ti-NMe2 

resonances for 8 (between δ 3.00 and 3.25) broadened significantly and 

resonances for Ti-bound HNMe2 groups coalesced to a single broad peak, 

consistent with slow exchange between free- and Ti-bound HNMe2 as well as the 

Ti-NMe2 group.  In further support of this suggestion, we found that similar 

broadening of the Ti-NMe2 resonance was observed by 1H NMR when a sub-

equimolar amount of HNMe2 was introduced into CDCl3 solutions of [Ti(NMe2){(i-

C4H9)7Si7O12}] (9) and [Ti(NMe2){(c-C6H11)7Si7O12}] (10).  UV–vis data for 

regiomeric 7 and 8 are also consistent with predominance of a tetrahedral Ti site 

in the complexes.  Specifically, the UV–vis spectra of 7 and 8 contained an 

intense absorption at 203 and 212 nm, respectively (see appendix); these 

absorptions are close to the range (212–228 nm) previously reported for Ti 

silsesquioxane complexes and are assigned to a ligand to metal charge transfer 

transition involving four-coordinated titanium bearing oxygen ligands.40 The UV–

vis spectrum displayed a broad shoulder peak extending to about 280 nm, due 

presumably to formation of six-coordinated Ti by coordination of two HNMe2 

molecules.  In this context, we note that bands above 250 nm are generally 

indicative of octahedral Ti sites.129 
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Figure 2.1—1H NMR spectra corresponding to titrations of Ti(NMe2)4 with sub-
equimolar amounts of 6. (Ti(NMe2)4:6 ratios: a = 2.2:1; b = 2:1; c = 1.8:1; d = 

1.6:1;  e= 1.4:1; f = 1.2:1) 

 

 

2.3.3. Covalent grafting of tripodal titanium silsesquioxane complexes to 

hyperbranched polysiloxysilane matrices 

 The immobilization of tripodal Ti silsesquioxane materials was accomplished 

by covalently grafting trisilanolisobutyl-POSS ligand to hyperbranched 

polysiloxysilane matrices and then reacting the resulting materials with Ti(NMe2)4 

(Scheme 2.3).  Vinyl-terminated hyperbranched polysiloxysilane P1 (Scheme 2. 

3) was synthesized by modification of the literature method, via Pt-catalyzed 

polymerization of HSi(OSiMe2CH=CH2)3,106 and isolated as a viscous oil with 

molecular weight (Mn) and polydispersity index (PDI) of 9318 g mol-1 and 1.93, 

respectively.  Pt-catalyzed hydrosilylation of P1 with HMe2Si(CH2)3(i-

Bu)6Si7O9(OH)3 (6, ~5 mol% relative to moles of P1 vinyl groups) in toluene 

produced P1-6 (Scheme 2.3) as a colorless viscous gel after work-up.  

Consistent with covalent attachment of trisilanolisobutyl-POSS ligand to P1, both 

the 1H and 13C NMR spectra of P1-6 contained methyl resonances characteristic 

of the silsesquioxane-bound isobutyl group at δ ~0.96 and between δ 20-25, 

a 

b 

c 

d 

e 

f 
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respectively.  The 13C NMR spectrum further showed peaks between δ -0.7 to 

9.7 for Si-Me and methylene carbons of the polysiloxysilane backbone, as well as 

resonances at δ 131.6 and 139.2 for vinyl carbons.  The 29Si NMR data were 

especially informative, showing resonances for silanol Si atoms at δ -58.2 and 

silsesquioxane Si atoms at δ -67.0 to -68.3, along with resonances characteristic 

of P1 Si atoms at δ 8.3 (OSiMe2CH2), -3.2 to -4.6 (OSiMe2CH=CH2), and -64.6 to 

-65.0 (CH2Si(OSiMe2CH=CH2)3).106  Also, the IR spectrum of P1-6 contained a 

very broad silanol O-H stretch at ~3300 cm-1. 
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Scheme 2.3—Synthetic route for the formation of active catalysts P1-8 and c-P1-

8 
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  The corresponding crosslinked derivative c-P1-6 (Scheme 2.3), free of 

vinyl groups as established by absence of a vinyl stretch in its IR spectrum, was 

prepared via Pt-catalyzed hydrosilylation of P1-6 with 1,1,3,3,5,5-

hexamethyltrisiloxane (HMe2SiOSiMe2OSiMe2H, ~2 equivalents of Si-H groups 

relative to number of moles of polymer vinyl groups).  c-P1-6 was obtained as a 

colorless solid material.  Whereas P1-6 was soluble in ether, THF, pentane, 

hexane, 1-octene and chloroform, c-P1-6 was only sparingly soluble in pentane, 

toluene, 1-octene, and THF but completely insoluble in chloroform and 

methylene chloride; both materials were completely insoluble in methanol, 

acetone, and acetonitrile.  Thus, the titanium catalysts derived from these 

materials should be readily recovered by precipitation at the end of epoxidation 

reactions (vide infra). 

 Tripodal Ti silsesquioxane materials P1-8 and c-P1-8 were prepared by 

reacting an excess of Ti(NMe2)4 with the corresponding trisilanol POSS material 

P1-6 or c-P1-6 in toluene for 1 h (Scheme 2.3).  After removing toluene under 

reduced pressure, the materials were washed with acetonitrile to remove residual 

HNMe2 and Ti(NMe2)4 and dried under vacuum.  P1-8 was isolated as a viscous 

orange gel while c-P1-8 was obtained as an orange solid.  While P1-8 was 

soluble in chloroform, poor solubility of c-P1-8 in common organic solvents (such 

as chloroform, methylene chloride, toluene and THF) rendered its 

characterization by solution NMR techniques difficult.  Nonetheless, the formation 

of tripodal Ti silsesquioxane materials was confirmed by a combination of IR, UV-

vis, and elemental analysis data.  The absence of a silanol O-H stretch in the IR 

spectra of P1-8 and c-P1-8 revealed that the silanol groups of the corresponding 

P1-6 and c-P1-6 precursors were completely consumed.  Furthermore, the 1H 

NMR spectrum of P1-8 did not contain a resonance for Si-OH and showed 

resonances for Ti-NMe2 in the expected chemical shift range at δ 3.06-3.25, 

along with a small HNMe2 resonance between δ 2.4 and 2.5.  Equally important, 

the 29Si NMR spectrum for P1-8 was absent a resonance for silanol Si atoms 

(typically observed at ~ δ -58).  Consistent with previous observations for Ti 

silsesquioxane complexes (vide supra), the resonance for silanol Si atoms of P1-
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6  (at δ -58.2) shifted upfield (by ca. 7 ppm) upon co-ordination of the oxygen 

with titanium, to between δ -66.2 to -69.0.   

 The UV–vis data for P1-8 and c-P1-8 are consistent with the retention of a 

tetrahedral Ti site in the materials.  Specifically, the UV–vis spectra of P1-8 and 

c-P1-8 contained an intense absorption at 203 and 199 nm, respectively (see 

appendix); these absorptions are in the same range (vide supra) observed for 

[Ti(NMe2){Et3Si(CH2)3(i-Bu)6Si7O12}] (7) and [Ti(NMe2){HMe2Si(CH2)3(i-

Bu)6Si7O12}] (8) and are likewise assigned to a ligand to metal charge transfer 

transition involving four-coordinated titanium bearing oxygen ligands.40  Similar to 

the spectra for regiomeric mixtures 7 and 8, UV–vis spectra for P1-8 and c-P1-8 

displayed a broad shoulder peak extending to about 280 nm, which is likely due 

to octahedral Ti sites, formed by coordination of two HNMe2 molecules (vide 

supra).  Proton-induced X-ray emission (PIXE) analysis of the Ti silsesquioxane 

materials found that P1-8 contained 1.13 weight percent (wt%) of Ti which is in 

good agreement with the calculated value (1.07 wt%).  Similarly, c-P1-8 

contained 0.45 wt% Ti which is close to the calculated value (0.59 wt%).  

Presumably, some of the trisilanol-POSS ligands present in c-P1-6 are less 

accessible than those present in P1-6. 

2.3.4. Alkene Epoxidation activity 

2.3.4.1. Alkene Epoxidation activity of tripodal titanium silsesquioxane complexes 

 In order to gauge the effect different regiochemistry about the Ti center on 

reactivity of Ti silsesquioxane materials, we investigated the epoxidation of 1-

octene with TBHP at 80 ˚C under pseudo-first-order conditions (1-octene:TBHP 

of 20:1) using regiomeric mixtures of tripodal titanium silsesquioxane complexes 

[Ti(NMe2){Et3Si(CH2)3(i-Bu)6Si7O12}] (7) and [Ti(NMe2){HMe2Si(CH2)3(i-

Bu)6Si7O12}] (8), as well as symmetrically substituted Ti silsesquioxane 

complexes [Ti(NMe2){(i-C4H9)7Si7O12}] (9) and Ti(NMe2){(c-C6H11)7Si7O12}] (10), 

as catalysts (see Experimental Section).  As the reaction rate plots in Figure 2.2 

clearly show, pseudo-first-order kinetics are observed corresponding to equation 

2.  The second-order rate 
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constants determined for TBHP conversion (k2 = k1/[Ti]) for complexes 7-10 are 

shown in Table 1.  The measured values of k2 for regiomeric mixtures of tripodal 

titanium silsesquioxanes 7 and 8 are markedly lower than those obtained for 

symmetrically substituted Ti silsesquioxane complexes 9 and 10.  As discussed 

in Section 3.2, 7 and 8 predominantly contained C1-symmetric Ti silsesquioxane 

regiomers (equation 1) while 9 and 10 are C3v-symmetric.  Furthermore, while 9 

and 10 were isolated as base-free crystalline complexes, 7 and 8 were obtained 

as yellow gels containing weakly bound HNMe2 molecules that are slowly 

exchanged with Ti-NMe2.   Presumably, both slow displacement of HNMe2 from 

the Ti center by TBHP (to ultimately form catalytically active Ti-OOBut species)40 

and differences in activities of the Ti centers in the different C1-symmetric 

regiomers contribute to the reduced activity of 7 and 8 relative to 9 and 10.  

Nonetheless, although 8 displayed somewhat lower activity than 7, both 7 and 8 

show comparable or superior activity in the epoxidation of 1-octene with TBHP 

relative to homogeneous Mo catalysts, such as MoO(acac)2,130 as well as 

heterogeneous Ti-containing catalysts such as the Shell catalyst131 (Table 2.1).  

Moreover, we expect that substitution of the amide ligand present in regiomeric 

mixtures of Ti silsesquioxanes 7 and 8 with a less basic OPri, OPh, or OSiMe3 

ligand would result in greater k2 values, due to formation of a weaker base than 

HNMe2 upon protonolysis with TBHP, i.e. HOPri, HOPh, or HOSiMe3; these 

studies are currently underway in our laboratories.  In this context, the activities 

of [Ti(L){(c-C6H11)7Si7O12}] (L = NMe2, OPri, or OPh) in the epoxidation of 1-

octene with TBHP have been shown to increase in the order: L = NMe2 < OPri < 

OPh.40  Incidentally, the lower activity of 9 versus 10 is best attributed to the 

greater steric bulk of isobutyl- versus cyclohexyl substituents.  In this regard, it 

has been demonstrated that less bulky silsesquioxane substituents allow better 

access to the Ti center and thereby give rise to greater reactivity of Ti 

silsesquioxane complexes.40   

d[epoxide]/dt = k1[TBHP]                    

 (where k1 = k2[Ti] = k3[Ti][olefin])

(2)
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Figure 2.2—Pseudo-first order rate plots for the epoxidation of 1-octene with 

TBHP catalyzed by titanium silsesquioxane complexes: 9, ◊ 10, ■ 7and ✕ 8. 

 

 

 

Table 2.1—Epoxidation of 1-octene with TBHP catalyzed by titanium 
silsesquioxane complexes and related materials 

 

Catalyst Selectivity to 

epoxide (%)a 

102 k2/dm3 

mol-1 s-1 
Ref. 

7 92 ± 2.0 24 ±3.5  

8 70 ± 1.5 15 ± 2.4  

9 86 ± 4.5 86 ± 8.8  

10 95 ± 4.0 139 ± 3.0  

MoO(acac)2
 92 31 110 

TiO2/SiO2 (Shell 
Catalyst) 

97 18 114 

Conditions: T = 80 ˚C, Ti = 0.2 mmol, TBHP = 30 mmol, 1-octene (75g) as 
solvent.  aSelectivity = (mol 1,2-epoxyoctane formed/mol TBHP consumed) × 
100; selectivities were determined at 90% TBHP consumption.  Values quoted 
represent the average from at least three trials +/- the standard deviation. 
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For all of the Ti silsesquioxane complexes tested in this study, 1,2-

epoxyoctane was the only product (equation 3) formed under the reaction 

conditions employed, selectivity referring to  

 

the yield of epoxide based on TBHP consumed.  Interestingly, while the 

regiomeric mixture of [Ti(NMe2){Et3Si(CH2)3(i-Bu)6Si7O12}] (7) showed high 

selectivity to epoxide (> 90%), comparable to 9 and 10 (Table 2.1), the 

regiomeric mixture of [Ti(NMe2){HMe2Si(CH2)3(i-Bu)6Si7O12}] (8) showed only 

moderate (70%) selectivity to epoxide.  In this context, we anticipated that 

oxidation of the Si-H moiety of 8 could occur under the reaction conditions 

employed,132 and hence prepared 7 which bears a SiEt3 moiety that is resistant to 

oxidation.  However, while the much lower activity of 8 compared to [Ti(NMe2){(i-

C4H9)7Si7O12}] (9) (Table 2.1) does not appear to be due to oxidation of the Si-H 

moiety, the drastic drop in selectivity to epoxide observed for 8 (versus 7, 9 and 

10) is presumably a consequence of TBHP consumption due to oxidation of the 

silane moiety. 

2.3.4.2. Alkene Epoxidation activity of tripodal titanium silsesquioxane materials 

 The efficiency of Ti silsesquioxane materials P1-8 and c-P1-8 as epoxidation 

catalysts was investigated given that regiomeric mixtures of Ti silsesquioxanes 7 

and 8 displayed competitive activities and very high selectivities in catalytic 

epoxidation of 1-octene with TBHP (vide supra).  The epoxidation of 1-octene 

(neat) with TBHP was studied at 80 ˚C and the reaction progress was followed by 

taking samples for GC analysis at regular intervals.  Whereas P1-8 dissolved 

completely in solution under the reaction conditions, crosslinked Ti 

silsesquioxane material c-P1-8 was only sparingly soluble in the reaction mixture.  

When P1-8 (0.05 mmol Ti, 9.1 mol% Ti relative to TBHP) was used as the 

catalyst, the epoxidation of 1-octene with TBHP (0.55 mmol) proceeded in 2 h to 

high conversion (> 99%) with excellent TBHP efficiency to selectively produce 1-



 

54 
 

epoxyoctane (Table 2.2).  With c-P1-8 (0.02 mmol Ti, 3.6 mol% Ti relative to 

TBHP) as the catalyst, the reaction of 1-octene with TBHP (0.55 mmol) similarly 

proceeded with high TBHP efficiency to selectively form 1-epoxyoctane (Table 

2.2) but required 24 h to achieve >90% TBHP conversion.  Interestingly, while 

P1-8-catalyzed 1-octene epoxidation with TBHP proceeded with high 1-

epoxyoctane selectivity over the reaction course and steady TBHP consumption 

was observed until late stages of the reaction (Figure 2.3), c-P1-8-catalyzed 

epoxidation of 1-octene with TBHP proceeded with sluggish TBHP consumption 

early in the reaction (~10% TBHP consumption was observed in 4 h) and 

seemingly gave mixed selectivities for 1-epoxyoctane until ~60% of TBHP had 

been consumed, even though no other product was observed.  We reasoned that 

in addition to the lower Ti content in aforementioned c-P1-8-catalyzed reactions, 

poor solubility and slow swelling of c-P1-8 contributed to the drastic difference 

observed in epoxidation efficiency of P1-8 and c-P1-8 catalysts.  Thus, a reaction 

wherein c-P1-8 was allowed to swell in 1-octene at 80 ˚C for 4 h prior to the 

addition of TBHP was carried out.  Under these reaction conditions, the initial 

rate of TBHP consumption (and resulting 1-epoxyoctane formation) improved 

dramatically (Figure 2.3) albeit it still took 24 h to achieve >90% TBHP 

conversion.  This result suggests that swelling of the Ti silsesquioxane material 

c-P1-8 allows for greater partitioning of TBHP into the material and leads to 

faster 1-octene epoxidation.  However, the reaction rate slows down with 

decreasing concentration of TBHP (especially late in the reaction when most of 

the TBHP has been consumed). 
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Table 2.2—Epoxidation of 1-octene with TBHP catalyzed by titanium 
silsesquioxane materials P1-8 and c-P1-8. 

Catalyst Time (h) Selectivity to 

epoxide (%)a 

TBHP Conversion (%) 

P1-8a 2 97.8 ± 0.3 99.8 ± 0.5  

c-P1-8b 24 93.9 ± 3.0 95.7 ± 4.7  

Conditions: T = 80 ˚C, TBHP = 0.55 mmol, 1-octene (20 g), 0.05 mmol Ti for P1-8 
and 0.02 mmol Ti for c-P1-8.  a Selectivity = (mol 1,2-epoxyoctane formed/mol 
TBHP consumed) × 100; determined at TBHP conversion shown.  Values quoted 
represent the average from at least three trials +/- the standard deviation. 

 

 

 

 

Figure 2.3—TBHP conversion as a function of time for the epoxidation of 1-
octene catalyzed by  P1-8 c-P1-8 (preswelled for 4 h), and ◊ c-P1-8 

(reaction conditions: T = 80 ˚C, TBHP = 0.55 mmol, 1-octene (20 g), 0.05 mmol 
Ti for P1-8 and 0.02 mmol Ti for c-P1-8). 
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2.3.4.3. Titanium leaching and catalyst recycling studies 

 To further establish that the Ti centers in Ti silsesquioxane materials P1-8 

and c-P1-8 were the catalytically active sites and that the materials are robust 

alkene epoxidation catalysts, we conducted catalyst recycling studies.  As shown 

in Table 2.3, the selectivity to epoxide was excellent and highly reproducible for 

the five recycles studied for Ti silsesquioxane materials P1-8 and c-P1-8 (see 

Experimental Section).  However, the percentage of t-butyl hydroperoxide 

(TBHP) converted dropped drastically after two recycles (three epoxidation 

cycles) due to the fact that the reaction is autoretarded by the t-butanol co-

product, which was retained in the materials in increasing concentration after 

each use; that alkene epoxidation is autoretarded by alcohol co-product has 

previously been observed for a variety of homogeneous and heterogeneous 

titanium and vanadium catalysts.133  Additional evidence for autoretardation of 1-

octene epoxidation by t-butanol by-product was obtained by adding a small 

amount of t-butanol (50 µL) to a solution of 1-octene and TBHP containing 

pristine P1-8 as catalyst (Table 2.3, entry 8).  As expected, the reaction 

proceeded at a slower rate when t-butanol was added at the outset (77% TBHP 

conversion after 2h) than when it was not (essentially complete TBHP conversion 

after 2h, Table 2.2).  Nonetheless, it is noteworthy that the selectivity for 1-

epoxyoctane remained very high even for the reactions slowed by increased t-

butanol concentrations, suggesting minimal (if any) catalyst degradation over the 

reaction course.  Consistent with the preceding suggestion, as well as minimal 

leaching of titanium, PIXE analysis of recycled c-P1-8 catalyst (isolated by 

precipitation from the reaction with CH3CN after five recycles) revealed that the Ti 

content was 0.38% in comparison with 0.45% found for pristine c-P1-8.  Also 

remarkable, these Ti silsesquioxane catalysts are readily reparable.  For 

example, after six epoxidation cycles using c-P1-8 as catalyst, the material was 

isolated, treated with Ti(NMe2)4 (yellow) in toluene, and then washed with 

acetonitrile until the washings were colorless and dried under vacuum.  When the 

resulting material (repaired catalyst) was used as catalyst for the epoxidation of 

1-octene under our typical epoxidation conditions, the selectivity to 1-
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epoxyoctane and the TBHP conversion (Table 2.3, entry 14) were essentially 

identical to those of pristine c-P1-8 (Table 2.2).    

 

Table 2.3—Catalyst recyclability, retardation, and reparability studiesa 

a Conditions: T = 80 ˚C, TBHP = 0.55 mmol, 1-octene (20 g),  0.05 mmol Ti for 
P1-8 and 0.02 mmol Ti for c-P1-8.  b Selectivity = (mol 1,2-epoxyoctane 
formed/mol TBHP consumed) × 100; determined at TBHP conversion shown.  c 
See Experimental Section for details of catalyst repair. 

