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ABSTRACT 

 

 

It was recently shown that V-doped acid-prepared mesoporous silica (APMS) 

nanoparticles are active catalysts for the oxidation of the mustard gas analogue 2-

chloroethyl ethyl sulfide (CEES) under ambient conditions in the presence of aldehydes, 

using O2 from air as the oxidation source. However, the vanadium ion leached from the 

surface when water was present, leading to decreased catalytic activity. Therefore, in this 

work, the environment around the vanadium is changed, using diethylenetriamine 

pentaacetic acid (dtpa) as a ligand and anchoring it to the surface of a mesoporous silica 

nanoparticle, to investigate its effect on vanadium’s ability to perform oxidation reactions.  

 

VO(dtpa)-APMS was synthesized by covalently linking the multi-dentate chelator 

dtpa onto the surface through peptide coupling of one of the acetate groups to 

aminopropyltriethoxysilane (APTES), condensing the dtpa-APTES molecule onto the 

mesoporous silica surface, and then exchanging a vanadyl salt into the resulting solid. 

Physical characterization of the material confirmed that the substrate retained its porosity 

after modification, and that the vanadium did not leach from the solid, in contrast to 

samples that did not contain dtpa. Solid-state EPR spectroscopy, combined with ongoing 

computational modeling, indicated that the vanadium was in a distorted five-coordinate 

environment. 

 

Various vanadium catalysts have been shown to oxidize alkanes, alkenes, alcohols 

and aromatic compounds. To further understand the catalyst’s ability to perform oxidation 

reactions, mechanisms of sulfides and alkenes were studied. Two model substrates were 

chosen for the investigation: CEES and cis-cyclooctene. The catalytic system effectively 

oxidizes CEES at room temperature in less than 15 minutes and cis-cyclooctene at 47 °C 

within 3 hours, using a peroxyacid generated in situ as the oxidant source. Kinetic 

experiments demonstrated that the mechanism of the sulfide reaction changed at higher 

temperatures, while the alkene reaction did not. In each reaction, a partial negative charge 

on the peroxyacid during the oxidation process was indicated. The confirmation of radical 

formation in the mechanism was experimentally shown by the appearance of an induction 

period when diphenylamine, a radical trap, was introduced into the reaction. 

 

VO(dtpa)-APMS performs two catalytic oxidations: the oxidation of 

propionaldehyde to make the peroxyacid and the oxidation of alkenes or sulfides. In the 

first reaction, O2 binds to the vanadium complex to form a superoxo 1-bound O2 radical. 

This species leads to the formation of peroxyacid through a radical process. The peroxyacid 

produced in this manner can then react with a sulfide or an alkene in a process also 

catalyzed by the VO(dtpa) complex. The peroxyacid coordinates with the vanadium center. 

Upon coordination, the sulfide or alkene directly reacts with the oxygen of the peroxyacid 

while the peroxyacid is being deprotonated. A 6-coordinate catalyst intermediate is formed 

prior to the release of the oxidation product and propionic acid to regenerate the VO(dtpa) 

complex. 
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CHAPTER 1: INTRODUCTION 

1.1 Immobilization of Homogeneous Catalysts onto Silica Supports 

More than 85% of chemical products are made using catalysts. Therefore, 

developing new catalytic systems and understanding catalytic mechanisms is of vital 

importance to the field of chemistry.1,2 A catalyst is a substance that increases the rate of a 

chemical reaction without itself being consumed.3 There are two types of catalysts: 

homogeneous and heterogeneous. A homogeneous catalyst is a catalyst that is soluble in 

the reaction mixture, or the catalyst is in the same phase as the reactant. One of the oldest 

examples of a homogenous catalyst that is still used commercially is HCo(CO)4 for 

hydroformylation.4 The process consists of reacting terminal alkenes with hydrogen gas at 

high pressure and the resulting products are aldehydes.4 A heterogeneous catalyst is a 

catalyst that is of a different physical state than the chemical reactants it is catalyzing. An 

example of a heterogeneous catalyst that is used in industrial manufacturing is Fe3O4 on 

Al2O3 supports for the Haber-Bosch process, NH3 synthesis.3,5 For industrial 

manufacturing, heterogeneous catalysts are often preferred over homogeneous ones. 

Heterogeneous catalysts are used in 80-85 % of industrial processes.6 The main drawback 

to the use of homogeneous catalysts in large-scale industrial processes is that they cannot 

be easily recycled or separated from the products.1,7,8 In contrast, using heterogeneous 

catalysts leads to decreased solvent purification waste,9,10 and they can be used in 

continuous flow operations manufacturing.1  

It is possible to combine the desirable properties of homogeneous and 

heterogeneous catalysts by "heterogenizing" homogeneous catalysts; that is, by 
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immobilizing a homogeneous catalyst onto an inert solid support.11 Because heterogeneous 

catalytic reactions occur at the solid surface, in many cases the solid support is highly 

porous or consists of nanoparticles, to maximize the surface area and therefore, the 

reactivity of the overall process. Examples include zeolite Y,12 boehmite nanoparticles,13 

carbon nanotubes,14 mesoporous carbon,15 graphene oxide,16 magnetic nanoparticles,17 

polymers,18 silica gel,19 and mesoporous silica.10,20-22 

The most common ways to immobilize homogeneous catalysts are adsorption, 

encapsulation, electrostatics, and covalent tethering.7 A recent example of the adsorption 

method was demonstrated by Brookhart, Goldman, and Scott.23 Iridium chelated with the 

pincer ligands 1,3,5-tri(di-tbutylphosphinite)benzene and 1,3-

bis[di(tbutyl)phosphinomethyl]-5-dimethylaminobenzene was adsorbed onto the surface of 

commercially purchased γ-Al2O3, which has Lewis acidic sites. By using ligands with 

pendant basic functional groups, the complexes could adsorb to the surface through Lewis 

acid/base interactions. The immobilized iridium pincer complex was found to be a very 

active heterogeneous catalyst, with turnover numbers of up to 7000 for the transfer of 

hydrogen from cyclooctane to tbutylethylene.23  

Encapsulation is also referred to as the “ship in a bottle” method, and is often used 

when the support is porous with small pore openings and larger internal cavities, as is the 

case with many zeolites.24 Ichihashi synthesized a copper catalyst through an encapsulation 

method with zeolite Y for the oxidation of benzene with molecular oxygen.25 An ion 

exchange with Cu2+ and zeolite Y was the first step of the synthesis. The copper zeolite 

material was then reacted with the ligands picolinic acid, 2-pyridin carbonic acid or 
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quinaldic acid. The copper complex that forms inside the pore is too large to diffuse out of 

the zeolite. These catalysts successfully oxidized benzene to phenol with molecular 

oxygen, and produced more phenol than copper zeolites prepared through simple ion 

exchange, due to the retention of copper in the encapsulated catalyst.25  

An example of the immobilization of a homogeneous catalyst by electrostatics can 

be seen in work by Stanford, in which a catalyst for the hydrogenation of 1-octene was 

developed.26 The solid support was a metal-organic framework, ZJU-28 (ZJU-28 = 

(Me2NH2)3[In3(BTB)4] • 12 DMF • 22 H2O, where BTB = 1,3,5-