 

 

 

Entry Epox. 
Recycle 
# 
 

Catalyst Time 
(h) 

Selectivity 
to  
Epoxide 
(%)b 

TBHP 
Conversion 
(%) 

1 1 P1-8 2  93 90 

2 2 P1-8 2 96 76 

3 3 P1-8 2 95 60 

4 4 P1-8 2 100 45 

5 4 P1-8 10 91 100 

6 5 P1-8 2 99 45 

7 5 P1-8 10 89 60 

8 - P1-8 (50 µL t-BuOH 
added) 

2 92 77 

9 1 c-P1-8 24 91 70 

10 2 c-P1-8 24 93 56 

11 3 c-P1-8 24 96 48 

12 4 c-P1-8 24 88 51 

13 5 c-P1-8 24 85 30 

14 - c-P1-8 (repaired)c 24 93 100% 
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2.4 Conclusions 

 Titanium silsesquioxane materials P1-8 and c-P1-8, containing a mixture of 

tripodal titanium silsesquioxane regiomers covalently grafted to hyperbranched 

polysiloxysilane matrices, were investigated for the catalytic epoxidation of 1-

octene with t-butyl hydroperoxide (TBHP).  Using either P1-8 or c-P1-8 as 

catalyst, the epoxidation of 1-octene with TBHP proceeded with excellent 

selectivity to 1-epoxyoctane, consistent with previously reported catalytic 

properties of tripodal titanium silsesquioxane complexes.40  While P1-8 and c-P1-

8 display lower activity in the epoxidation of 1-octene with TBHP than the related 

symmetrically-substituted homogeneous catalyst [Ti(NMe2){(i-C4H9)7Si7O12}] (9), 

the activity of P1-8, which dissolved completely under our epoxidation conditions, 

was competitive with activities of homogeneous Mo catalysts, such as 

MoO(acac)2,130 as well as heterogeneous Ti-containing catalysts such as the 

Shell catalyst131 in 1-octene epoxidation with TBHP.  The reduced activity of c-

P1-8 versus P1-8 appears, in part, to be due to its slow swelling behavior under 

the reaction conditions; poor swelling hinders partitioning of TBHP into the 

material and results in slower 1-octene epoxidation.  Both titanium 

silsesquioxane materials P1-8 and c-P1-8 are highly recyclable 1-octene 

epoxidation catalysts; high selectivity to epoxide was maintained through the six 

epoxidation cycles studied.  However, autoretardation of 1-octene epoxidation by 

the t-butanol co-product retained in the materials led to a slow decease in 

catalyst activity after each recycle.  Finally, the catalysts are readily reparable, 

with the repaired material displaying identical activity and selectivity as the 

pristine catalyst.  
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Chapter 3:  Epoxidation of unactivated alkenes with TBHP catalyzed by 

tripodal titanium silsesquioxanes immobilized on a hyperbranched 

poly(siloxysilane) polymer 

 

3.1 Introduction 

Tripodal titanium silsesquioxanes have proven to be excellent catalysts for 

the epoxidation of unactivated alkenes with hydroperoxides40 and display greater 

catalytic activity compared to related heterogeneous titanium catalysts such as 

titania-on-silica (Shell catalyst),84 titanium silicate-1 (TS-1)38 and titania-silica 

mixed oxides69 which contain non-uniform active sites.  The high catalytic activity 

of tripodal titanium is due to a balance between high Lewis acidity of the titanium 

center and the accessibility of the active center to the olefin.40,50,84  Numerous 

studies have been conducted exploring the catalytic activity of tripodal titanium 

silsesquioxanes39,45,50,58,95 using 1-octene, cyclohexene or cyclooctene however 

their versatility had yet to be explored.  The results presented in Chapter 2 

demonstrated that tripodal titanium silsesquioxanes can be immobilized onto a 

hyperbranched poly(siloxysilane) polymer, generating well-defined 

heterogeneous catalysts.  Epoxidation of 1-octene employing tert-butyl 

hydroperoxide (TBHP) as the oxidant demonstrated that the materials produced 

are very selective, recyclable, and repairable catalysts.      

Herein we report the successful epoxidation of cyclohexene, 1-methyl 

cyclohexene, limonene, and α-pinene using homogeneous tripodal titanium 

POSS complexes. Additionally, we establish that when tripodal titanium 

silsesquioxanes are immobilized onto hyperbranched matrices, the resulting 

catalysts display similar activity compared to their homogeneous analogs for 

more demanding olefins.  Finally, we demonstrate that the rate of reaction for 

immobilized tripodal titanium catalysts is not diffusion limited by determining the 

apparent activation energy and determining the initial rate of reaction under 

different stirring rates. 
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3.2 Experimental 

All experiments were performed under an atmosphere of nitrogen either 

using standard Schlenk techniques or in a Vacuum Atmospheres glovebox.  

Solvents were dried and distilled by standard methods before use.126  All solvents 

were stored in glovebox over 4Å molecular sieves that had been dried in a 

vacuum oven at 250 °C for at least 24 hours before use.  All glassware were 

dried in an oven at 110 °C for 24 hours before use.  Unless otherwise stated, all 

reagents were purchased from Aldrich Chemical Company and used without 

further purification.  TBHP (5.5 M in nonane) was purchased from Aldrich 

Chemical Company which was stored over 4Ǻ molecular sieves in the 

refrigerator.   1-octene were stored over 4Ǻ molecular sieves in the glovebox 

along with Ti(NMe2)4.  Allylisobutyl POSS (CH2=CHCH2(i-Bu)7Si8O12 (1)), 

trisilanol isobutyl POSS, and trisilanol cyclohexyl POSS were purchased from 

Hybrid Plastics Inc. and dried overnight under vacuum at 60 C prior to use.  

Karstedt’s catalyst (2.4% Platinum divinyl tetramethyl disiloxane in xylene,), 

chlorodimethylsilane, vinyldimethylchlorosilane, and trichlorosilane were 

purchased from Gelest Inc. and used without further purification.  Celite and 

activated charcoal were dried in a vacuum oven at 150 °C for 24 hours before 

use.  The compounds ClMe2Si(CH2)3(i-Bu)7Si8O12 (3), HMe2Si(CH2)3(i-Bu)7Si8O12 

(4), HMe2Si(CH2)3(i-C4H9)6Si7O9(OH)3 (6, regiomeric mixture), [Ti(NMe2){(i-

C4H9)7Si7O12}] (9),32  [Ti(NMe2){(c-C6H11)7Si7O12}] (10),40 P1-6, and P1-8 were 

prepared by literature methods and shown in chapter2. Vinyl-terminated 

hyperbranched polysiloxysilane P1 (Scheme 3) was synthesized via Pt-catalyzed 

polymerization of HSi(OSiMe2CH=CH2)3,106 and isolated as a viscous oil with 

molecular weight (Mn) and polydispersity index (PDI) of 9318 g mol-1 and 1.93, 

respectively.  NMR (1H, 13C, & 29Si) and IR data of P1 are consistent with 

literature data. 

1H, 13C, and 29Si NMR spectra were recorded on a Varian INOVA 400 

MHz spectrometer employing VnmrJ software.  All chemical shifts are reported in 

units of δ (downfield of tetramethylsilane) and 1H & 13C chemical shifts were 
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referenced to residual solvent peaks.  29Si NMR spectra were recorded using 

inverse-gated proton decoupling in order to increase resolution and minimize 

nuclear Overhauser enhancement effects.  To ensure accurate integrated 

intensities, [Cr(acac)3] (0.05 M) was added to 13C and 29Si NMR samples as a 

shiftless relaxation agent and a delay of at least 1.1 s was used between 

observation pulses for 13C and 29Si measurements.  

GLC analyses were performed on an Agilent HP 6890 GC instrument 

equipped with a flame ionization detector (FID).  A 1.0 µL injection was employed 

and helium was used as the carrier gas.  The FID was set to 300 °C and the inlet 

was isothermally maintained at 140 °C in split mode (split ratio 50:1; split flow 

221 ml/min).  An Agilent J&W HP-1 column (25 m × 320 µm × 0.52 µm) rated to 

350 °C was employed, maintaining a constant pressure of 14.5 psi.  The oven 

parameters were programmed to start at 35 °C; followed by a ramp of 45 °C/min 

to 200 °C and held for 2 minutes.  The total run time was 8.67 minutes.  

Quantification was performed through the use of toluene as an internal standard.  

Chromatographic programming was performed using Agilent Chemstation 

software.  Conversion and selectivity were calculated as follows: 

Conversion (CTBHP)  =  
𝑚𝑜𝑙𝑒𝑠 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃
𝑋 100            

Selectivity (STBHP) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

Conversion (Colefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 
𝑋100 

Selectivity (Solefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋100 

TON (turnover number) =  
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
 

TOF (Turnover frequency) =  
𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
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IR spectra were recorded on a Thermo Scientific Nicolet iS10 FT-IR 

Spectrometer.  UV-vis spectra were collected on a Thermo Scientific Evolution 

201 spectrophotometer using pentane solutions sealed in 1 cm cuvettes under 

N2.  Gel permeation chromatography (GPC) analyses were carried out on an 

Agilent Technologies PL-GPC 50 Integrated GPC equipped with a UV detector 

and a refractive index detector, as well as a Polymer Laboratories PL-AS RT 

GPC autosampler.  The GPC was equipped with two PL gel Mini-MIX C columns 

(5 micron, 4.6 mm ID). The GPC columns were eluted with tetrahydrofuran at 30 

°C at 0.3 mL/min and were calibrated using monodisperse polystyrene 

standards.   Elemental analyses were performed by either Robertson Microlit 

laboratories or Galbraith laboratories, and typically included the use of a 

combustion aid.  Proton-induced X-ray emission (PIXE) analyses were performed 

by Elemental Analysis Inc.  

3.2.1  Synthesis of c-P1-6  

A round-bottom three-neck flask (50 mL) equipped with a magnetic stir 

bar, condenser with N2 inlet, and thermometer was charged with vinyl-terminated 

hyperbranched polysiloxysilane P1 (4.06 g, 0.429 mmol, ~24 mmol CH=CH2 

groups), HMe2Si(CH2)3)(i-C4H9)6Si7O9(OH)3 (6, 2.01 g, 2.41 mmol), toluene (40 

mL), and Karstedt's catalyst (0.2 mL).  The reaction mixture was heated at 60 °C 

overnight (~16 h) at which point complete disappearance of the Si-H groups was 

confirmed by 1H NMR spectroscopy.  The reaction mixture was cooled to room 

temperature and then charged with 1,1,3,3,5,5-hexamethyltrisiloxane (3.75 g, 18 

mmol) and Karstedt’s catalyst (0.2 mL).  After stirring the solution at 60 °C 

overnight (~ 16 h), it was cooled to room temperature and volatiles were removed 

under reduced pressure, affording the crosslinked hyperbranched polymer c-P1-

6 (7.4 g, ~75% yield, ~20.4% by weight of 6) as a colorless elastomeric solid.  

Poor solubility of c-P1-6 prevented its characterization by solution NMR 

spectroscopy. However, its ATR-IR spectrum was absent of vinyl absorptions. 
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3.2.2  Synthesis of titanium silsesquioxane material P1-8  

In a glovebox, Ti(NMe2)4 (0.300 g, 1.34 mmol) was added by syringe to a 

stirred toluene solution (15 mL) of P1-6 (4.60 g, 1.24 mmol of 6).  The resulting 

deep yellow solution was allowed to stir for 1 h then concentrated to dryness 

under reduced pressure.  The residue was washed with acetonitrile until the 

washings were no longer colored and then dried under vacuum to give P1-8 as a 

viscous orange gel.  Yield: 4.61 g, 94%.  Uv-vis: λmax = 203 nm.  Anal. Calcd. for 

P1-8: Ti, 1.28.  Found: Ti, 1.11 (5% relative error).  

3.2.3  Synthesis of titanium silsesquioxane material c-P1-8  

In a glovebox, Ti(NMe2)4 (0.44 g, 1.96 mmol) was added by syringe to a 

stirred toluene solution (15 mL) of c-P1-6 (7.4 g, 1.8 mmol of 6).  The resulting 

deep yellow solution was let stir for 1 h then concentrated to dryness under 

reduced pressure.  The residue was washed with acetonitrile until the washings 

were no longer colored and then dried under vacuum to give c-P1-8 as an 

orange solid.  Yield: 7.4 g, 96%.  Poor solubility of c-P1-8 prevented its 

characterization by solution NMR spectroscopy. Anal. Calcd. for c-P1-8: Ti= 1.16  

Found: Ti= 0.935 (5% relative error).  

3.2.4  Epoxidation trials 

3.2.4.1  Trials for various olefins 

Epoxidation trials were performed in a magnetically stirred 50 mL three-necked 

flask equipped with condenser, thermometer probe, and septum for withdrawing 

samples.  Typically, titanium polymer catalysts (0.02 mmol of Ti), TBHP (3 

mmol), chlorobenzene (1 g, 8 mmol as internal standard), toluene as solvent (20 

mL) and quantity of olefin (1:1 ratio = 3 mmol; 20:1 ratio = 60 mmol) was added 

to a 3-neck flask  which was heated at 80 °C.  A sample was immediately taken 

for GC analysis and additional samples for analysis were taken at regular 

intervals.   



 

64 
 

3.2.4.2  Analysis for determination of apparent activation energy 

Typically, a solution of 1-octene (20 g, 0.18 mol), TBHP (100 µL, 0.55 mmol), 

toluene (2 g, 0.02 mol as internal standard), and titanium polymer catalyst (0.02 

mmol) were added to a 3-neck flask with thermometer, condenser with nitrogen 

inlet, and a magnetic stir bar were heated at different temperatures.  A sample 

was taken immediately for GC analysis and additional samples were taken at 

regular intervals until at least 30% conversion with a total of at least four points 

for rate constant determination. 

 Apparent activation energy was calculated by plotting 1/T vs. ln(k2) where the 

slope of the resulting straight line corresponds to Ea/R where R is the gas 

constant (8.314 J/mol*K), k2=rate constant for reaction, and T=temperature (K). 

3.2.4.3  Recyclability of NCP-9 and  CP-9  

The experimental procedure is the same as described for olefin epoxidation (20:1 

ratio) with TBHP at 80° C using P1-8 or c-P1-8 as catalysts.  After the reaction 

had proceeded for a specific amount of time (Table 3.16), the reaction mixture 

was cooled to room temperature and concentrated to dryness under reduced 

pressure.  The catalyst material was washed with acetonitrile to remove residual 

organic followed by drying under vacuum overnight.  The catalyst was then 

reused for limonene epoxidation as previously described.   

3.3 Results/Discussion  

3.3.1 Preparation of catalysts 

Homogeneous tripodal Ti analogs, specifically [Ti(NMe2){(i-C4H9)7Si7O12}] 

(9) and Ti(NMe2){(c-C6H11)7Si7O12}] (10) were prepared in excellent yields via 

protonolysis (Scheme 3.1) of the trisilanol precursor with Ti(NMe2)4 as shown in 

chapter 2.  The complexes are air- and moisture-sensitive orange-yellow 

crystalline solids soluble in common organic solvents.  
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Scheme 3.1—Synthetic route for 9 and 10 

 

 

In chapter 2, we showed that P1-8 and c-P1-8 (Scheme 3.2) are active 

catalysts for the epoxidation of 1-octene employing tert-butyl hydroperoxide 

(TBHP).  P1-8 and c-P1-8 were synthesized by grafting a regiomeric mixture of 

(silyl)propyl-trisilanol isobutyl POSS (6) ligand onto vinyl terminated 

hyperbranched poly(siloxysilane) via hydrosilation reaction.   6 was synthesized 

via Pt-catalyzed hydrosilylation of CH2=CHCH2(i-Bu)7Si8O12  (1) with HSiMe2Cl to 

give ClMe2Si(CH2)3(i-Bu)7Si8O12 (3) in excellent yield.  Reduction of 3 with LiAlH4 

afforded HMe2Si(CH2)3(i-Bu)7Si8O12 (4) where one framework silicon was 

removed via a modified procedure adapted from Feher and colleagues98,99 to 

produce HMe2Si(CH2)3(i-C4H9)6Si7O9(OH)3  (6), consisting of three regiomers.  
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Scheme 3.2—Synthetic route for P1-8 and c-P1-8 
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 P1-8 was prepared by grafting (silyl)propyl-trisilanolisobutyl-POSS ligand 

(6, ~5 mol% relative to moles of P1 vinyl groups) onto hyperbranched 

poly(siloxysilane) matrices containing vinyl terminated groups, via Pt-catalyzed 

hydrosilylation to yield P1-6 as a colorless viscous gel.  Finally, P1-6 was reacted 

with Ti(NMe2)4 (1.1 equiv) to yield P1-8 as an orange viscous gel which was 

soluble in common organic solvents (toluene, methylene chloride, THF, 

chloroform, and 1-octene).  The formulation and structure of P1-8 was confirmed 

by solution NMR, IR, UV-vis, and elemental analysis.  Proton-induced X-ray 

emission (PIXE) analysis found 1.11 weight percent (wt%) of Ti in P1-8. 

 Alternatively, c-P1-8 was prepared by attaching (silyl)propyl-

trisilanolisobutyl-POSS ligand (6, ~10 mol% relative to moles of P1 vinyl groups) 

onto the hyperbranched poly(siloxysilane) matrix containing vinyl terminated 

groups followed by crosslinking with 1,1,3,3,5,5-hexamethyltrisiloxane.  The 

catalyst was insoluble in common organic solvents making solution 

characterization impossible however IR and PIXE (0.94 wt% Ti) were conducted 

to confirm the successful formation of c-P1-8.   

 3.3.2 Alkene Epoxidation activity 

3.3.2.1 Homogeneous tripodal titanium catalysts using a 20:1 olefin/TBHP ratio 

 Previous work has revealed the excellent activity of tripodal titanium 

silsesquioxanes catalysts for the epoxidation of 1-octene using TBHP as the 

oxidant; however these catalysts had yet to be explored using more demanding 

olefins such as limonene or α-pinene.  A series of unactivated alkenes was 

studied beginning with cyclohexene which is known to be more reactive than 

terminal olefins such as 1-octene.  1-methylcyclohexene was then explored in 

order to determine if the addition of steric bulk around the olefin would inhibit the 

catalytic activity.  Limonene and α-pinene were also explored as these pose 

unique challenges.  For example, limonene contains an internal and terminal 

olefin while α-pinene is very prone to rearrangements.  Epoxidation of limonene 

and α-pinene are also attractive because their oxidation products are used in the 

fragrance industry.   
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 Homogeneous analogs [Ti(NMe2){(i-C4H9)7Si7O12}] (9) and  [Ti(NMe2){(c-

C6H11)7Si7O12}] (10) (0.67 mol% Ti relative to TBHP), displayed excellent catalytic 

activity for the epoxidation  of cyclohexene employing TBHP as the oxidant at 80 

˚C under pseudo-first-order conditions (olefin:TBHP of 20:1) where the reaction 

progress was followed by taking samples for GC analysis at regular intervals 

(Table 3.1).  A 20:1 olefin:TBHP ratio was explored because numerous industrial 

processes use a large excess of olefin to yield faster reaction rates and the 

unreacted olefin can be easily recycled.    Remarkably, it was observed that both 

9 and 10 (Table 3.1, entry 1 and 2) were extremely selective and provided 

complete, instantaneous conversion of TBHP.  This resulted in a high turnover 

frequency (TOF) of 1771 hr-1 which is better than heterogeneous titanium analog 

catalysts such as  Ti-MCM-41 (5 hr-1),134 Ti-aerogel catalysts (35 hr-1),70,134 and 

TS-1 (13.5 hr-1),47 as well as the homogeneous catalyst Ti(OSiMe3)4 (1470 hr-

1).135  Additionally, the TOF calculated for 9 and 10 are conservative values given 

that the TOF was calculated at high olefin conversion and reactions generally 

slow down near completion.      
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Table 3.1—Catalytic activity of tripodal titanium catalysts (9 and 10) for 
epoxidation of cyclohexene employing a 20:1 olefin:TBHP ratio 

 

Entry Catalyst Time 
(min) 

STBHP
 * 

(%) 

CTBHP 
(%) 

TON# TOF# 
(hr-1) 

1 9 < 5  99 100 147 ≥1771 

2 10 < 5  >99 98 147 ≥1771 

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (20:1 ratio = 60 mmol) 
Selectivity and conversion values represent the average from at least three trials 
+/- the standard deviation 
*Selectivity for cyclohexene oxide and calculated at time reported  

* STBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

CTBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃
 𝑋100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
        TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
 

  The epoxidation of 1-methylcyclohexene with added steric bulk around 

the olefin was explored.  It was hypothesized the rate of reaction may drop 

slightly due to the steric hindrance of the olefin reacting at the active site.  

However, 10 displayed similar activity for the epoxidation of 1-methylcyclohexene 

(100% conversion, 95% selectivity, 1717 hr-1 TOF, Table 3.2) compared to 

cyclohexene.  Alternatively, 9 ([Ti(NMe2){(i-C4H9)7Si7O12}]) required slightly longer 

reaction time compared to 10 (80% of TBHP at 5 minutes).  However within 10 

minutes, all the TBHP had been consumed while maintaining high selectivity and 

high TOF (1373 hr-1).   Previously, we have shown that for the epoxidation of 1-

octene, 9 intrinsically has a slower rate compared to 10 ([Ti(NMe2){(c-

C6H11)7Si7O12}] ), therefore this result was not surprising.   
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Table 3.2—Catalytic activity of tripodal titanium catalysts (9 and 10) for 
epoxidation of 1-methylcyclohexene employing a 20:1 olefin:TBHP ratio 

 

Entry Catalyst Time 
(min) 

STBHP
 * 

(%) 

CTBHP 
(%) 

TON# TOF# 
(hr1) 

1 9 5  >95 80 ±2 114 1373 

2 9 10 >95 100   

3 10 5 >95 100 143 1717 

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (20:1 ratio = 60 mmol) 
Selectivity and conversion values represent the average from at least three trials 
+/- the standard deviation 
 
*Selectivity for 1-methylcyclohexene oxide and calculated at time reported  

* STBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒+ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑡ℎ𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
 𝑋100 

CTBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃
 𝑋100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 

 

Limonene offered a unique challenge due to the potential for competitive 

reaction between the internal and terminal olefins.  Previously, it has been shown 

that the internal olefin is favored for epoxidation using Ti catalysts such as Ti-

SBA136 and homogeneous tetrapodal titanium.54  Therefore, we expected to 

observe mainly the epoxidation of internal olefin.  Remarkably, both 9 and 10 

completely converted the internal olefin of limonene to give limonene oxide in 10 

minutes (Table 3.3).  Both 9 and 10 exhibited excellent catalytic activity although 

there was a slight decrease in the turnover frequency (TOF) for limonene 

epoxidation compared to 1-methylcyclohexene epoxidation.  When the 

epoxidation of limonene was catalyzed by homogenous tetrapodal titanium (Ti[(c-
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C5H9)7Si7O11(OSiMe2CHCH2)]2, Figure 3.1),54 the TOF was 12 hr-1 while the 

heterogeneous catalysts37,136,137 Ti-SBA-15 and Ti(OPri)4 supported on silica 

required at least 4 hours for >90% conversion of TBHP.  Thus, comparatively 

both 9 and 10 are extremely active catalysts.      

 

Table 3.3—Catalytic activity of tripodal titanium catalysts (9 and 10) for 
epoxidation of limonene employing a 20:1 olefin:TBHP ratio  

 

Entry Catalyst Time 
(min) 

STBHP
 * 

(%) 

CTBHP 
(%) 

TON# TOF# 
(hr-1) 

1 9 10  98 ± 1 99 ± 1 146 875 

2 10 10  96 ± 2 99 ± 1 143 854 

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (20:1 ratio = 60 mmol) 
Selectivity and conversion values represent the average from at least three trials 
+/- the standard deviation 
*Selectivity for limonene oxide and calculated at time reported  

* STBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

CTBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃
 𝑋100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
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Figure 3.1—Structure of Ti[(c-C5H9)7Si7O11(OSiMe2CHCH2)]2 

 

 

α-pinene oxide is used in the fragrance industry and the epoxidation of α-

pinene is known to produce numerous undesired by-products; α-pinene is prone 

to oxidation at the allylic position.  For the epoxidation of α-pinene (Table 3.4), it 

was observed that for both 9 and 10, the reaction selectively produced α-pinene 

oxide albeit longer reaction time (30 minutes for both) was required for complete 

conversion of TBHP when compared to the olefins previously mentioned.  

Despite the longer reaction time, the selectivity for the formation of α-pinene 

oxide and TOF were high (100% and 743 hr-1, respectively).  These results are 

remarkable given that the production of α-pinene oxide is known to be difficult, 

due to the rearrangements of the product.  Additionally, titanium catalysts 

generally give campholenic aldehyde as the main product, leading to low α-

pinene oxide selectivity.104   This demonstrates that tripodal titanium 

silsesquioxanes exhibit some of the best catalytic activity for the conversion of 

olefins to epoxides observed to date. 
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Table 3.4—Catalytic activity of tripodal titanium catalysts (9 and 10) for 
epoxidation of α-pinene employing a 20:1 olefin:TBHP ratio  

 

Entry Catalyst Time 
(min) 

STBHP
 * 

(%) 

CTBHP 
(%) 

TON# TOF# 
(hr-1) 

1 9 10  95 ± 3 87 ± 4 124 743 

2 9 30  92 ± 1 100   

3 10 10 96 ± 2 89 ± 2 124 743 

4 10 30 91 ± 4 100   

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (20:1 ratio = 60 mmol) 
Selectivity and conversion values represent the average from at least three trials 
+/- the standard deviation 
*Selectivity for α-pinene oxide and calculated at time reported  

* STBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

CTBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃
 𝑋100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
        TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
 
 

3.3.2.2 Homogeneous tripodal titanium catalysts using a 1:1 olefin/TBHP ratio 

Due to the excellent epoxidation activity of [Ti(NMe2){(i-C4H9)7Si7O12}] (9) 

and  [Ti(NMe2){(c-C6H11)7Si7O12}] (10) employing a 20:1 olefin/TBHP ratio, a 1:1 

olefin:TBHP ratio was explored to determine if the catalysts remained extremely 

selective.  Employing a 1:1 olefin:TBHP ratio resulted in lower concentration of 

reactants near completion of the reaction, all reactions therefore required longer 

reaction times, resulting in lower turnover frequencies (TOF).  After about 50% 

consumption of the different olefins explored (Figure 3.2), the reactions leveled 

off and slowed down drastically.  
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Figure 3.2—Reaction profile for the epoxidation of 1-methylcyclohexene (■) and 
limonene (◊) employing 10 as the catalyst 

 

 

Remarkably, for the epoxidation of cyclohexene (Table 3.5), both 9 and 10 

displayed excellent selectivity (95%) and TBHP efficiency (95%), suggesting that 

significant decomposition of TBHP did not occur over the longer time (4.5 hrs) 

required for complete conversion of TBHP.  Furthermore, as shown in Table 3.5, 

both 9 and 10 catalyze cyclohexene epoxidation very quickly, converting 69% 

and 76% cyclohexene respectively in 40 minutes.  However the reaction then 

slows down, due presumably to reduced concentration of the reactants.  

Additionally, the turnover frequencies (TOF) for 9 and 10, calculated at 69% and 

76% olefin conversion respectively are high and generally surpass those 

reported for titanium catalysts such as (Ti-MCM-41 (5 hr-1),134 Ti-aerogel 

catalysts (35 hr-1),70,134 and TS-1 (13.5 hr-1) all calculated at less than 25% 

cyclohexene conversion).47  Additionally, the TOF calculated for 9 and 10 are 

conservative values given that the TOF was calculated at high olefin conversion 

and reactions generally slow down near completion.   
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Table 3.5—Catalytic activity of tripodal titanium catalysts (9 and 10) for 
epoxidation of cyclohexene employing a 1:1 olefin:TBHP ratio 

 

Entry Catalyst Time 
(hr) 

Solefin
 * 

(%) 

Colefin 
(%) 

STBHP 
(%) 

TON# TOF# 

(hr-1) 

1 9 40 min 93 ± 4  69 ± 5 90 ± 2  96 144 

2 9 4.5  96 ± 3 96 95 ± 5   

3 10 40 min 94 ± 3 76 ± 5 100 107 161 

4 10 4.5  96 ± 3 95 ± 2  96 ± 4    

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (1:1 ratio = 3 mmol) 
Selectivity, Conversion, and TBHP efficiency values represent the average from 
at least three trials +/- the standard deviation 
*Selectivity for cyclohexene oxide and calculated at time reported 

*Selectivity (Solefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋100 

Conversion (Colefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 
𝑋100 

Selectivity based on TBHP (STBHP) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋 100 

 TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
           TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
 

  Increased steric bulk of the alkene influences in the activity of the 

catalysts.  Nonetheless, 10 ([Ti(NMe2){(c-C6H11)7Si7O12}]) still displayed high 

selectivity to epoxide (>95%, Table 3.6).   At 4.5 hours, we observed 100% 

conversion of cyclohexene (Table 3.5) while only 88% of 1-methylcyclohexene 

was converted (Table 3.6).   The catalyst drastically slows down after 4.5 hour; 

only 90% of 1-methylcyclohexene was consumed after 24 hours.  While 

extending the reaction time to 48 hours resulted in only an additional 2% 

conversion.  Although 10 demonstrated lower activity at a 1:1 ratio (olefin:TBHP) 

compared to the 20:1 ratio, it is significant that the selectivity remain very high 

throughout the reaction.  This suggests that these tripodal titanium 
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silsesquioxane complexes are efficient catalysts although the TOF for 1-

methylcyclohexene (71 hr-1) decreased slightly compared to cyclohexene (161 hr-

1).  

 

Table 3.6—Catalytic activity of tripodal titanium catalyst (10) for epoxidation of 1-
methylcyclohexene employing a 1:1 olefin:TBHP ratio  

 

Entry Catalyst Time 
(hr) 

Solefin
 * 

(%) 

Colefin 
(%) 

STBHP 
(%) 

TON# TOF# 

(hr-1) 

1 10 40 min > 95 33 ± 3 > 95 47 71 

2 10 4.5  > 95 88 ± 1 > 95   

3 10 24 > 95 91 ± 1  > 95   

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (1:1 ratio = 3 mmol) 
Selectivity, Conversion, and TBHP efficiency values represent the average from 
at least three trials +/- the standard deviation 
*Selectivity for 1-methylcyclohexene oxide and calculated at time reported 

* Selectivity (Solefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒+ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑡ℎ𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
 𝑋100 

Conversion (Colefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 
𝑋100 

Selectivity based on TBHP (STBHP) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋 100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
 

 

It was anticipated with the epoxidation of limonene that epoxidation of the 

terminal olefin would become competitive at 1:1 olefin:TBHP ratio.  As expected, 

the bis-epoxide (Table 3.7) was observed as a by-product.  Using 10 as catalyst 

(Table 3.7) resulted in 67% limonene conversion along with 87% selectivity for 

the internal epoxide and 81% conversion of TBHP (59% TBHP efficiency) after 
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40 minutes.  However after 12 hours, the reaction had only proceeded to 79% 

conversion of the olefin although all the TBHP was consumed.  It was observed 

that Ti largely prefers the internal olefin since the only products formed were 

limonene oxide (internal epoxide) as well as the bis-epoxide (presumably 13% 

selectivity for the formation of the bis-epoxide).  Bis-epoxide was the main co-

product because less internal olefins were present in the reaction mixture near 

completion leaving a large amount of terminal olefins present.  Due to a large 

amount of terminal olefins present in the reaction mixture, the bis-epoxide was 

formed, however no external epoxide was observed.  This confirms that the Ti 

largely prefers the internal olefin since the epoxidation of the terminal olefin only 

occurs after the internal olefin was first oxidized.  The TOF (calculated at 40 

minutes) for the epoxidation of limonene (131 hr-1) increases compared to 1-

methycyclohexene (71 hr-1) suggesting that limonene is more reactive initially 

although the reaction also slows down faster than the epoxidation of 1-

methycyclohexene.  These results suggest that tripodal titanium silsesquioxane 

complexes are extremely active for the epoxidation of limonene irrespective of 

the olefin:TBHP ratio.  10 also shows greater catalytic activity compared to other 

titanium containing catalysts such as homogenous tetrapodal titanium (Ti[(c-

C5H9)7Si7O11(OSiMe2CHCH2)]2) (TOF of 12 hr-1 calculated at 30% limonene 

conversion)54 and heterogeneous analogs Ti-MCM-41 and Ti/SiO2 (20 hr-1 and 

19 hr-1 respectively, calculated at 1 hour (37% limonene conversion)).137     
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Table 3.7—Catalytic activity of tripodal titanium catalyst (10) for epoxidation of 
limonene employing a 1:1 olefin:TBHP ratio  

 

Entry Catalyst Time 
 

Solefin
 * 

(%) 

Colefin 
(%) 

STBHP 
(%) 

TON# TOF# 

(hr-1) 

1 10  40 min 87 ± 3 67 ± 2 59 87 131 

2 10 12 hr 76 ± 1 79 ± 1 49   

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (1:1 ratio = 3 mmol) 
Selectivity, Conversion, and TBHP efficiency values represent the average from 
at least three trials +/- the standard deviation 
*Selectivity for limonene oxide and calculated at time reported 

*Selectivity (Solefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋100 

Conversion (Colefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 
𝑋100 

Selectivity based on TBHP (STBHP) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋 100 

 TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
 

 

When α-pinene was explored (Table 3.9), 10 displayed initially good 

selectivity (78%) for the formation of α-pinene oxide at 25% conversion of olefin.  

However as the reaction progressed, the selectivity decreased (58% selectivity at 

5 hours and 71% olefin conversion).  This was thought to be due to the 

decomposition of α-pinene oxide.  However when α-pinene oxide was heated 

under the reaction conditions in the presence of 10, no decomposition was 

observed.  Aside from α-pinene oxide, the main co-products observed were 

verbenone and verbenol along with a trace amount of campholenic aldehyde.  

Epoxidation of α-pinene employing titanium catalysts have been shown to mainly 
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produce campholenic aldehyde, leading to low selectivities (<50%) for α-pinene 

oxide.104   

 

Table 3.8—Catalytic activity of tripodal titanium catalyst (10) for epoxidation of α-
pinene employing a 1:1 olefin:TBHP ratio  

 

Entry Catalyst Time 
 

Solefin
 * 

(%) 

Colefin 
(%) 

STBHP 
(%) 

TON# TOF# 

(hr-1) 

1 10  40 min 78 ± 9 25 ± 5 75 29 44 

2 10 5 hr 58 ± 6 71 ± 5 52   

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (1:1 ratio = 3 mmol) 
Selectivity, Conversion, and TBHP efficiency values represent the average from 
at least three trials +/- the standard deviation 
*Selectivity for α-pinene oxide and calculated at time reported 

*Selectivity (Solefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋100 

Conversion (Colefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 
𝑋100 

Selectivity based on TBHP (STBHP) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋 100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
 

 

Although [Ti(NMe2){(c-C6H11)7Si7O12}] (10) required longer reaction times 

for a 1:1 olefin:TBHP ratio, the catalysts remain extremely selective for the 

epoxidation of cyclohexene, 1-methylcyclohexne, and limonene.  From the TOF, 

we observed that sterics do play a role in the 1:1 olefin:TBHP epoxidation 

reactions where the order of initial reactivity is cyclohexene>limonene>1-

methylcyclohexene>α-pinene.  Overall, the selectivities and TOF were high, 
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making these catalyst excellent candidates for the immobilization onto inert 

supports. 

3.3.2.3 Immobilized tripodal titanium catalysts using a 20:1 olefin/TBHP ratio 

Due to the excellent activity of homogeneous tripodal titanium complexes 

(9 and 10), two immobilized catalysts were explored, P1-8, a viscous, soluble 

material and c-P1-8 which was only slightly soluble in the reaction mixture. 

Epoxidation trials of P1-8 and c-P1-8 (0.67 mol% Ti relative to TBHP),  were 

explored using TBHP as the oxidant, toluene as a solvent, and chlorobenzene as 

the internal standard at 80 °C where the reaction progress was followed by taking 

samples for GC analysis at regular intervals.  .   

When epoxidation of cyclohexene was explored, both P1-8 and c-P1-8 

invariably required longer reaction times compared to the homogenous 

derivatives 9 and 10.  TBHP was completely consumed in 20 minutes using P1-8 

as catalyst (Table 3.9) while c-P1-8 required 12 hours for complete consumption 

of TBHP (Table 3.9).  The longer reaction time of c-P1-8 compared to P1-8 is 

due to the necessity to swell c-P1-8, as shown previously in chapter 2.  The TOF 

for P1-8 and c-P1-8 (Table 3.9), 300 hr-1 and 41 hr-1 respectively was lower than 

those of homogeneous analogs.  However, P1-8 and c-P1-8 exhibited higher 

TOF than TS-1 (13.5 hr-1, calculated at >25% cyclohexene conversion)47 and Ti-

MCM-41 (5 hr-1, calculated at >25% cyclohexene conversion).134   Additionally, 

the TOF calculated for P1-8 and c-P1-8 are conservative values given that the 

TOF was calculated at high olefin conversion and reactions generally slow down 

near completion.  Even though the epoxidation of cyclohexene catalyzed by P1-8 

or c-P1-8 required longer reaction time to achieve complete conversion 

compared to the analogous homogeneous catalysts, both P1-8 and c-P1-8 

displayed excellent selectivity and were comparable to the homogeneous 

analogs. 
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Table 3.9—Catalytic activity of immobilized tripodal titanium catalysts (P1-8 and 
c-P1-8) for epoxidation of cyclohexene employing a 20:1 olefin:TBHP ratio 

 

Entry Catalyst Time 
 

STBHP
* 

(%) 

CTBHP 
(%) 

TON# TOF# 

(hr-1) 

1 P1-8 30 min  >99 100 150 300 

2 c-P1-8 2.5 hr > 99 72 ± 6  103 41 

3 c-P1-8 12 hr >99 94 ± 5   

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (20:1 ratio = 60mmol) 
Selectivity and conversion values represent the average from at least three trials 
+/- the standard deviation 
*Selectivity for cyclohexene oxide and calculated at time reported  

* STBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

CTBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃
 𝑋100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 

 

The catalytic activity of P1-8 or c-P1-8 in the epoxidation of 1-

methylcyclohexene was investigated.  Both catalysts displayed excellent 

selectivity (>95%) although, P1-8 required a dramatic increase in reaction time 

for the complete consumption of TBHP (4 hours for 1-methylcyclohexene vs. 30 

minutes for cyclohexene, Table 3.10).  For P1-8, the longer reaction time 

required for the epoxidation of 1-methylcyclohexene is possibly due in part to the 

additional steric bulk around the olefin, resulting in the nucleophilic attack of the 

Ti-OOH species more difficult.  In contrast to P1-8, c-P1-8 completely converted 

TBHP in 12 hours, analogous to what was found for the epoxidation of 

cyclohexene.  It appears that additional steric bulk of 1-methylcyclohexene does 

not inhibit the overall catalytic activity of c-P1-8.  A comparison of the TOF of 
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cyclohexene (41 hr-1) and 1-methylcyclohexene (39 hr-1) further shows that the 

increased steric bulk of 1-methylcyclohexene did not play a major role on the 

catalytic activity of c-P1-8.  However there is a large difference in TOF for the 

epoxidation of cyclohexene (300 hr-1) and 1-methylcyclohexne (152 hr-1) 

catalyzed by P1-8 presumably due to the additional steric bulk around the olefin.   

 

Table 3.10—Catalytic activity of immobilized tripodal titanium catalysts (P1-8 and 
c-P1-8) for epoxidation of 1-methylcyclohexene employing a 20:1 olefin:TBHP 

ratio 

 

Entry Catalyst Time 
(hr) 

STBHP
 * 

(%) 

CTBHP 
(%) 

TON# TOF# 

(hr-1) 

1 P1-8 30 min > 95 53 ± 4  76 152 

2 P1-8 4  >95 98 ± 2   

3 c-P1-8 2.5  > 95 68 ± 8 97 39 

4 c-P1-8 12 >95 95 ± 5    

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (20:1 ratio = 60mmol) 
Selectivity and conversion values represent the average from at least three trials 
+/- the standard deviation 
*Selectivity for 1-methylcyclohexene oxide and calculated at time reported  

* STBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒+ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑡ℎ𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
 𝑋100 

CTBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃
 𝑋100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
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As previously stated, limonene provided a unique challenge by containing 

both internal and terminal olefins.  Remarkably, both P1-8 and c-P1-8 exclusively 

formed the internal epoxide with no external epoxide observed.  This was also 

observed for the epoxidation of limonene catalyzed by homogeneous catalysts 9 

and 10 suggesting that when there is an excess of olefin present, the titanium 

center largely favors the internal olefin over the terminal olefin.  P1-8 displayed 

complete consumption of TBHP in 4.5 hours, in good agreement with the results 

obtained for 1-methylcyclohexene (Table 3.11).  The TOF for the epoxidation of 

limonene catalyzed by P1-8 (157 hr-1) was also comparable to the epoxidation of 

1-methycyclohexne (152 hr-1).  c-P1-8 displayed a TOF (30 hr-1) for the 

epoxidation of limonene which was slightly lower compared to 1-

methycyclohexene (39 hr-1).  Additionally, with c-P1-8 77% of TBHP was 

converted at 12 hours using limonene as the olefin whereas with 1-

methylcyclohexene, nearly all of the TBHP was consumed.  It is interesting to 

note that even at 24 hours, the conversion of TBHP was 87% for c-P1-8, 

suggesting that the reaction drastically slowed down after about 60% conversion 

(after 2.5 hours, Figure 3.3).  Limonene and limonene oxide are larger molecules 

compared to 1-methylcyclohexene therefore different partitioning of the reactant 

and/or product through the polymer matrix could have caused the reaction to 

slow down.  Additionally, Ti is oxophilic leading to the possibility that after the 

epoxidation of limonene, limonene oxide could coordinate with the Ti center 

leading to a high concentration of product within the polymer matrix.  We observe 

that as the alkene gets larger (cyclohexene<1-methylcyclohexene<limonene), the 

epoxidation reaction required longer times for high conversion to be achieved.  

Nonetheless, P1-8 and c-P1-8 display excellent catalytic activity, show high 

selectivity and display high TOF when compared to heterogeneous titanium 

catalysts such as Ti-MCM-41 and Ti/SiO2 (20 h-1 and 19 h-1 respectively 

calculated at 37% limonene conversion).137     
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Table 3.11—Catalytic activity of immobilized tripodal titanium catalysts (P1-8 and 
c-P1-8) for epoxidation of limonene employing a 20:1 olefin:TBHP ratio  

 

Entry Catalyst Time 
(hr) 

STBHP
 * 

(%) 

CTBHP 
(%) 

TON# TOF# 
(h-1) 

1 P1-8 30 min 95 ± 3  55 ± 6 78 157 

2 P1-8 4  97 ± 3 98 ± 1   

3 c-P1-8 2.5 87 ± 4 58 ± 5 75 30 

4 c-P1-8 12  98 ± 1 77 ± 2   

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (20:1 ratio = 60mmol) 
Selectivity and conversion values represent the average from at least three trials 
+/- the standard deviation 
*Selectivity for limonene oxide and calculated at time reported  

* STBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

CTBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃
 𝑋100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
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Figure 3.3—Reaction Profile for the epoxidation of limonene employing P1-8 (◊) 
or c-P1-8 (■) as catalyst  

 

 

As mentioned previously, α-pinene provides another unique challenge, 

being prone to rearrangements as well as oxidation at the allylic position.  When 

P1-8 and c-P1-8 were used as catalysts, α-pinene oxide was formed with 74% 

and 52% selectivity respectively; TOF were 99 hr-1 and 16 hr-1 respectively 

(Table 3.12).  While the observed selectivities are lower than those achieved with 

homogeneous catalysts 9 and 10,  the lower selectivity could not be attributed 

solely to longer reaction time.  In fact, an experiment was performed where α-

pinene oxide and P1-8 were placed solution at 80 °C and analyzed for 

decomposition products.  Under these conditions, minimal amount of α-pinene 

oxide was lost, suggesting that α-pinene oxide is reasonably stable under our 

reaction conditions.  In the GC-FID and GC-MS spectra, various by-products 

were observed such as verbenol, verbenone, and campholenic aldehyde which 

are common by-products.  Notwithstanding, P1-8 and c-P1-8 are comparable or 

more active than catalyst derived from tetrapodal Ti POSS immobilized on SBA-

15 or SiO2,104 which displayed <20% conversion at 24 hours and selectivities for 

α-pinene oxide of <60% where the main by-product was campholenic aldehyde.  

Ti-POM  ([Ti2(OH)2As2W19O67(H2O)]8-,POM=polyoxometalates) catalyst87 have 
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also been explored using H2O2 as the oxidant however minimal amount of α-

pinene oxide was observed and instead campholenic aldehyde was the major 

product formed.  Immobilized tripodal titanium catalysts (P1-8 and c-P1-8) 

displayed lower selectivities compared to the homogeneous analogs 

([Ti(NMe2){(i-C4H9)7Si7O12}] (9) and [Ti(NMe2){(c-C6H11)7Si7O12}] (10)) therefore 

we need to alter the heterogeneous catalysts, possibly by using a lower 

molecular weight polymer, in order to achieve optimal α-pinene conversions and 

selectivities.   

 

Table 3.12—Catalytic activity of immobilized tripodal titanium catalysts (P1-8 and 
c-P1-8) for epoxidation of α-pinene employing a 20:1 olefin:TBHP ratio  

 

Entry Catalyst Time 
(min) 

STBHP
 * 

(%) 

CTBHP 
(%) 

TON# TOF# 
(hr-1) 

1 P1-8 30 min >99 33 ± 3 50 99 

2 P1-8 4 74 ± 7 72 ± 3   

3 c-P1-8 2.5 66 ± 1 41 ± 4 41 16 

4 c-P1-8 12  52 ± 2 63 ± 2   

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (20:1 ratio = 60mmol) 
Selectivity and conversion values represent the average from at least three trials 
+/- the standard deviation 
*Selectivity for α-pinene oxide and calculated at time reported  

* STBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

CTBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃
 𝑋100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
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For cyclohexene, 1-methylcyclohexene, as well as limonene, immobilized 

tripodal titanium catalysts (P1-8 and c-P1-8) displayed remarkable catalytic 

activity showing similar selectivities compared to the homogeneous complexes, 9 

and 10.  Additionally, the TOF displayed were higher compared to 

heterogeneous titanium catalysts such as Ti-MCM-41 and TS-1.  This further 

confirms that P1-8 and c-P1-8 are excellent catalysts even though a longer 

reaction time is needed compared to the homogeneous analogs.   

3.3.2.4 Immobilized tripodal titanium catalysts using a 1:1 olefin/TBHP ratio 

Due to the excellent catalytic activity observed employing a 20:1 

olefin/TBHP ratio, we explored epoxidation reactions with a 1:1 olefin/TBHP ratio 

catalyzed by immobilized tripodal titanium silsesquioxane catalyst P1-8.  

Homogeneous complexes, 9 and 10 displayed similar selectivities irrespective of 

the olefin:TBHP ratio therefore we wanted to determine how heterogenaztion of 

tripodal titanium silsesquioxanes would affect the selectivity.  Employing a 1:1 

olefin:TBHP ratio resulted in lower concentration of reactants near completion of 

the reaction; therefore, all reactions required longer reaction times and thus 

displayed lower turnover frequencies (TOFs).  The reactions leveled off and 

slowed down drastically after about 50% consumption of the different olefins 

explored.  

Employing P1-8, the epoxidation of cyclohexene (Table 3.13) proceeded 

quickly to 59% conversion after 4.5 hours (TOF=17 h-1) then, the catalyst activity 

leveled off with minimal additional conversion observed after 20 hours (75% 

conversion of olefin).  Even though the reaction does require more time, it is 

promising that the selectivity for cyclohexene oxide remains high and no other 

products are formed.  It has been observed that cyclohexene is absorbed into the 

polymer matrix leading to an apparent selectivity which is lower than the true 

value.  This also accounts for an exaggeration of the olefin conversion.  Due to 

the absorption of cyclohexene into the polymer matrix, the selectivity based on 

TBHP consumption is more reliable especially since we have shown that 
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cyclohexene oxide and TBHP are not retained in the polymer matrix to any 

appreciable extent. 

 

Table 3.13—Catalytic activity of immobilized tripodal titanium catalyst (P1-8) for 
epoxidation of cyclohexene employing a 1:1 olefin:TBHP ratio 

 

Entry Catalyst Time 
(hr) 

Solefin
 * 

(%) 

Colefin 
(%) 

STBHP 
(%) 

TON# TOF# 

(hr-1) 

1 P1-8 4.5  87 ± 4 59  ± 6 91 ± 9 77 17 

2 P1-8 20  73 ± 7 77 ± 1  78 ± 8    

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (1:1 ratio = 3mmol) 
Selectivity, Conversion, and TBHP efficiency values represent the average from 
at least three trials +/- the standard deviation 
*Selectivity for cyclohexene oxide and calculated at time reported 

*Selectivity (Solefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋100 

Conversion (Colefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 
𝑋100 

Selectivity based on TBHP (STBHP) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋 100 

TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
 

When the epoxidation of 1-methylcyclohexene (Table 3.14) was explored 

with P1-8, increase steric bulk of the alkene begins to play a larger role in the 

rate of epoxidation however the selectivity remains high throughout the reaction.   

As shown in Table 3.14, it is seen that P1-8 only has converted 33% of TBHP 

(1:1 ratio) at 4.5 hours while the 20:1 ratio (Table 3.10) shows 59% conversion of 

TBHP.  At 24 hours we observed 57% conversion of 1-methylcyclohexene 

compared to 73% conversion for the epoxidation of cyclohexene (Table 3.13).  

The TOF of cyclohexene (17 h-1) versus 1-methycyclohexene (10 h-1) further 
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demonstrates that increased steric bulk of 1-methycyclohexene begins to play a 

role in the epoxidation reaction.  Even though the reaction time needed to be 

extended for the epoxidation of 1-methylcyclohexene, the selectivity remains high 

(> 95%) suggesting that the immobilized catalyst (P1-8) are comparable to the 

homogeneous analog, 10 ([Ti(NMe2){(c-C6H11)7Si7O12}]). 

 

Table 3.14—Catalytic activity of immobilized tripodal titanium catalyst (P1-8) for 
epoxidation of 1-methylcyclohexene employing a 1:1 olefin:TBHP ratio 

  

Entry Catalyst Time 
(h) 

Solefin
 * 

(%) 

Colefin 
(%) 

STBHP 
(%) 

TON# TOF# 

(h-1) 

1 P1-8 4.5  > 95 33 ± 5 > 95 47 10 

2 P1-8 20 > 95 57 ± 1  > 95   

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (1:1 ratio = 3mmol) 
Selectivity, Conversion, and TBHP efficiency values represent the average from 
at least three trials +/- the standard deviation 
*Selectivity for 1-methylcyclohexene oxide and calculated at time reported 

* Solefin = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒+ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑡ℎ𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
 𝑋100 

Conversion (Colefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 
𝑋100 

Selectivity based on TBHP (STBHP) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋 100 

 TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
 

From the results of the epoxidation of limonene with the homogeneous 

analog (10) we expected that the bis-epoxide would be a by-product when P1-8 

was employed as catalysts with a 1:1 olefin/TBHP ratio.  Under these conditions, 

23% of limonene was consumed with 78% selectivity to limonene oxide (internal 
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olefin) after 4.5 hours (Table 3.15).  Thus, P1-8 displayed a lower TOF (6 hr-1) for 

limonene epoxidation compared to both cyclohexene and 1-methycyclohexene 

epoxidations.  As the reaction time was extended, the conversion of olefin only 

increased slightly with time.  However, the selectivity decreased slightly.  In fact, 

at 48 hours, only 44% of limonene had been converted while 81% of TBHP had 

been consumed (77% TBHP efficiency).  The selectivity for the internal epoxide 

decreased to 63% and a large amount of the bis-epoxide was formed.  

Presumably, the large quantity of the bis-epoxide formed is due to the product 

being retained in the polymer matrix, as was discussed for the 20:1 trials.  That 

is, the product remained in close proximity to the Ti center causing a second 

oxidation to occur.  Similar to 10, it is interesting to note that epoxidation of the 

terminal olefin was not observed and the only two products were the 1,2-epoxide 

along with the bis-epoxide.   
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Table 3.15—Catalytic activity of immobilized tripodal titanium catalyst (P1-8) for 
epoxidation of limonene employing a 1:1 olefin:TBHP ratio  

 

Entry Catalyst Time 
 

Solefin
 * 

(%) 

Colefin 
(%) 

STBHP 
(%) 

TON# TOF# 

(hr-1) 

1 P1-8  40 min 78 ± 10 23 ± 1 77 ± 1 27 6 

2 P1-8 30 hr  63 ± 2 44 ± 4 48 ± 2   

Conditions: T = 80 °C, Ti = 0.02 mmol, TBHP = 3 mmol, Toluene as solvent (20 
mL), Chlorobenzene (1 g) as internal standard, and olefin (1:1 ratio = 3mmol) 
Selectivity, Conversion, and TBHP efficiency values represent the average from 
at least three trials +/- the standard deviation 
*Selectivity for limonene oxide and calculated at time reported 

*Selectivity (Solefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋100 

Conversion (Colefin) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 
𝑋100 

Selectivity based on TBHP (STBHP) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋 100 

 TON calculated by 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑖
             TOF calculated by 

𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (ℎ𝑟)
 

#TON and TOF calculated at the conversion shown in the table (CTBHP) 
 

Due to the modest activity of P1-8 in the epoxidation of α-pinene using a 

20:1 olefin:TBHP ratio, a 1:1 olefin:TBHP ratio was not explored.  However, it is 

remarkable that when employing a 1:1 ratio for cyclohexene, 1-

methylcyclohexene, and limonene (up to 4.5 hours) we observed excellent 

selectivities, comparable to the selectivities of homogeneous catalyst 10, 

demonstrating the excellent catalytic activity of immobilized tripodal titanium 

complexes.  Indeed, when P1-8 was used as an epoxidation catalyst, the 

turnover frequencies (TOFs) were comparable or better than those reported for 

heterogeneous titanium containing catalysts such as Ti-MCM-41, Ti/SiO2, TS-1, 

and Ti-SBA-15.47,134,137  Use of high olefin:TBHP artio is common industrially 
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hence the excellent results obtained for P1-8 and c-P1-8  at 20:1 olefin:TBHP 

ratio are highly exciting.   

3.3.3 Recyclability of P1-8 and c-P1-8 with limonene 

P1-8 and c-P1-8 demonstrated consistently good selectivity when the 

catalysts were reused up to five cycles with limonene as the olefin (Table 3.16).  

After a typical limonene epoxidation reaction, the catalysts were recovered by 

removing the volatiles followed by washing with copious amount of acetonitrile.  

After drying under vacuum, the catalysts were reused under typical epoxidation 

reaction conditions.  Akin to the recyclability studies described in chapter 2 for 1-

octene, the conversion of TBHP dropped after three cycles due to the presence 

of t-butanol (co-product from the epoxidation reactions) which autoretards the 

reaction.  Additionally, the selectivity decreased slightly over time however the 

second recycle trial show a markedly lower selectivity compared to the other 

trials.  Presumably catalysts degradation occurs partially due to Ti loss leading to 

a decrease in olefin conversion for each cycle.  Based on the CTBHP, most of the 

Ti lost occurs between the 1st and 2nd cycle.  The third cycle demonstrates an 

increase in selectivity along with a decrease in conversion suggesting that the Ti 

was lost from washing the catalyst.   
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Table 3.16—Recyclability of NCP-9 and CP-9 with limonene 

Entry Catalyst Time 
(hr) 

Cycle STBHP
 * 

(%) 

CTBHP 
(%) 

1 P1-8 12 1 80 100 

2 P1-8 12 2 73  96 

3 P1-8  12  3 81  75  

4 P1-8 24 3 81 95 

5 P1-8 12 4 76 53 

6 P1-8 12 5 91  65 

7 c-P1-8 12 1 98 50 

8 c-P1-8 12 2 53 72 

9 c-P1-8 12 3 78 57 

10 c-P1-8 24 3 78 72 

11 c-P1-8 12 4 90 49 

12 c-P1-8 12 5 72 43 

Conditions: T= 80 °C, Ti=0.02 mmol, TBHP=3 mmol, Toluene as solvent (20 mL), 
Chlorobenzene (1 g) as internal standard, and olefin (20:1 ratio = 60 mmol) 
*Selectivity for limonene oxide and calculated at time reported 

* STBHP = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑋100 

Conversion (CTBHP) = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝐵𝐻𝑃 
𝑋100 

 
 

After five recycles, the titanium content was analyzed by ICP and showed 

0.47% Ti loss for P1-8 (pristine = 1.11%) and 0.47% Ti loss for c-P1-8 

(pristine=0.94%).  Although the conversion rate drops over time and there is 

observed loss in titanium content, the selectivity remains high and it has been 

previously shown in chapter 2 that these catalysts can be repaired by simply 

adding Ti(NMe2)4 to the spent catalyst to regain the original catalytic activity.               
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3.3.4 Epoxidation of 1-octene 

In chapter 2, P1-8 and c-P1-8 were shown to be active using 9.1 mol% or 

3.6 mol% titanium relative to TBHP, respectively.  The exploration of a lower Ti 

concentration (0.67 mol% titanium relative to TBHP) was investigated in order to 

determine if the catalysts continued to be selective even with higher turnover 

number (TON).      

P1-8 and c-P1-8 displayed excellent selectivity (>88%) comparable to that 

previously reported (>94%). The main difference was that the reaction time 

needed to be extended for P1-8 (5 hours vs 2 hours) however c-P1-8 achieved 

similar results (>90% conversion) at 24 hours. Employing a lower mol% of 

titanium increases the turnover number (TON) or amount of cycles each titanium 

center must complete meaning that both P1-8 and c-P1-8 are excellent catalysts 

for the epoxidation of 1-octene.  Additionally, we were able to compare P1-8 and 

c-P1-8 which had similar amounts of Ti content, (1.11 wt% Ti for P1-8 vs 0.95 

wt% for c-P1-8).  In chapter 2, P1-8 and c-P1-8 contained 1.13 wt% and 0.45 

wt% respectively therefore direct comparison was difficult.  These results suggest 

that c-P1-8 still required longer reaction time (24 hrs for >90% conversion) 

compared to P1-8 ( 5hours) however the difference in reaction time is not as 

large compared to that previously reported.   

 The apparent activation energy was determined and proved that the 

reaction was not diffusion limited.  By analyzing the initial rates of the epoxidation 

of 1-octene (neat) with TBHP as the oxidant at different temperatures (40 to 80 

°C), a plot of lnk vs. 1/T resulted in a straight line for both P1-8 and c-P1-8 

(Figure 3.4) where the slope of the line equals Ea/R where Ea is the apparent 

activation energy and R is the gas constant.   From this data, we determined that 

the apparent activation energy for P1-8 and c-P1-8 were 46 and 42 kJ/mol 

respectively which is in good agreement with that previously reported for 

homogeneous catalyst 10 (42.4 kJ/mol).40  Due to the similar activation energies, 

we can infer that the epoxidation reactions employing P1-8 and c-P1-8 are not 

diffusion-controlled.  Further evidence that the reactions are not diffusion limited 
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comes from comparing the initial rates of reaction with different stirring speeds.  

For both P1-8 and c-P1-8 the initial rate remained unchanged irrespective of the 

stirring speed (100-870 rpm).   

 

Figure 3.4—Determination of apparent activation energy ■=P1-8 and ◊=c-P1-8 

 

 

3.4 Conclusion: 

Previously, we demonstrated that tripodal Ti silsesquioxanes tethered to a 

hyperbranched poly(siloxysilane) matrix function as a selective, efficient, 

recyclable, repairable heterogeneous catalyst for the epoxidation of 1-octene.  

Herein, we demonstrated that tripodal titanium silsesquioxanes and immobilized 

tripodal Ti silsesquioxane materials are versatile epoxidation catalysts by using 

various olefins ranging from simple cyclic olefins such as cyclohexene and 1-

methycyclohexene to more demanding olefins such as limonene and α-pinene.  

Homogeneous tripodal Ti POSS, [Ti(NMe2){(i-C4H9)7Si7O12}] (9) and 

[Ti(NMe2){(c-C6H11)7Si7O12}] (10), displayed excellent selectivity and turnover 

frequency (TOF) for the epoxidation of cyclohexene, 1-methylcyclohexene, 

limonene and α-pinene irrespective of the olefin:TBHP ratio; however, with lower 
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olefin:TBHP ratio, longer reaction time was needed.  Additionally, the TBHP 

efficiency for the homogeneous catalysts was extremely high although there was 

a slight drop when a 1:1 olefin:TBHP ratio was employed with limonene (Table 

3.7).  This was due to the formation of the bis-epoxide as a by-product.  

Immobilized tripodal titanium silsesquioxane catalysts, P1-8 and c-P1-8, 

also displayed excellent selectivity, TOF, and TBHP efficiency for the epoxidation 

of cyclohexene, 1-methylcyclohexene, limonene and α-pinene employing a 20:1 

olefin:TBHP ratio.  The epoxidation of α-pinene displayed slightly lower 

selectivities compared cyclohexene, 1-methylcyclohexene, and limonene.  

However, both P1-8 and c-P1-8 display greater catalytic activity compared to 

similar Ti catalysts where a large amount of campholenic aldehyde87,104 was 

produced.  When a 1:1 olefin:TBHP ratio was explored, P1-8 displayed excellent 

selectivity for cyclohexene, 1-methycyclohexene and limonene even though 

longer reaction time was needed.  The reaction never achieved 100% conversion 

when a 1:1 olefin:TBHP ratio was employed suggesting that the reaction rate 

slowed drastically as the reactant concentration decreased.  

Aside from being effective epoxidation catalysts, we demonstrated that the 

rate of reaction for both P1-8 and c-P1-8 is not diffusion limited.  This was 

achieved by determining the apparent activation energy, as well as comparing 

the initial rate of reaction under different stirring speeds.  Finally, we showed that 

both P1-8 and c-P1-8 can be recycled with minimal loss in activity over time in 

the epoxidation of limonene.  Even when a loss in activity is observed, chapter 2 

demonstrated that both P1-8 and c-P1-8 can be repaired simply by reacting the 

spent catalysts with Ti(NMe2)4 which restored the activity of the catalysts akin to 

the pristine catalysts (See Chapter 2). 

 

 

Copyright © Sarah Michelle Peak 2015 
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Chapter 4:  Preliminary studies of immobilized tripodal titanium 

silsesquioxanes onto a hyperbranched poly(siloxysilane) polymer for the 

epoxidation of cyclohexene using H2O2 as an oxidant 

 

4.1 Introduction: 

 Titanium silicate-1 (TS-1) has been shown to have excellent catalytic 

activity for olefin epoxidation using hydrogen peroxide (H2O2) as the 

oxidant.37,46,49,50,65,66,74,90,135,138  Additionally, TS-1 is used in industry by DOW 

Chemicals and selectively (>95%) produces propylene oxide.17  TS-1 is very 

efficient (>90% selectivity) for the epoxidation of small olefins such as 

cyclohexene; however, due to the structural limitations of the catalysts, 

epoxidation of more demanding olefins, such as bulky olefins or allylic alcohols, 

are ineffective.  While numerous supports such as MCM-41,47,51,56,90 SBA-

15,52,62,91 and zeolites41,92,93  have been explored in order to alleviate the steric 

limitations of TS-1,33,38,47,59,64,69,86-89 the resulting catalysts are less efficient for 

alkene epoxidation with H2O2 than TS-1.  The lower activity is due to the larger 

pores present in the catalysts allowing water to deactivate the titanium active 

site.69 

     Chapters 2 and 3 discussed the development of titanium silsesquioxane 

complexes as homogeneous models for heterogeneous materials, specifically 

the Shell (titania-on-silica) and TS-1 catalysts.  With tert-butyl hydroperoxide 

(TBHP) as the oxidant, tripodal titanium silsesquioxanes displayed the highest 

catalytic activity compared to bi- and tetrapodal titanium silsesquioxanes.  

Additionally, it was shown in chapter 3 that tripodal titanium silsesquioxane 

complexes are among the most active catalysts for the epoxidation of different 

olefins ranging from cyclic (cyclohexene and 1-methylcyclohexene), to terminal 

(1-octene), to demanding olefins used in the fine chemical industry (limonene 

and α-pinene).  Although tripodal titanium silsesquioxane catalysts are extremely 

active epoxidation catalysts, they suffer from being homogeneous in nature 

making them susceptible to degradation, as well as being difficult to reuse.  
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Additionally, H2O2 cannot be employed as the oxidant since water deactivates 

the catalysts via hydrolysis of the Ti to form TiO2, a thermodynamically favorable 

reaction.  Immobilization of tripodal titanium would generate catalysts that had 

advantages of both homogeneous and heterogeneous materials.  The active site 

would be uniform, easily accessible, and spatially isolated while the catalysts 

would be reusable and more resistant to hydrolysis, making them more robust. 

 Multiple reports of the heterogenization of titanium silsesquioxanes have 

been reported, for example via attachment to a polymer or silica 

support,1,41,52,55,58,59,62,91,103,104 or alternatively, by encapsulation in 

polydimethylsiloxane (PDMS) membrane.32  Wada et al. reported the synthesis of 

silsesquioxane gels housing tetrapodal titanium (Figure 4.1) which were active 

catalysts for the epoxidation of cyclooctene to 1-epoxyoctane using H2O2 as the 

oxidant (70% yield).  However, the gels required up to 60 days to prepare, 

suggesting that a new synthetic method needs to be developed that is less time 

consuming.  Moreover, both yield and selectivity could be improved.     
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Figure 4.1—Silsesquioxane gels developed1 

 

 

  Tripodal titanium silsesquioxane has been grafted onto a 

methylhydrosiloxane-dimethylsiloxane co-polymer and then crosslinked with a 

vinyl-terminated siloxane polymer to form insoluble organosilicon materials 

(netted polysiloxysilane) that encloses the Ti in a hydrophobic cavity (Figure 

4.2).55  This method allowed for the size of the cavity, used to encapsulate 

titanium, to be tuned for optimum accessibility by varying the starting materials.  

Epoxidation of cyclooctene with H2O2 catalyzed by grafted tripodal Ti gave 80% 

yield of the epoxide and after hot filtration, the catalysts could be reused 

suggesting that this catalyst is indeed heterogeneous.  When larger olefins were 

used such as cyclododecane and 1-octene, the yield decreased to 45% and 
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62%, respectively.  For the epoxidation of 1-octene, the catalysts displayed a 

TOF of 20 hr-1 where TS-1, under similar reaction conditions, has a TOF of 80 hr-

1 suggesting that improvements could be made to the reaction rate.55   Major 

drawbacks of this catalyst series include the many synthetic steps and the fact 

that control of the 3-D structure of the polymer is difficult; precise control of the 

polymer structure is required to ensure the Ti center is protected. 

      

Figure 4.2—Tripodal Ti POSS tethered onto a linear polymer 

 

 

Previously, we have shown that tripodal titanium silsesquioxanes can be 

successfully trapped within a hydrophobic PDMS membrane to protect the 

titanium from degrading.32  However, in order to prevent titanium from leaching 

into solution, the solvent choice was limited to solvents that did not appreciably 

swell the membrane.  A covalent linkage between a hydrophobic inert support 

and tripodal titanium silsesquioxane complex would generate catalysts with 

numerous advantages including allowing  greater versatility in the range of 

solvents that can be used in epoxidation reactions.  Also the catalyst would be 

more robust compared to catalysts restrained via physical entrapment in PDMS.    
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The results described in chapter 2 show that tripodal titanium 

silsesquioxanes immobilized on hyperbranched poly(siloxysilane) matrices afford 

highly selective, robust, recyclable, and repairable catalysts that display similar 

catalytic activity to the homogeneous analogs for olefin epoxidation reactions 

with TBHP.  The hydrophobicity of the hyperbranched matrix would limit the 

amount of water at the Ti active site thereby leading to less degradation of the Ti 

center via hydrolysis.  This suggests that immobilized tripodal titanium on a non-

polar hyperbranched poly(siloxysilane) matrix, may afford active catalysts for the 

epoxidation of olefins with H2O2 as the oxidant.   

 Herein, we report preliminary studies of the epoxidation of cyclohexene 

catalyzed by immobilized tripodal titanium silsesquioxane with H2O2 as the 

oxidant.  H2O2 generates H2O as the co-product (Scheme 4.1) resulting in a 

higher atom efficiency than when TBHP is employed.  Additionally, employing 

H2O2 as the oxidant has less environmental impacts due the not producing 

benign co-products.   

 

Scheme 4.1—Epoxidation of cyclohexene employing H2O2 as the oxidant 
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4.2 Results/Discussion: 

4.2.1 Synthesis P1-8 and c-P1-8 

Previously, we have shown the successful formation of P1-8 and c-P1-8, 

(Scheme 4.2) which are active catalysts for the epoxidation of various olefins, 

such as cyclohexene, 1-methylcyclohexene, 1-octene, limonene, and α-pinene, 

employing tert-butyl hydroperoxide (TBHP) as the oxidant.  P1-8 was 

synthesized by grafting regiomeric mixture of (silyl)propyl-trisilanol isobutyl POSS 

(6) ligand onto vinyl terminated hyperbranched poly(siloxysilane) via hydrosilation 

reaction.   6 was synthesized from HMe2Si(CH2)3(i-Bu)7Si8O12 (4) via a modified 

procedure adapted from Feher and colleagues98,99 where one framework silicon 

was removed to yield a regiomeric mixture of 6.  The synthesis of 

HMe2Si(CH2)3(i-Bu)7Si8O12 (4) included Pt-catalyzed hydrosilylation of 

CH2=CHCH2(i-Bu)7Si8O12  (1) with HSiMe2Cl to give ClMe2Si(CH2)3(i-Bu)7Si8O12 

(3)  followed by reduction of 3 with LiAlH4. 
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Scheme 4.2—Synthetic route for P1-8 and c-P1-8 
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 P1-6 was synthesized by grafting (silyl)propyl-trisilanolisobutyl-POSS 

ligand (6, ~5mol% relative to moles of P1 vinyl groups) onto hyperbranched 

poly(siloxysilane) matrices via Pt-catalyzed hydrosilylation.  P1-6 was reacted 

with Ti(NMe2)4 (1.1 equiv) to yield P1-8 as an orange viscous gel which was 

soluble in common organic solvents (toluene, methylene chloride, THF, 

chloroform, and 1-octene).  The formation of P1-8 was confirmed by solution 

NMR, IR, UV-vis, and elemental analysis.  Proton-induced X-ray emission (PIXE) 

analysis found 1.11 weight percent (wt%) of Ti in P1-8. 

 c-P1-6 was prepared by attaching (silyl)propyl-trisilanolisobutyl-POSS 

ligand (6, ~10 mol% relative to moles of P1 vinyl groups) onto the hyperbranched 

poly(siloxysilane) matrix containing vinyl terminated groups followed by 

crosslinking with 1,1,3,3,5,5-hexamethyltrisiloxane.  The successful formation of 

c-P1-6 was analyzed by IR which showed a silanol stretch at 3350 as well as the 

loss of vinyl stretch at 3030.  c-P1-6 was then reacted with Ti(NMe2)4 (1.1 equiv) 

to yield c-P1-8 as an orange non-crystalline solid.  c-P1-8 was insoluble in 

common organic solvents (toluene, methylene chloride, THF, chloroform, and 1-

octene) making solution characterization difficult.  However, IR was used to show 

the loss of silanol stretch, UV-vis confirmed the presence of tetrahedral Ti, and 

PIXE (0.94 wt% Ti) were used to confirm the successful formation of c-P1-8.     

4.2.2 Epoxidation of Cyclohexene 

The epoxidation of cyclohexene was explored neat with c-P1-8 (0.02 

mmol of Ti), using toluene as internal standard (Table 4.1, entry 1).  After 12 

hours, complete consumption of H2O2 was observed with 54% cyclohexene oxide 

selectivity (SH2O2) based on H2O2.  In contrast, for cyclohexene oxide selectivity 

(Solefin) based on olefin consumption was only 37%. Due to the large excess of 

cyclohexene present in the neat reaction trials, minimal consumption of olefin 

occurred (<2%).  Therefore, minor errors in olefin concentration measurements 

would be magnified, leading to inaccurate results.  Thus the Solefin values are 

reported for all neat epoxidation trials, however the SH2O2 has inherently less 

error associated.  Additionally, the SH2O2 was calculated after all the H2O2 had 
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been consumed.  The low (SH2O2) selectivity can be attributed to the formation of 

2-cyclohexene-1-ol as the main by-product along with a small amount of 1,2-

cyclohexanediol.  The formation of 2-cyclohexene-1-ol was not observed when 

tripodal titanium silsesquioxanes were trapped within PDMS membrane therefore 

different solvents were explored.  The epoxidation of cyclohexene, catalyzed by 

c-P1-8 was evaluated employing 1,2-dichloroethane (DCE), acetonitrile (ACN), 

and isopropyl alcohol (IPA) as solvents.  With water miscible solvents (ACN and 

IPA), the selectivities were very poor when compared to water immiscible solvent 

systems such as DCE and neat cyclohexene.  With ACN and IPA, water miscible 

solvents, water is in closer proximity to the Ti center than when water immiscible 

solvents, DCE and cyclohexene, are used which exclude the water from the 

organic phase. 
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Table 4.1—Catalytic activity of immobilized tripodal titanium (c-P1-8) for 

epoxidation of cyclohexene employing a 20:1 olefin:H2O2 ratio

 

Entry Catalyst Solvent SH2O2
 

(%)* 

Conversion  
H2O2 (%) 

Solefin 

(%)* 

1 c-P1-8 Neat 54 100 37 

2 c-P1-8 DCE 21 70 60 

3 c-P1-8 ACN 23 70 -- 

4 c-P1-8 IPA 20 80 -- 

Conditions: T= 60 °C, Time=12 hr, Ti=0.02 mmol (preswelled catalyst), H2O2=2 
mmol, Toluene as internal standard (1 g), and olefin (> 45 mmol) 
*Selectivity for cyclohexene oxide and calculated at time reported  

* SH2O2 = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 H2O2 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100   Calculated when all H2O2 had been 

consumed 

Conversion H2O2 = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2𝑂2 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 H2O2
 𝑋100 

Solefin = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 olefin 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

 
 

  In order to remove excess water from the reaction medium, epoxidation 

reactions catalyzed by c-P1-8 were explored with anhydrous Na2SO4 added to 

the reaction mixture.  Epoxidation trials were conducted at 60 °C using toluene 

as internal standard, a 20:1 olefin:TBHP ratio, and preswelled c-P1-8 to minimize 

the swelling effects on the catalytic activity.  When the epoxidation of neat 

cyclohexene was conducted with the addition of equimolar (relative to H2O2 (100 

mol%)) amount of anhydrous Na2SO4, the epoxide selectivity based on H2O2 

(SH2O2, calculated at complete consumption of H2O2) increased from 54% to 78% 

(Table 4.2 entry 1 and 2).  However, the main co-product observed was still 2-

cyclohexene-1-ol.  When 150 mol% (relative to H2O2) was used (Table 4.2 entry 
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3), the selectivity based on H2O2 decreased, suggesting there is an optimal 

amount of anhydrous Na2SO4 that can be added.  Alternatively, adding an 

equimolar or excess amount of NaSO4 did not alter the selectivity based on H2O2 

for the epoxidation of cyclohexene in 1,2-dichloroethane (DCE).  In fact, the 

selectivity decreased slightly with the addition of 100 mol% anhydrous Na2SO4.  

When the epoxidation of cyclohexene was explored using DCE as the solvent 

and 150 mol% anhydrous Na2SO4, the selectivity skyrocketed to 85%, the 

highest selectivity observed for c-P1-8.  Chapter 2 demonstrated that the 

swelling of c-P1-8 played a pivotal role in the initial rate of reaction.  Swelling of 

c-P1-8 could be attributing to the difference in selectivities observed for neat 

epoxidation reactions verses when DCE is used as the solvent.  The high 

selectivity observed for the epoxidation of cyclohexene in DCE could be due to a 

higher degree of swelling, resulting in a larger concentration of olefin near the Ti 

center compared to neat epoxidation trials.  
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Table 4.2—Catalytic activity of immobilized tripodal titanium (c-P1-8) for 
epoxidation of cyclohexene employing a 20:1 olefin:H2O2 ratio with anhydrous 

Na2SO4 

 
 

Entry Catalyst Solvent mol% 
Na2SO4 

Solefin  
(%)* 

SH2O2 

 (%)*  

 

1 c-P1-8 Neat 0 37 54 

2 c-P1-8 Neat 100 40 78 

3 c-P1-8 Neat 150 24 54 

4 c-P1-8 DCE 0 60 21 

5 c-P1-8 DCE 100 53 22 

6 c-P1-8 DCE 150 85 27 

Conditions: T= 60 °C, Time=12 hr, Ti=0.02 mmol (preswelled catalyst), H2O2=2 
mmol, Toluene as internal standard (1 g), olefin (> 45 mmol), and 15 g solvent 
*Selectivity for cyclohexene oxide and calculated at time reported  

Solefin = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 olefin 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

SH2O2 = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 H2O2 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100   Calculated when all H2O2 had been 

consumed 
  

Instead of using anhydrous Na2SO4, epoxidation reactions were explored 

using a phase transfer agent, typically an ammonium based salt.  The 

epoxidation of cyclohexene (neat) was explored by adding tetraethylammonium 

bromide (TEAB) to the reaction mixture.  TEAB helps transfer H2O2 into the 

organic phase via ionic interactions as well as removing water from the organic 

phase resulting in less water in the bulk reaction medium.  When 10 mol% 

(relative to H2O2) of TEAB was added, the selectivity decreased slightly however 

the H2O2 efficiency increased (Table 4.3).  Alternatively, when 20 mol% TEAB  

was added, the selectivity dramatically increased (66 %) while the H2O2 
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efficiency (53%) was lower compared to the 10 mol% trial (63%).  When TEAB 

was added to epoxidation trials employing DCE as the solvent, both the 

selectivity and H2O2 efficiency plummeted and a large amount of 2-cyclohexene-

1-ol was observed.           

 

Table 4.3—Catalytic activity of immobilized tripodal titanium (c-P1-8) for 
epoxidation of cyclohexene employing a 20:1 olefin:H2O2 ratio with TEAB

 

Entry Catalyst Solvent mol% 
TEAB 

Solefin  
(%)* 

SH2O2 

 (%)*  

1 c-P1-8 Neat 0 37 54 

2 c-P1-8 Neat 10 23 63 

3 c-P1-8 Neat 20 66 53 

4 c-P1-8 DCE 0 60 21 

5 c-P1-8 DCE 10 17 8 

6 c-P1-8 DCE 20 7 6 

Conditions: T= 60 °C, Time=12 hr, Ti=0.02 mmol (preswelled catalyst), H2O2=2 
mmol, Toluene as internal standard (1 g), olefin (> 45 mmol), and 15 g solvent 
*Selectivity for cyclohexene oxide and calculated at time reported  

Solefin = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 olefin 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100 

SH2O2 = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 H2O2 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 𝑋100   Calculated when all H2O2 had been 

consumed 
 

c-P1-8 displayed comparable or better catalytic activity than other 

reported titanium catalysts such as Ti-SBA(65)-573,136 Ti/SiO2,136 Ti(OPri)-

MCM,44 and Ti-POMs64 (POM=polyoxometalates), which displayed minimal olefin 

conversion (<30%), low H2O2 efficiency (~20%), and low selectivity for 

cyclohexene oxide (<30%).  For example, when Ti(OPri)4 was embedded into 
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MCM-41, the resulting catalysts under similar conditions (80 °C, 20:1 olefin:H2O2 

ratio, 0.4 mol% Ti) displayed 9% yield for cyclohexene oxide at 24 hours.44  

Although c-P1-8 displayed comparable or better catalytic activity compared to 

other Ti catalysts for the epoxidation of cyclohexene using H2O2 as the oxidant,  

c-P1-8 did not display similar activity compared to epoxidation reactions 

employing TBHP as the oxidant.  Epoxidation of cyclohexene catalyzed by c-P1-

8 using TBHP as the oxidant also displayed complete oxidant conversion at 12 

hours albeit cyclohexene oxide was exclusively formed.   

  It was hypothesized that excess water was problematic causing 

cyclohexene oxide to be readily converted to the diol which then possibly 

dehydrates to form 2-cyclohexene-1-ol.  A reaction was conducted where 

cyclohexene, cyclohexene oxide, and hydrogen peroxide were heated at 60 °C 

and showed that 1,2-cyclohexanediol is formed however no 2-cyclohexene-1-ol 

was observed.  Thus, the presence of c-P1-8 is needed in order for 2-

cyclohexene-1-ol to be observed as a product. 

Previously, it has been observed that when Ti-MCM-36,47 Ti-MCM-41,44,47 

or Ti/SiO2
136 is employed as catalyst for the epoxidation of cyclohexene, 2-

cyclohexene-1-ol was the major product formed.  In the generally accepted 

mechanism for epoxidation reactions employing titanium catalysts and H2O2 as 

the oxidant, the olefin attacks a hydroperoxotitanium species (B in Scheme 4.3) 

to form an epoxide.  In other studies reported, when excess TBHP was mixed 

with tripodal titanium silsesquioxane complexes, TBHP slowly converted into t-

butanol (ButOH), ButOOBut, and oxygen following equations 1-4.40   
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The hydroperoxide species formed was not stable at room temperature and 

decomposed via homolytic fission (equation 1).  Analogous observations have 

been seen for molybdenum and iron catalysts also.19,40,44,139-141  Our reactions 

employ H2O2 as the oxidant instead of TBHP, however similar decomposition 

pathways can be inferred.  For c-P1-8, the free radical (HOO●) abstracts a proton 

from the allylic position of cyclohexene to form the allylic hydroperoxide and 

water as shown in scheme 4.4.  The allylic hydroperoxide species is then used 

as the oxidant for the epoxidation of cyclohexene where 2-cyclohexene-1-ol is 

formed as the co-product.  Based on the low selectivities observed, presumably, 

the rate of olefin attack is slower than that of the decomposition of Ti-OOH to 

form the allylic hydroperoxide.  Further support comes from the epoxidation of 1-

octene catalyzed by c-P1-8 and P1-8 employing H2O2 as the oxidant.  Minimal 

conversion of 1-octene was observed albeit the oxidant was completely 

consumed.   If there is not sufficient olefin concentration around the Ti center, the 

rate of Ti-OOH decomposition becomes the dominant reaction. 

 

Scheme 4.3—Mechanism for epoxidation reactions catalyzed by tripodal titanium 
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Scheme 4.4—Formation of 2-cyclohexene-1-ol and 1,2-cyclohexanediol 

 

 

4.3 Conclusion: 

 c-P1-8 displayed superior activity employing H2O2 as the oxidant 

compared to homogeneous tripodal titanium silsesquioxane complexes. Tripodal 

titanium silsesquioxanes were successfully tethered onto a hyperbranched 

polysiloxysilane matrix, allowing the Ti center to be protected from hydrolysis. 

This confirmed that covalently linking tripodal titanium onto a hydrophobic 

hyperbranched polymer generated catalytically active complexes for epoxidation 

reactions employing H2O2 as the oxidant.  Furthermore, compared to other 

titanium containing catalysts such as Ti-SBA(65)-573,136 Ti/SiO2,136 Ti(OPri)-
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MCM,44 and Ti-POMs64 (POM=polyoxometalates), c-P1-8 displayed similar or 

better catalytic activity for the epoxidation of cyclohexene employing H2O2 as the 

oxidant.  

 Low selectivities were due to the excess water present therefore a 

biphasic solvent system (neat and DCE) was employed.  Additionally, anhydrous 

Na2SO4 and a phase transfer agent were used to reduce excess water present at 

the Ti center.  Using 1,2-dichloroethane (DCE) as the solvent, c-P1-8 displayed 

the highest selectivity (85%) when 150 mol% (relative to H2O2) of anhydrous 

Na2SO4 was added to the reaction mixture.  For neat cyclohexene epoxidation 

reactions, the highest selectivity (66%) was when 20 mol% (relative to H2O2) of 

tetraethylammonium bromide (TEAB) was employed.   

 c-P1-8 displayed comparable or better catalytic activity to other titanium 

catalysts.  However, improvement to c-P1-8 may result from altering of the 

molecular weight and/or degree of branching of the polymer to allow better 

access of the olefin to the Ti center, thereby lowering the rate of decomposition 

of the Ti-OOH species while maintaining the hydrophobic environment for the Ti 

center.    
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Chapter 5: Immobilization of Tripodal Titanium Silsesquioxanes onto Gold-

on-Silica for the Direct Epoxidation of Propylene 

 

5.1 Introduction: 

Propylene oxide (PO), first synthesized in 1861, is a compound which 

plays a very significant role in organic chemistry as an intermediate to various 

products including propylene glycol, ethers, alcohols, and polyurethanes.    PO is 

on the top 50 bulk chemical list because PO serves as an excellent chemical 

intermediate, due to its ability to react with various compounds such as acids, 

bases, amines, carbon dioxide, and water.14 In industry, propylene epoxidation 

reactions are typically operated via two different routes: chlorohydrin and 

hydroperoxide process, which are both multi-step reactions and require multiple 

reactors.  In 2008, the main route to produce propylene oxide (PO) was the 

chlorohydrin (CHPO) route followed by hydroperoxide routes to generate styrene 

(SMPO) and t-butyl alcohol (PO/TBA) as co-products.84,142   

The chlorohydrin process (Scheme 5.1), discussed in greater detail in 

chapter 1, begins with the production of propylene chlorohydrin by reacting 

propene with HOCl, formed from Cl2 and H2O.  Propylene chlorohydrin is then 

reacted with 10% excess calcium hydroxide (Ca(OH)2) to form propylene oxide, 

water, and calcium chloride (CaCl2).  Major drawbacks of the chlorohydrin 

process include the use of chlorine (expensive, toxic, corrosive), generation of 

toxic chlorinated by-products, and the disposal of chlorinated water and CaCl2.  

Today, due to the environmental issues associated with the chlorohydrin route, 

the majority of PO produced is from hydroperoxide process which generates co-

products such as t-butyl alcohol that needs to be disposed of or sold for various 

other applications.  However, the chlorohydrin process still contributes to 43% of 

overall PO production.142   
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Scheme 5.1—Different Routes to synthesize PO 

Chlorohydrin Route 

 

 

Hydroperoxide Routes 

Styrene (SMPO, Shell)84 
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Scheme 5.1—Continued…. 

t-butyl alcohol (PO/TBA, Lyondell) 

 

 

Cumene recycling process (Sumitomo Chemical)143 

 

 

 

DOW route 
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Hydroperoxide routes are commonly used in industry employing 

alkylhydroperoxides as the oxidant: organic hydroperoxide by Lyondell and Shell 

(styrene and t-butyl alcohol) and cumene recycling by Sumitomo Chemical.  

Styrene monomer propylene oxide (SMPO) process has been operated by Shell 

since 1979 (Scheme 5.1).  SMPO process involves air oxidation of ethyl benzene 

to form ethylbenzene hydroperoxide, the oxidant for the epoxidation of propene.  

Formation of propylene oxide (PO) is catalyzed over a titanium-on-silica catalyst 

which generates methyl phenyl carbinol as a co-product.84  After separation of 

the products, methyl phenyl carbinol is then dehydrated over alumina to form 

styrene.  Similar to the SMPO process, t-butanol can be formed via the 

epoxidation of propene with TBHP (PO/TBA, Scheme 5.1); this method is used 

by Lyondell Chemical Company.  Air oxidation of isobutane is used to produce t-

butyl hydroperoxide which is used to oxidize propylene to form propylene oxide 

over titanium-on-silica catalysts where the co-product is t-butanol.  Both the 

SMPO process and PO/TBA generate a large amount of co-products, styrene 

and t-butanol, that need to be sold or disposed of if there is not a high demand 

for the co-products compared to PO.143 

Sumitomo Chemical Company developed the cumene recycling process 

(Scheme 5.1) in 2003 where the co-product can be reused for the epoxidation of 

propene.143  Cumene is oxidized under air to generate the oxidant, cumene 

hydroperoxide, used for the epoxidation of propene to produce PO and cumene 

alcohol.  Cumene can then be regenerated by first dehydrating cumene alcohol 

to form α-methyl styrene followed by hydrogenation to form cumene.  Cumene 

recycling process selectively produces PO while only generating water as waste. 

  A relatively new minor route for the synthesis of PO is a hydroperoxide 

route, implemented by DOW Chemicals, using hydrogen peroxide (H2O2) as the 

oxidant over titanium silicate-1 (TS-1) catalyst (Scheme 5.1).  Although this route 

is environmentally friendly and considered green, due to the co-product being 

water, there are also drawbacks due to H2O2 being difficult to store and 

transport.17  Therefore, H2O2 is generated on-site by oxidation of 
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anthrahydroquione to form anthraquinone followed by hydrogenation to reform 

anthrahydroquinone (Scheme 5.2).143   Due to the mass production and wide 

usage of epoxides, a new catalyst needs to be developed which minimizes the 

amount of waste generated and is economical for the use in industry. 

 

Scheme 5.2—Formation of H2O2 on-site for Dow Chemical synthesis of PO 

 

 

 

In the production of ethylene oxide, gaseous ethene and molecular 

oxygen are used over a silver catalyst however this catalyst is not effective for 

higher alkenes such as propene due to the presence of allylic hydrogens which 

are easily oxidized (discussed in more detail in Chapter 1).13  The rate of 

formation of PO on supported silver is about 16 times slower than ethylene oxide 

and the rate of carbon dioxide formation is 6 times higher leading to a low 

selectivity for the epoxide.  Numerous reports have been published detailing 

efforts to optimize the silver catalyst for the formation of PO but all have so far 

been met with limited success.14,143-148  Direct epoxidation of propene is attractive 
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because it eliminates production of hazardous waste, as well as use of expensive 

reactants such as H2O2.
3   

Recently, nanoparticles research has been gaining interest due to their 

interesting and unique properties.  A nanoparticle can have a variety of different 

shapes but can be loosely defined as having one dimension in the nanometer 

range up to 100 nm.  Nanoparticles have been utilized as early as the 9th century 

where they were used in the decoration of pots.  However, there was no 

technique available to analyze these particles.  With the improvements and 

development of high power microscopes, nanoparticles are being visualized and 

studied by electron microscopes, atomic force microscopy, x-ray photoelectron 

spectroscopy, and powder x-ray diffraction.149  

In particles larger than one micrometer (µm), surface atoms are 

insignificant compared to the atoms in the bulk material.  However, as the 

particles reach the nanometer (nm) scale, the percentage of surface atoms 

becomes significant where the higher surface area causes unique properties to 

be observed: melting point suppression, supermagnetism, higher absorption of 

solar radiation, etc.  For example, zinc oxide nanoparticles are used in modern 

sunscreen lotions because these particles block UV waves.  However, bulk zinc 

does not exhibit the same blocking power.  Gold is known as an inert metal with 

a high melting point (1064 °C).  In comparison, gold nanoparticles melt around 

300 °C and react with various compounds.149,150  

Gold dispersed on various metal oxide supports have shown to be 

catalytically active for hydrogenation, hydrogenolysis, and oxidation 

reactions.151,152  In 1998, Haruta and colleagues showed that, in the presence of 

O2 and H2, Au dispersed on TiO2 (Au/TiO2) was very selective (>90%) for the 

production of propylene oxide (PO) from propene albeit with low conversion (1%) 

and hydrogen efficiency (34%).  Studies have been conducted demonstrating 

that Au nanoparticles catalyze the formation of H2O2.153-159  Therefore, the 

mechanism for the epoxidation of propene includes Au nanoparticles creating 

H2O2 in situ where the H2O2 then reacts with the Ti centers in the support, which 
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catalyze the epoxidation of propene.153,158,160,161  The active nanoparticles for 

epoxidation reactions have been identified to be in the 2-5 nm range while 

nanoparticles smaller than 2 nm are believed to cause hydrogenation of propene 

to propane.162  Additionally, nanoparticles that are larger than 5 nm have shown 

to be inactive for the epoxidation of propene.138,162,163  Since Haruta discovered 

Au/TiO2 were active catalysts for the epoxidation of propene, numerous studies 

have been conducted focusing on three main objectives: understanding the 

mechanism of Au/TiO2, improvement of catalyst life, or achieving higher 

hydrogen efficiency.  

The generally accepted mechanism for PO formation using Au/TiO2 as 

catalyst involves the adsorption of H2 and O2 on the gold surface prior to forming 

H2O2 which is believed to be the rate determining step (Scheme 5.3).  H2O2 then 

spills over onto the bidentate propoxy Ti species to form PO.164  Strong binding of 

PO to the support surface is believed to be one of its degradation pathways.  

This mechanism can be broken down into three main components: (1) formation 

of H2O2 catalyzed by the Au nanoparticles, (2) formation of the active bidentate Ti 

species, and (3) the conversion of propene to PO (Scheme 5.3).        

 

Scheme 5.3—Reaction mechanism of PO formation with Au/TiO2 catalysts164 
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For the Au nanoparticles to produce H2O2, the nanoparticles need to be in 

correct size range and in close proximity to the Ti support.   The preparation 

method for Au nanoparticles on titanium-containing supports has been 

extensively studied.68,160,165,166  When depositing particles onto a surface, there 

are a variety of techniques that can be used, such as impregnation or deposition-

precipitation (DP).  Impregnation involves dissolving gold precursor into an 

aqueous or organic medium.  The solution is then added to the support followed 

by drying to remove volatiles and calcination to activate the catalysts.167  The 

gold nanoparticles generated by impregnation are spherical and have limited 

contact with the surface, making these Au nanoparticles less effective at 

converting H2 and O2 to H2O2 (Figure 5.1).168  For deposition-precipitation 

preparation method, the pH is raised resulting in deposition of the metal as 

hydroxide.  The pH is raised with neutralizing agents such as CsOH, NH4OH, and 

Na2CO3.148  DP yielded a very narrow nanoparticle size distribution and the Au 

nanoparticles were hemispherical (Figure 5.1) and had a large contact area with 

the support.168  Additionally, Au nanoparticles dispersed on titania by deposition-

precipitation display the highest catalytic activity for the formation of H2O2, in turn 

leading to the highest catalytic activity for the epoxidation of 

propene.140,144,155,156,162,169,170       

 

Figure 5.1—Au nanoparticles formed with impregnation (a) or DP (b) 

 

 

Support Support 
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Although DP has been shown to be the optimum preparation method147 for 

Au/TiO2 there are also multiple neutralizing agents that can be utilized in the 

preparations of Au/TiO2.  CsOH, NH4OH, and Na2CO3 were used as neutralizing 

agents in order to determine if the neutralizing agent would play a role in the 

activity of the catalyst since harsh washings after the preparation of the catalyst 

affected the catalyst activity.148  It was shown that Au/TiO2 which was prepared 

with either Na2CO3 or CsOH, had less acetone formation in the epoxidation trials 

as compared to NH4OH.   Au nanoparticles that were prepared with Na2CO3 

showed the highest yield of PO for all the neutralizing agents tested.  From XPS 

analysis of catalysts that had been treated with Na2CO3 or CsOH, the presence 

of Na+ or Cs+ ions was observed on the catalyst surface after calcination.  

Alternatively, XPS analysis of catalysts treated with NH4OH, showed no alkali 

counter ions present on the surface after calcination. The higher catalytic activity 

of Au/TiO2 synthesized by DP using Na2CO3 or CsOH can be attributed to the 

presence of alkali ions on the catalyst surface.  Alkali ions have been shown to 

increase the activity of Au/TiO2 catalysts by blocking Lewis acidic sites on TiO2; 

acidic Ti sites lead to the degradation of PO.  

In addition to the size of the Au nanoparticles and the preparation method, 

the choice of support is also crucial to the conversion of propene and the 

selectivity of PO.  Although Au/TiO2 was the first catalyst shown to be active for 

the epoxidation of propene it suffers from quick catalyst degradation.171,172  The 

main deactivation pathway is believed to be the formation of a bidentate propoxy 

species (Figure 5.2) formed on the surface of the support145,164 which can then 

promote PO polymerization.  Titanium dispersed onto silica supports displayed 

higher catalytic activity and longevity compared to Au/TiO2 because the bidentate 

propoxy species does not bind to the surface as easily, causing less deactivation 

(Figure 5.3).172  Silica supports such as TS-1,67,154,169,173-176 SBA-15,165,177 MCM-

41,166 and MCM-48152,178,179 have been used for the epoxidation of propene using 

H2 and O2 where the Si/Ti ratio was altered to determine the most active 

catalysts.172  Increased activity was observed for catalysts having a high Si/Ti 

ratio suggesting that isolated Ti+4 are the most active for propene epoxidation 
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(Figure 5.3).172,180,181 The generally accepted mechanism for PO formation using 

Au dispersed on titanosilicates as catalyst involves the adsorption of H2 and O2 

on the gold surface prior to forming H2O2 (Figure 5.3).  H2O2 then spills over onto 

the Ti species to form Ti-OOH which is believed to be one of the rate determining 

steps.172,180  Once the Ti-OOH has formed, the propene attacks the 

hydroperoxide species forming PO.  Additionally, it is believed that in titanium 

silicate supports, the Ti sites might be an anchor for the Au clusters thus 

ensuring close proximity of the isolated Ti and Au species.182     

 

 Figure 5.2—Bidentate peroxo species formed with Au/TiO2
164
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Figure 5.3—Schematic representation of isolated Ti sites in heterogeneous 
materials (a)172 and propene epoxidation with Au dispersed on titanosilicates 

(b)162 

                      

(a)                                                                       (b) 

 

One way of optimizing catalyst efficiency is to add a promoter in the 

reactant gas mixture.  Haruta and colleges have demonstrated that the addition 

of a small amount of trimethylamine, which is a strong Lewis base, improved the 

performance of Au on titanosilicates by blocking Lewis acidic sites on the support 

that absorb PO; preventing degradation by oligomerization.183  Additionally, metal 

cations such as cobalt, calcium, and barium have shown to increase the catalytic 

activity for the epoxidation of propene by blocking acidic Ti sites that promote 

degradation.166,184,185  Positive ions also lead to high catalytic activity by 

increasing the gold loading on the support.  During the deposition-precipitation 

process, both the support and the gold being deposited are negatively charged, 

with the addition of positive ions onto the support, the gold anions are strongly 

attracted to the support leading to an increase in gold loading.185,186  A third 

example of a promoter is the addition of water to the reactant gas mixture.  One 

of the main deactivation pathways is the conversion of PO to a bidentate propoxy 

species (Figure 5.2).  By adding water, methanol, or acetone into the reactant 
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mixture, they compete with PO to bind to the titania support blocking the sites 

which lead to catalyst deactivation.187,188    

It is currently believed that in order for this process to be industrially 

relevant, the catalyst must facilitate about 10% propene conversion, 90% PO 

selectivity, and 50% hydrogen efficiency.155  Presently, extremely low H2 

efficiency is a major problem with Au on titanium containing supports.  The rate 

of H2 consumption is 10 times higher than the formation of PO.  One way to 

increase the H2 efficiency is to co-fed CO into the reaction stream.  Such an 

approach has been shown to lower the rate of propene hydrogenation although 

the reason for this inhibition is unclear.181    Recently, propene epoxidation has 

been explored with N2O instead of H2 and O2.  This serves as an interesting 

alternative since N2O is a greenhouse gas which could be converted to N2 

(Scheme 5.4).  Au-Cu/TiO2 catalyst have been used which show up to 5% 

propene conversion along with 60% selectivity for PO.  Although this method has 

yet to be optimized, it does give an interesting alternative to using explosive 

H2.189     

 

 

Scheme 5.4—Using N2O as oxidant instead of H2 

 

 

In heterogeneous catalysis, often times there are a variety of different 

active sites present.  Previously it has been reported that tripodal titanium 

silsesquioxanes are the most active form of Ti for alkene epoxidation reactions.40    

From the literature reports, it has been shown that a probable mechanism of PO 

formation consists of three main components: (1) formation of H2O2 by the Au 
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nanoparticles, (2) the formation of the Ti-OOH species, and (3) the conversion of 

propene to PO.        

From literature studies, we reasoned that it should be possible to generate 

a catalyst that would keep tripodal Ti POSS in close proximity to the Au 

nanoparticles (NP), and thereby facilitate high selectivity for PO and good 

conversion of propene (Scheme 5.5). Tethering tripodal titanium onto Au 

nanoparticles generates isolated, uniform Ti centers in close proximity to the Au 

nanoparticles which have been shown to be the most active for the epoxidation 

of propene.  Additionally, the main deactivation pathway, formation of a bidentate 

species, can be eliminated by using an inert support such as SiO2 which does 

not bind PO as effectively.  Tripodal titanium silsesquioxanes can be tethered 

onto Au nanoparticles by synthesizing tripodal Ti POSS containing a unique thiol 

tail since thiols are known to bind strongly with Au.  Finally, we reasoned that 

using tripodal titanium silsesquioxanes would allow the catalyst to be tuned and 

altered by varying the length and structure of the tether to find the best distance 

required for epoxidation of propene to occur.    
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Scheme 5.5—Proposed route to Ti catalyst tethered to gold nanoparticle 

 

 

5.2 Experimental: 

5.2.1 General Considerations 

All experiments were performed under an atmosphere of nitrogen either using 

standard Schlenk techniques or in a Vacuum Atmospheres glovebox.  Solvents 

were dried and distilled by standard methods before use.126  All solvents were 

stored in glovebox over 4Å molecular sieves that had been dried in a vacuum 

oven at 250 °C for at least 24 hours before use.  All glassware were dried in an 

oven at 110 °C for 24 hours before use.  Unless otherwise stated, all reagents 

were purchased from Aldrich Chemical Company and used without further 

purification.  MercaptopropylIsobutyl POSS and trisilanol cyclohexyl POSS were 

purchased from Hybrid Plastics Inc. and dried overnight under vacuum at 60 C 

prior to use.   

1H, 13C, and 29Si NMR spectra were recorded on a Varian INOVA 400 

MHz spectrometer employing VnmrJ software.  All chemical shifts are reported in 
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units of δ (downfield of tetramethylsilane) and 1H & 13C chemical shifts were 

referenced to residual solvent peaks.  29Si NMR spectra were recorded using 

inverse-gated proton decoupling in order to increase resolution and minimize 

nuclear Overhauser enhancement effects.  To ensure accurate integrated 

intensities, [Cr(acac)3] (0.05 M) was added to 13C and 29Si NMR samples as a 

shiftless relaxation agent and a delay of at least 1.1 s was used between 

observation pulses for 13C and 29Si measurements.  IR spectra were recorded on 

a Thermo Scientific Nicolet iS10 FT-IR Spectrometer.   

5.2.2 Reactor Setup 

To begin, the gases (propene, hydrogen, oxygen (as air), and nitrogen to 

balance since mixtures of H2 and O2 are explosive) were connected to the 

reactor via four ports as seen in Figure 5.4 labeled A.  These four different lines 

are then connected to mass flow controllers (B in Figure 5.4) which control the 

rate of each gas flow individually.  After the four gases are passed through the 

mass flow controllers, they merge to form one steady stream.  At the top of this 

gas line (C in Figure 5.4), there are two different paths: one allows gas to flow 

through the reaction column and the other bypasses the column completely in 

order to test total flows or composition of gases.  The column (Figure 5.5), which 

holds the catalyst, is held within an oven (D in Figure 5.4), in order to control the 

reaction temperature.  After the gases have passed through the reaction column, 

the products must be analyzed.  In order to prevent condensation of any products 

formed, the tube traveling to the residual gas analyzer (RGA) is heat traced and 

can be set at various temperatures (E and F in Figure 5.4).  Finally the gaseous 

products formed are analyzed by RGA (G in Figure 5.4) which has four different 

columns in tandem to separate and analyze numerous products.  Once all the 

parts of the reactor were connected, gas was allowed to flow through and each 

and every junction was tested to ensure there were no leaks present in the 

system.  This is also performed after the reaction column is removed to load or 

unload the catalyst, as well as any other time a part is removed.   
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Figure 5.4—Reactor setup 

A. Ports for gases; B. Mass flow controllers; C. Bypass valve; D. Oven which 

hold reaction column; E. Heat trace; F. Heat trace control box; G. RGA 
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Figure 5.5—Column held within the oven 

 

 

Once the setup of the reactor was complete, each gas was individually 

calibrated through its mass flow controller in order to ensure the correct amount 

of gas flow.  After each gas was calibrated and equations generated to achieve 

correct setting on mass flow controllers, a total flow of 100 standard cubic 

centimeter per minute (sccm) was used to test these equations.  The gas mixture 

desired was 10 % propene, 10 % hydrogen, 10 % oxygen, balanced with 

nitrogen.  Based upon the equations generated, all the gases were turned on and 

mass flow controllers set accordingly.  At the bypass location (C in Figure 5.3), 

the total flow was measured using a flow meter.  Total sccm ranged from 99-103 

over a total of 25 trials with an average of 100.  After the total flow was 

confirmed, the bypass valve was connected directly to the RGA to analyze the 

gas mixture.  The analysis confirmed a 10:10:10 percent ratio of propene, 

hydrogen and oxygen.  This procedure was repeated when the total flow rate 

was changed.   

The RGA also had to be calibrated for carbon dioxide, carbon monoxide, 

propene, acetoaldehyde, acrolein, ethane, oxygen, and propylene oxide in order 

to ensure accurate measurements.  After the reactor was set up, RGA calibrated, 
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and gas flows and concentrations confirmed, the reactor was ready to test 

various catalysts.  Main products expected from the epoxidation reaction include 

propylene oxide, water, carbon dioxide, propene, acetaldehyde, and acrolein 

which were all accounted for in the calibration.   

5.2.3 Synthesis 

5.2.3.1 Synthesis of (HS(CH2)3(i-C4H9)6Si7O9(OH)3 (12) 

A solution of HS(CH2)3(i-C4H9)7Si8O12 (11, 0.4 g, 0.45 mmol) and 35% w/w 

aqueous Et4NOH (0.21 g, 0.49 mmol) in 15 mL of THF was heated to reflux with 

stirring for 4 hours.  The solution was then neutralized with aqueous HCl (1 M).  

Evaporation of the volatiles afforded white solids which were dissolved in diethyl 

ether (30 mL).  The solutions was dried over Na2SO4 overnight.  After removal of 

Na2SO4 by filtration, the filtrate was concentrated to dryness under reduced 

pressure.  The resulting white solid was then recrystallized by dissolving solid in 

toluene (1 mL) and acetonitrile added (5 mL) to yield, after drying, a regiomeric 

mixture of (HS(CH2)3(i-C4H9)6Si7O9(OH)3 (12) as a white solid. Yield: 0.21g, 58%   

 1H NMR: δ 0.63-0.66 (m, 12 H, SiCH2CH(CH3)2), 0.70-1.15 (m, 6 H, 

Si(CH2)3SH), 0.98 (d, 36 H, SiCH2CH(CH3)2), 1.90 (m, 6 H, SiCH2CH(CH3)2), 4.1 

(broad, 1H, S-H), and 6.56 (broad, 3H, Si-OH) 

13C NMR (CDCl3): δ 22.8 (SiCH2CH2CH2SH), 23.1 (SiCH2CH2CH2SH), 23.9 

(CH2CH2CH2SH), 24.1 (SiCH2CH(CH3)2), 24.8 (SiCH2CH(CH3)2), 26.1 

(SiCH2CH(CH3)2). 

29Si NMR (CDCl3): δ -59.1 (Si-OH, 3 Si), -68.2 and -68.8 (Si-CH2CHMe2, 1Si and 

3Si) 

IR (ATR, ν, cm-1): 3200 (Si-OH), 2580 (S-H). 
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5.2.3.2 Synthesis of {Ti(NMe2)(HS(CH2)3)(i-C4H9)6Si7O12) } (13) 

In the glovebox, Ti(NMe2)4 (47 mg, 0.21 mmol) was added via syringe to a stirred 

solution of the regiomeric mixture of 12 (0.16 g, 0.2 mmoles) in diethyl ether (15 

mL) and let stir at room temperature for 30 minutes.  The yellow solution was 

concentrated to dryness under reduced pressure.  Residue was dissolved in 

toluene (1 mL) and acetonitrile (15 mL) was added to precipitate a yellow solid 

which was isolated via filtration and washed trice with acetonitrile followed by 

drying under vacuum to give a regiomeric mixture of {Ti(NMe2)(HS(CH2)3)(i-

C4H9)6Si7O12) } (13) as yellow non-crystalline material. Yield: 0.14 g, 80% 

1H NMR (CDCl3): δ 0.59 (12 H, CH2CH(CH3)2), 0.70-1.15 (m, 6 H, Si(CH2)3SH), 

0.96 (d, 36 H, CH2CH(CH3)2 ), 1.93 (6H, CH2CH (CH3)2), 3.0-3.2 (broad, Ti-

N(CH3)2) and 4.03 (S-H). 

29Si NMR (CDCl3): δ -68.9 (7 Si, multiplet, overlapping, Si-CH2CHMe2) 

IR (ATR, ν, cm-1): 2580 (S-H). 

5.2.3.3 Synthesis of {Ti(OPri)(HS(CH2)3)(i-C4H9)6Si7O12) } (14) 

In the glovebox, Ti(OPri)4 (60 mg, 0.21 mmol) was added via syringe to a stirred 

solution of the regiomeric mixture of 12 (0.16 g, 0.2 mmoles) in diethyl ether (15 

mL) and let stir at room temperature for 30 minutes.  The colorless solution was 

concentrated to dryness under reduced pressure.  Work up was the same as 

reported for 13 to yield a regiomeric mixture of {Ti(NMe2)(HS(CH2)3)(i-

C4H9)6Si7O12) } (13) as white non-crystalline material. Yield: 0.16 g, 88%  

1H NMR (CDCl3): δ 0.58 (12 H, CH2CH(CH3)2), 0.70-1.15 (m, 6 H, Si(CH2)3SH), 

0.96 (d, 36 H, CH2CH(CH3)2 ), 1.27 ppm (6H, OCH(CH3)), 1.94 (6H, CH2CH 

(CH3)2), 3.0-3.2 (broad, Ti-N(CH3)2), 4.03 (1H, S-H) and 4.49 ppm (1H, 

OCH(CH3)2)  

29Si NMR (CDCl3): δ -68.7 (7 Si, multiplet, overlapping, Si-CH2CHMe2) 
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IR (ATR, ν, cm-1):  2580 (S-H). 

5.2.3.4 Au/SiO2 

Au/SiO2 was prepared by deposition-precipitation method using gold (III) chloride 

as the gold precursor at room temperature.  SiO2 (10 g) was dispersed in DI 

water (100 mL) with vigorous stirring.  2.5% ammonium hydroxide was added to 

raise the pH of the solution to a value between 9.4 and 9.6.  Over a 1 hour 

period, the gold (AuCl3 (187 mg) dissolved in DI water (40 mL)) was added while 

the pH was maintained between 9.4 and 9.6.  The mixture was allowed to stir for 

an additional hour after which it was filtered and washed with DI water (200 mL) 

thrice to yield a yellow solid material.  The catalyst was dried at 60°C overnight 

followed with activation by calcination for 2 hours at 120°C followed by 4 hours at 

400°C to yield purple powder.  Au nanoparticles (NP) were analyzed by TEM 

where at least 100 NPs were measured for calculations.     

5.2.3.5 Tethering of {Ti(NMe2)(HS(CH2)3)(i-C4H9)6Si7O12) } (13) onto Au/SiO2 (13-

Au/SiO2) 

In glovebox, {Ti(NMe2)(HS(CH2)3)(i-C4H9)6Si7O12) } (13, 5 or 10 wt%) was 

dissolved in diethyl ether (25 mL) followed by the addition of Au/SiO2 (5g) which 

was allowed to stir for 30 minutes at room temperature.  Upon completion, the 

mixture was concentrated to dryness under reduced pressure and washed thrice 

with copious amounts of acetonitrile to yield 13-Au/SiO2 as a purple solid. 

5.2.3.6 Tethering of {Ti(OPri)(HS(CH2)3)(i-C4H9)6Si7O12) } (14) onto Au/SiO2 (14-

Au/SiO2) 

In glovebox, {Ti(OPri)(HS(CH2)3)(i-C4H9)6Si7O12) } (14, (5 or 10 wt%)) was 

dissolved in diethyl ether (25 mL) followed by the addition of Au/SiO2 (5g) which 

was allowed to stir for 30 minutes at room temperature.  Upon completion, the 

mixture was concentrated to dryness under reduced pressure and washed thrice 

with copious amounts of acetonitrile to yield 14-Au/SiO2 as a purple solid. 
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5.2.3.7 Impregnation of [Ti(OPri){(c-C6H11)7Si7O12}] (15) onto Au/SiO2 (15-Au)  

In glovebox, [Ti(OPri){(c-C6H11)7Si7O12}] (10, (5 or 40 wt%)) was dissolved in 

diethyl ether (25 mL) followed by the addition of Au/SiO2 (5g) which was allowed 

to stir for 30 minutes at room temperature.  Upon completion, the mixture was 

concentrated to dryness under reduced pressure and washed thrice with copious 

amounts of acetonitrile to yield 15Au/SiO2 as purple solid.  

5.2.3 Epoxidation Trials 

In order to test a catalyst, glass wool was lightly packed in the bottom of the 

column until the thermocouple came in contact with the glass wool.  This was 

performed so that the thermocouple would reside in the catalysts bed yielding a 

more accurate temperature reading.  0.4 g of catalyst was added followed by 

glass wool lightly packed to keep catalyst in place.  Oven was set to desired 

temperature and allowed to stabilize.  The heat tape along output lines were set 

at 100 °C.  After the oven and heat tape were stable, the gas mixture was 

allowed to flow through reaction column.  RGA analysis was taken every 5 

minutes and recorded.             

5.3 Results/Discussion: 

5.3.1 Grafting of tripodal Ti POSS onto Au/SiO2 supports 

First, the Au nanoparticles were deposited onto SiO2 via deposition-

precipitation method described previously.164,170,187,190  The support is dispersed 

in water and the pH is raised by adding 2.5% ammonium hydroxide (NH4OH) 

until the pH value was between 9.4 and 9.6.  Then, gold (AuCl3 in DI water) was 

slowly added while maintaining the pH between 9.4 and 9.6.  The mixture was 

filtered, washed and activated by calcination, resulting in the successful 

formation of Au/SiO2 which was characterized by TEM.  A narrow size distribution 

(2-5 nm) was observed for Au nanoparticles dispersed on SiO2 which were air-

cooled after calcination (Figure 5.6).   Additionally, TEM micrographs (Figure 5.7) 

showed that the gold nanoparticles were isolated and did not overlap with each 

other.  In order to prevent water formation on the surface, another series of 



 

135 
 

Au/SiO2 supports were synthesized as described previously except the material 

was cooled under N2 after the calcination step (Figure 5.8 and 5.9).  N2-cooled 

Au/SiO2 showed isolated Au nanoparticles but had a slightly larger nanoparticle 

size distribution (2-6 nm) compared to air-cooled Au/SiO2.  Nanoparticles in the 

2-5 nm range have been reported to be the most active for the epoxidation of 

propene therefore both Au/SiO2 supports should display catalytic activity for the 

formation of H2O2 from H2 and O2. 

 

Figure 5.6—Size distribution of Au/SiO2 nanoparticles air-cooled after calcination 
step 

 

Figure 5.7—TEM micrographs of Au/SiO2 nanoparticles air-cooled after 
calcination step 
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Figure 5.8—Size distribution of Au/SiO2 nanoparticles N2-cooled after calcination 
step 

 

 

Figure 5.9—TEM micrographs of Au/SiO2 nanoparticles N2-cooled after 
calcination step 

 

 

After confirming that the Au nanoparticles were in the correct size range, a 

tripodal titanium POSS complex containing a thiol tail was synthesized; the 

complex was subsequently tethered to Au nanoparticles.  Numerous reports 

have investigated the strength of Au-thiol bonds.  The bond dissociation was 

determined to be on the order of 50 kcal/mol for Au-thiol while C-C bonds display 

83-85 kcal/mol suggesting that Au-thiol bonds display good stength.26,191-193     
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The synthesis of 12 (Scheme 5.6) was accomplished by removing one 

framework silicon from mercaptaisobutyl POSS (11) via base catalyzed excision 

adapted from Feher.96-99  Excision of mercaptaisobutyl POSS was accomplished 

by refluxing Et4NOH in THF for four hours to produce (HS(CH2)3(i-

C4H9)6Si7O9(OH)3 (12) in moderate yield (42%).  The structure and formulation of 

12 was confirmed by solution (1H, 13C, & 29Si) NMR and IR.  29Si NMR spectra 

showed silanol Si atoms at δ-59.1, consistent with previously reported chemical 

shift (δ-58.5) for silanol Si atoms for (i-Bu)7Si7O9(OH)3.99  Additionally, the silanol 

signal displayed the expected 3:4 integral ratio with overlapping resonances for 

silsesquioxane Si atoms between δ  -68.2 and -68.8.  Evidence for the retention 

of the unique thiol tail was observed in the 1H NMR spectra which showed a 

resonance at δ 4.10 for the thiol group along with a broad resonance at δ 6.56 for 

the silanol protons.  Further confirmation that both the thiol and silanol groups 

were present in 12 came from the IR spectrum which showed an OH stretch 

(3200 cm-1) as well as a SH stretch (2580 cm-1).     

 

Scheme 5.6—Synthesis of tripodal Ti POSS 
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Ti was inserted into 12 via protonolysis of Ti(NMe2)4 or Ti(OPri)4 with one 

equivalent of 12 to give 13 and 14 in excellent yields (Figure 5.6). 13 and 14 

were confirmed by solution (1H, 13C, & 29Si) NMR and IR.  1H NMR showed the 

loss of the silanol peaks (6.56 ppm) while retaining the thiol peak around 4.1 for 

both 13 and 14.  For 13, some residual HNMe2, by-product of protonolysis, was 

present and has been shown in chapter 2, to bind to the Ti center.  This 

broadens the Ti-NMe2 resonances in the 1H NMR due to the slow exchange 

between HNMe2 and Ti-NMe2.  On the other hand, 14 showed characteristic 

isopropoxide resonances at 4.49 ppm (OCH(CH3)2) and 1.27 ppm (OCH(CH3)) 

while not containing any isopropyl alcohol by-product.  Further confirmation of the 

formation of 13 and 14 came from the 29Si NMR which showed the absence of 

the silanol resonances around -59 ppm and only showed the framework 

silsesquioxane Si atoms from -68 to -70 ppm.  IR spectra of 13 and 14 showed 

the loss of the OH stretch (3200 cm-1) while the SH stretch (2580 cm-1) remained. 

 Tripodal Ti POSS was tethered onto the Au/SiO2 supports by first 

dissolving the POSS in Et2O followed by the addition of the Au/SiO2 support into 

the solution.  The mixture was allowed to stir for 30 minutes and then slowly dried 

under reduced pressure.  To remove any free Ti POSS species, the resulting 

material was washed with copious amounts of ACN. 

5.3.2 Epoxidation Trials  

 Epoxidation of propene was first analyzed with gold dispersed on TiO2 in 

order to validate the reactor setup.  As seen in Table 5.1 entry 1, the catalyst 

showed high selectivity and a yield of 0.8% at 70°C, which was in line with 

literature reports.7,143,155,162,164,170,172,188,194-197  Next, the Au/SiO2 was tested to 

see if the support without Ti would show any activity (Table 5.1-entry 2).  There 

was no conversion observed, indicating that without the Ti present, no 

epoxidation would take place.  As a final check of our system before supported 

tripodal Ti POSS catalysts were tested, Ti(OPri)4 was supported on the different 

Au/SiO2 samples in order to ensure the Au nanoparticles were in the correct size 
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range for epoxidation reaction (Table 5.1-entry 3).  Indeed, the epoxidation 

reaction showed high selectivity and an overall yield of 1% after the first cycle.   

Verification of our system included validating the reactor setup, ensuring 

the Au nanoparticles were in the correct range, and showing that Ti was needed 

for epoxidation to occur.  Next, tripodal titanium silsesquioxanes immobilized 

onto Au/SiO2 were tested.  As can be seen in Table 5.1 entry 4 and 5, there was 

minimal activity for 13-Au/SiO2 (0.05% yield of PO) or 14-Au/SiO2 (0.06% yield 

of PO).  We knew that our Au NPs were active so it was postulated that the 

surface was interacting with the Ti center. It is known that SiO2 has free silanols 

on the surface and has the possibility of interacting with the Ti center.  In fact, it 

has been shown in the literature that by silylating the support surface, the activity 

of the catalyst increased, giving higher PO selectivity (95% vs 90%) as well as 

higher H2 efficiency (12% vs 7.5%) albeit the PO conversion decreased.  The 

lower conversion was thought to be  due to reaction site blocking by the silylating 

agent.144    
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Table 5.1—Epoxidation Results 
 

 

0.4 g catalysts, 1:1:1 O2:H2:Propene, GHSV = 7000 hr-1
,
 Feed flow = 100 sccm, 

Analyzed by GC-FID 
*Used with both Au/SiO2 and silylated Au/SiO2 supports  

 

In order to prevent interactions between the surface silanols and the Ti 

center, the SiO2 support was silylated.  When the SiO2 support is silylated, the 

surface is hydrophobic, which prevents Au deposition via deposition-precipitation 

method.  Thus, we silylated the Au/SiO2 supports after calcination using BSTFA 

(Bis(trimethylsilyl)trifluroacetamide) with 1% TMCS (trimethylchlorosilane) until all 

the silanol groups present were consumed based on IR analysis, i.e. we made 

the Au/SiO2 by deposition-precipitation then silylated after calcination.  The Au 

Entry 
No. 

Catalyst Temperature 
(°C) 
 

Selectivity 
For PO (%) 
 

Yield 
(%) 
 

1 Au/TiO2 

 
70 100 0.8 

2 Au/SiO2 
 

70 0 0 

3 Ti(OPri)4 supported on Au/SiO2*  
 

70 85 1 

4 5 wt% Ti(NMe2) Thiol Isobutyl POSS 
supported on Au/SiO2 

 

70 Maximum of 
6.5 

0.05 

5 5 wt% Ti(OPri) Thiol Isobutyl POSS 
supported on Au/SiO2 

 

70 Maximum of 7 0.06 

6 5 wt%  Ti(OPri) Thiol Isobutyl POSS  
supported on silylated Au/SiO2 

 

70 Maximum of 
2.3 

0.06 

7 10 wt%  Ti(OPri) Thiol Isobutyl POSS  
supported on Au/SiO2* 

 

70 0 0 

8 5 wt% Ti(OPri) Cyclohexyl POSS 
supported on silylated Au/SiO2 

 

70 5.3 0.13 

9 40 wt% Ti(OPri) Cyclohexyl POSS 
supported on Au/SiO2* 

 

70 Maximum of 7 Maximum 
of 0.17 
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nanoparticle size distribution for silylated supports air-cooled after calcination is 

shown in Figure 5.10.  TEM micrographs (Figure 5.11) show the Au 

nanoparticles aggregated together and in some cases, multiple nanoparticles are 

overlapping which, resulted in a wide range of Au nanoparticle size. The 

observed aggregation is most likely due to greater hydrophobic character of the 

support, which enhances the ability of nanoparticles to move freely due to 

attractive forces between the nanoparticles.  A second batch of Au/silylated SiO2 

was synthesized as previously described except the material was cooled under a 

N2 atmosphere after calcination to prevent water formation on the surface. The 

Au nanoparticles size distribution can be seen in Figure 5.12.  Similar to the 

silylated Au/SiO2 catalyst dried under air, the TEM showed the Au nanoparticles 

overlapped with each other and clustered together when compared to non-

silylated Au/SiO2 (Figure 5.13).   

 

Figure 5.10—Size distribution of silylated Au/SiO2 nanoparticles air-cooled after 
calcination and silylation step 
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Figure 5.11—TEM micrographs of silylated Au/SiO2 nanoparticles air-cooled 
after calcination and silylation step 

 

 

 

 

Figure 5.12—Size distribution of silylated Au/SiO2 nanoparticles N2-cooled after 
calcination and silylation step 
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Figure 5.13—TEM micrographs of silylated Au/SiO2 nanoparticles N2-cooled 
after calcination and silylation step 

                                      

                                                      

 

Analogous to the prep of 14-Au/SiO2, 14-Au/silylated-SiO2 was prepared 

by tethering 14 onto the Au/SiO2 supports by first dissolving the POSS in Et2O 

followed by the addition of the Au/SiO2 support into the solution.  The mixture 

was allowed to stir for 30 minutes and then slowly dried under reduced pressure.  

To remove any free Ti POSS species, the resulting material was washed with 

ACN.  14-Au/silylated-SiO2 catalyzed epoxidation of propene employing H2 and 

O2 (Table 5.1-entry 6 and 7) displayed lower selectivity compared to 14-Au/SiO2.  

However when compared to Au/TiO2 or even Ti(OPri)4 supported on Au/SiO2  

there was essentially minimal amount of activity observed for both 14-

Au/silylated-SiO2 and 14-Au/SiO2.  This suggested that there may not be 

enough Ti present in the catalysts since the POSS ligand is very bulky compared 

to Ti.  Therefore, the loading of tripodal Ti POSS was increased to 10 wt% (Table 

5.1-entry 7) however this also showed no catalytic activity. 
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 Observing that there was essential no activity for either 13-Au/SiO2 or 14-

Au/SiO2, it was determined that the thiol tail may not be effectively keeping the Ti 

in close proximity to the Au nanoparticles.  It was thought to test a uniformly 

substituted POSS which does not contain a thiol tail.  Previously, it has been 

determined that uniformly substituted [Ti(NMe2){(c-C6H11)7Si7O12}] (10)has a 

higher k2 value compared to a regiomeric mixture of tripodal titanium 

silsesquioxanes (Chapter 2).  Therefore, [Ti(OPri){(c-C6H11)7Si7O12}] (15) was 

prepared via literature method40 and then impregnated () onto Au/SiO2 support 

(15Au/SiO2).  15Au/SiO2 catalyzed epoxidation of propene (Table 5.1-entry 

8) showed a slightly higher yield (0.13%) than 13-Au/SiO2 or 14-Au/SiO2. 

Although the yield was higher, the selectivity remained extremely low (5.3%) and 

in comparison to Au/TiO2 or Ti(OPri)4 supported on Au/SiO2, there was 

essentially no activity seen for these catalysts either.   

5 and 10 wt% loading of tripodal Ti silsesquioxanes were inefficient 

catalysts for the epoxidation of propene.  The Ti center is the active site for the 

epoxidation of propene.  Therefore, since POSS ligand is very bulky compared to 

Ti, catalysts containing 5 wt% of Ti (40 wt% of 15) were tested for the 

epoxidation of propene (Table 5.1-entry 9).  Indeed we did see the highest 

selectivity (7%) and yield (0.17%) observed to date for these tripodal Ti catalysts; 

however they pale in comparison to Au/TiO2 or Ti(OPri)4 supported on Au/SiO2.  

For all the catalysts tested, even if some activity was observed for the first cycle, 

they degraded quickly and no additional yield was obtained.   

5.4 Conclusion 

After observing that all the tripodal Ti POSS catalyst showed almost no 

activity, we terminated the epoxidation reactions.  It was evident that although 

this was a promising idea, the catalysts are just not active under our reaction 

conditions for the direct epoxidation of propene using molecular oxygen as the 

oxidant.   
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Looking back to the reaction mechanism, there are essentially three steps 

that have to occur for PO formation.  First the Au nanoparticles have to generate 

H2O2 in situ.  Next the Ti must be in close proximity to the Au nanoparticles in 

order to form the active Ti-OOH species.  Finally, before H2O2 decomposes, 

propene must react with the Ti hydroperoxide species to generate PO.  

Additionally, after formation, the PO must not decompose before it reaches the 

GC detector.   

Breaking these steps down into different parts we first must determine if 

the Au nanoparticles are indeed forming H2O2.  In order to investigate this, 

epoxidation trials were conducted using Ti(OPri)4 on Au/SiO2 supports.  These 

catalysts did show conversion of propene and relatively high yields as compared 

to the tripodal Ti POSS catalysts suggesting that the Au nanoparticles were 

forming H2O2.  Further evidence is provided by the consumption of H2 and O2 

gas for all epoxidation trials which contained Au nanoparticles, suggesting that 

indeed the Au nanoparticles were forming H2O2. 

The next step would be to form the Ti-OOH species which is thought to be 

the rate determining step.  This would be accomplished by having the Ti in close 

proximity to the Au nanoparticles where H2O2 was formed.  When the Au 

nanoparticle forms H2O2, there are at least two different routes that can occur.  

The first is the formation of the Ti-OOH species and the second is the 

decomposition to water and H2.  Although we did not analyze for the formation of 

the Ti-OOH species, this could be accomplished by using in situ IR which would 

show the Ti-OOH species as has been demonstrated by 

others.46,137,145,151,154,155,158,161,162,169,194,195,198,199  After the Ti-OOH species is 

formed, propene is converted to PO.  However, the rate of Ti-OOH 

decomposition can also dominate the reaction if the olefin is not in close 

proximity to the Ti-OOH species.  

In addition to these reaction steps, we can look at deactivation pathways 

as well: one major pathway would be the loss of Ti via hydrolysis.  This occurs 
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when water is present either on the catalyst surface or in the reaction stream.  It 

has been postulated that indeed H2O2 is being formed by the Au nanoparticle 

tested by our system.  Therefore, we can assume that some of the H2O2 is being 

decomposed to form water as well.  Since our support has some degree of 

polarity, the water formed could stick to the surface causing a loss of any Ti 

present in our catalysts.  To avoid this, we could try to place our catalysts in a 

hydrophobic medium to use in the reactor which would prevent water from 

deactivating our catalysts.  Another option would be to incorporate our tripodal Ti 

POSS into a polymer which would then be used as a support for the Au 

nanoparticles and allow for a higher degree of hydrophobicity. 

The size of the POSS could also play a large role in why these catalysts 

were inactive.  It could be that the Ti is positioned away from the Au 

nanoparticles and as soon as the H2O2 is produced it does not interact with the Ti 

center but passed through the SiO2 support or decomposes instead.  It would be 

interesting to do a TEM/XRD (transmission electron microscope/X-ray diffraction) 

and AFM (atomic force microscopy) study to determine if the Ti POSS was in fact 

tethered to the Au nanoparticles or if they are isolated on the SiO2 surface.  

Additionally, the thiol tail could be tuned in order to achieve the best length and 

rigidity to hold the Ti close to the Au nanoparticles.  Finally, the support could 

play a major role in the catalytic activity.  It would be interesting to study various 

different supports such as graphite in order to gain a better understanding of the 

reaction steps occurring.   

Vast amount of work can be conducted in order to improve these 

catalysts, such as in situ IR, TEM/XRD and AFM study, alter thiol tail, embed 

catalysts into a hydrophobic membrane, etc. which could generate an active 

catalyst or help to better understand that key reactions steps that need to 

proceed for a successful reaction. 

Copyright © Sarah Michelle Peak 2015 
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Chapter 6: Conclusions and Future Work 

  

Chapters 2 and 3 demonstrated that homogeneous tripodal titanium 

silsesquioxanes display excellent catalytic activity using TBHP as the oxidant for 

the epoxidation of cyclic olefins (cyclohexene and 1-methycyclohexene), terminal 

olefins (1-octene), and more demanding olefins such as limonene and α-pinene.  

In fact, compared to other titanium catalysts, homogeneous tripodal titanium 

silsesquioxanes are some of the most active catalysts developed to date.  Due to 

the excellent promise of homogeneous tripodal titanium silsesquioxanes, they 

were perfect candidates for immobilization in order to generate heterogeneous 

catalysts that could be reused.  

Indeed, Chapter 2 demonstrated the successful immobilization of tripodal 

titanium silsesquioxane onto hyperbranched polysiloxysilane matrices.  The 

materials displayed similar selectivities compared to the homogeneous analogs 

for the epoxidation of 1-octene employing TBHP as the oxidant.  Additionally, it 

was shown that the immobilized catalysts can be reused up to five recycles with 

only a slight loss in activity due to the presence of excess t-butanol.  However, 

we were able to successfully repair the catalysts and regain similar activity as the 

pristine catalysts.  Chapter 3 demonstrated the versatility of immobilized titanium 

catalysts where all of the catalysts explored displayed similar epoxidation 

selectivities for the olefins tested compared to the homogeneous analogs; the 

exception being α-pinene which resulted in slightly lower selectivity.  Although 

selectivity for α-pinene oxide was lower for the immobilized catalysts versus the 

homogeneous analogs, the results obtained were either comparable or superior 

to numerous other catalysts reported.       

  Employing TBHP as the oxidant generates t-butanol as the co-product, 

which needs to be disposed of or recycled.  However, if H2O2 was used instead, 

this would generate water as a co-product leading to higher atom efficiency and 

less environmental impacts.  Chapter 4 demonstrated that when hydrogen 

peroxide was employed, the catalysts were less active compared to when TBHP 
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was used as the oxidant due to degradation of the catalysts from the water 

present.  Reactions conditions were modified in order to remove excess water 

from the reaction medium.  As a result, c-P1-8 displayed higher catalytic activity 

compared to runs where water was not removed.  In industry, more concentrated 

H2O2 can be used and will inherently show higher activity compared to the results 

shown herein.   

Even though these results are very promising, there are always 

improvements that can be made to allow for the development of better catalysts.  

The catalytic system developed allows for numerous manipulations of the 

catalyst to tune it for optimal activity.  In order to improve the overall rate of the 

reaction, the ligand on titanium (L in Figure 6.1) can be changed from NMe2, 

which has been shown to autoretard the reaction, to a less basic ligand such as 

OPri, OPh, CH2Ph or OSiMe3 and ideally generate faster catalysts.  Additionally, 

electron withdrawing ligands such as OC6H4F-p or OC6H4NO2-p can be 

employed that have been shown to have a higher k2 value than the ligands 

mentioned above.  Similarly, substituents of the silsesquioxane (R in Figure 6.1) 

can be changed to smaller cyclohexyl or cyclopentyl groups which have been 

shown to give faster catalysts when compared to the isobutyl analog.  The rigidity 

and length of the tail (Y in Figure 6.1) can also be explored in order to determine 

if the orientation of the POSS moiety within the polymer matrix plays a role in the 

catalytic activity.  Additionally, the POSS loading can be altered in order to 

determine if there is an optimum titanium loading for the epoxidation reactions.   
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Figure 6.1—Tripodal titanium silsesquioxane 

 

 

  Aside from altering the POSS complex, the polymer can also be modified 

to achieve optimum catalytic activity.  Possible modifications include changing 

the molecular weight of the polymer as well as the degree of crosslinking.  By 

altering the molecular weight of the polymer and/or the degree of crosslinking, 

there would be a balance between rate of diffusion for the reactant and the 

protection of the titanium center from degradation due to water, which results in 

catalyst deactivation.  When TBHP is employed as the oxidant, heterogenaztion 

is beneficial in order to generate a robust, recyclable, and repairable catalyst that 

has similar catalytic activity compared to the homogeneous analogs.  However 

when H2O2 is used as the oxidant, protection of the titanium center from water is 

the most beneficial aspect of heterogenaztion.  Therefore, the catalyst displaying 

the highest catalytic activity when TBHP is employed could be different than the 

catalyst developed for H2O2 epoxidation reactions.    

 Chapter 5 focused on the direct epoxidation of propene by tethering 

tripodal titanium silsesquioxane onto Au/SiO2.  Our results indicate that further 

improvements need to be made (these were discussed in the conclusion section 

of Chapter 5). 
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   Tripodal titanium silsesquioxanes, both homogeneous and immobilized 

catalysts, displayed superior activity for epoxidation reactions employing TBHP 

for different olefins.  Additionally, immobilized tripodal titanium silsesquioxanes 

were active catalysts when H2O2 was employed as the oxidant and displayed 

either comparable or superior catalytic activity to numerous other titanium 

containing catalysts reported.  The results discussed in this dissertation show 

that tripodal titanium silsesquioxanes are excellent catalysts for the epoxidation 

of olefins and have great potential for use in industry.  
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Appendix 

LIST OF ABBREVIATIONS AND SYMBOLS 

General 

ACN    Acetonitrile 

ROOH   Alkyl hydroperoxide 

Å    Angstrom, 10-10 m 

C    Celsius 

cm    centimeter 

CDCl3    Deuterated chloroform 

CPPA    cis-1-propenylphosphonic acid 

°    Degree 

DP    Deposition-precipitation 

DMF    Dimethylformamide 

EO    Ethylene Oxide 

GC-FID   Gas chromatography-flame ionization detector 

g    Grams 

Hz    Hertz, s-1 

mCPBA   meta-chlorperoxybenzoic acid 

µL    Microliter 

mg    Milligrams 

mL     Milliliters 

mmoles   Millimoles 

MCM-41   Mobil composition of matter No. 41 

nm    Nanometer 

NP    Nanoparticle 

ppm    Parts per million 

PDMS    Polydimethylsiloxane 

POSS    Polyoligomeric silsesquioxanes 

PO    Propylene oxide 
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RGA    Residual gas analyzer 

s    Seconds 

SSHC    Single-site heterogeneous catalyst 

sccm    standard cubic centimeter per minute 

T    Temperature 

TBHP    Tert-butyl hydroperoxide 

THF    Tetrahydrofuran 

3-D    Three dimension 

t    Time 

Ti    Titanium 

TS-1    Titanium silicalite-1 

TEM    Transmission electron microscopy 

UV    Ultraviolet  

wt%    Weight percent 

XPS    X-ray photoelectron spectroscopy 

 

 

 

For nuclear magnetic resonance (NMR) spectra and infrared (IR) spectra 

 

ATR    Attenuated total reflectance 

δ    Chemical shift (in parts per million) 

d    Doublet 

m    Multiplet 

NMR    Nuclear magnetic resonance 

s    Singlet 

t    Triplet 

cm-1    Wavenumbers 
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Figure A1— UV-Vis of [Ti(NMe2){Et3Si(CH2)3(i-Bu)6Si7O12}] (7) 

 

Figure A2—UV-Vis spectrum of [Ti(NMe2){HMe2Si(CH2)3(i-Bu)6Si7O12}] (8) 
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Figure A3—UV- Vis spectrum of (P1-8) 

 

 

 

Figure A4—UV- Vis spectrum of (c-P1-8) 
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Figure A5. Typical GC chromatograph for epoxidation of 1-octene (73 g) using TBHP 

(31 mmol) and homogeneous catalysts (7-10, 0.2mmol Ti) after 10 minutes (50 % 

conversion) 
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Figure A6. Typical GC chromatograph for epoxidation of 1-octene (20 g) using TBHP 

(0.55 mmol) and P1-8 (0.06 mmol Ti) as catalyst after 1 hours (50 % conversion) 
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Figure A7. Typical GC chromatograph for epoxidation of 1-octene (20 g) using TBHP 

(0.55 mmol) and c-P1-8 (0.02 mmol Ti)as catalyst after  16 hours (50 % conversion) 
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Figure A8. Typical GC chromatograph for epoxidation of 1-octene (73 g) using TBHP 

(31 mmol) and homogeneous catalysts (7-10, 0.2mmol Ti) after 30 minutes (100 % 

conversion) 
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Figure A9. Typical GC chromatograph for epoxidation of 1-octene (20 g) using TBHP 

(0.55 mmol) and P1-8 (0.06 mmol Ti) as catalyst after 2 hours (100 % conversion) 
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Figure A10. Typical GC chromatograph for epoxidation of 1-octene (20 g) using TBHP 

(0.55 mmol) and c-P1-8 (0.02 mmol Ti)as catalyst after  24 hours (100 % conversion) 
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Figure A11. Typical GC chromatograph for epoxidation of cyclohexene (60 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

homogeneous catalysts (9-10, 0.02 mmol Ti) after 10 minutes (98 % conversion) 
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Figure A12. Typical GC chromatograph for epoxidation of cyclohexene (60 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

heterogeneous catalysts (P1-8 or c-P1-8, 0.02 mmol Ti) after 12 hours (99 % conversion) 
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Figure A13. Typical GC chromatograph for epoxidation of cyclohexene (3 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

heterogeneous catalysts (9-10, 0.02 mmol Ti) after 40 minutes (70 % conversion) 
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Figure A14. Typical GC chromatograph for epoxidation of cyclohexene (3 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

heterogeneous catalysts (P1-8, 0.02 mmol Ti) after 4 hours (70 % conversion) 
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Figure A15. Typical GC chromatograph for epoxidation of 1-methylcyclohexene (60 

mmol) using TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard 

and homogeneous catalysts (9-10, 0.02 mmol Ti) after 10 minutes (92 % conversion) 
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Figure A16. Typical GC chromatograph for epoxidation of 1-methylcyclohexene (60 

mmol) using TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard 

and heterogeneous catalysts (P1-8 or c-P1-8, 0.02 mmol Ti) after 4 hours (98 % 

conversion) 
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Figure A17. Typical GC chromatograph for epoxidation of 1-methylcyclohexene (3 

mmol) using TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard 

and homogeneous catalysts (10, 0.02 mmol Ti) after 14 hours (85 % conversion) 
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Figure A18. Typical GC chromatograph for epoxidation of 1-methylcyclohexene (3 

mmol) using TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard 

and heterogeneous catalysts (P1-8, 0.02 mmol Ti) after 20 hours (60 % conversion) 
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Figure A19. Typical GC chromatograph for epoxidation of limonene (60 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

homogeneous catalysts (9-10, 0.02 mmol Ti) after 10 minutes (98 % conversion) 
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Figure A20. Typical GC chromatograph for epoxidation of limonene (60 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

heterogeneous catalysts (P1-8 or c-P1-8, 0.02 mmol Ti) after 6.5 hours (70 % 

conversion) 
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Figure A21. Typical GC chromatograph for epoxidation of limonene (3 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

homogeneous catalysts (10, 0.02 mmol Ti) after 10 minutes (71 % conversion) 
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Figure A22. Typical GC chromatograph for epoxidation of limonene (3 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

heterogeneous catalysts (P1-8, 0.02 mmol Ti) after 30 hours (50 % conversion) 
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Figure A23. Typical GC chromatograph for epoxidation of α-pinene (60 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

homogeneous catalysts (9-10, 0.02 mmol Ti) after 10 minutes (90 % conversion) 
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Figure A24. Typical GC chromatograph for epoxidation of α-pinene (60 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

homogeneous catalysts (P1-8 or c-P1-8, 0.02 mmol Ti) after 4 hours (76 % conversion) 
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Figure A25. Typical GC chromatograph for epoxidation of α-pinene (3 mmol) using 

TBHP (3 mmol) toluene as solvent, and chlorobenzene as internal standard and 

homogeneous catalysts (10, 0.02 mmol Ti) after 5 hours (72 % conversion) 
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Figure A26. Typical GC chromatograph for epoxidation of 1-octene (60 mmol) using 

TBHP (3 mmol) toluene as internal standard and heterogeneous catalysts (P1-8 or c-P1-

8, 0.02 mmol Ti) after 12 hours (70 % conversion) at 60 °C 
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Figure A27. Typical GC chromatograph for epoxidation of cyclohexene (45 mmol) using 

H2O2 (2 mmol) toluene as internal standard, ACN as solvent and heterogeneous catalyst 

(c-P1-8, 0.02 mmol Ti) at 12 hours (100 % conversion H2O2) at 60 °C 
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Figure A28. Typical GC chromatograph for epoxidation of cyclohexene (45 mmol) using 

H2O2 (2 mmol) toluene as internal standard, IPA as solvent and heterogeneous catalyst 

(c-P1-8, 0.02 mmol Ti) at 12 hours (100 % conversion H2O2) at 60 °C 
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Figure A29. Typical GC chromatograph for epoxidation of cyclohexene (>45 mmol) 

using H2O2 (2 mmol) toluene as internal standard, and heterogeneous catalyst (c-P1-8, 

0.02 mmol Ti) at 5 hours (60 % conversion H2O2) at 60 °C 
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Figure A30. Typical GC chromatograph for epoxidation of cyclohexene (>45 mmol) 

using H2O2 (2 mmol) toluene as internal standard, and heterogeneous catalyst (c-P1-8, 

0.02 mmol Ti) at 12 hours (100 % conversion H2O2) at 60 °C 
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Figure A31. Typical GC chromatograph for epoxidation of cyclohexene (>45 mmol) 

using H2O2 (2 mmol) toluene as internal standard, DCE as solvent and heterogeneous 

catalyst (c-P1-8, 0.02 mmol Ti) at 6 hours (60 % conversion H2O2) at 60 °C 
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Figure A32. Typical GC chromatograph for epoxidation of cyclohexene (>45 mmol) 

using H2O2 (2 mmol) toluene as internal standard, DCE as solvent and heterogeneous 

catalyst (c-P1-8, 0.02 mmol Ti) at 12 hours (100 % conversion H2O2) at 60 °C 
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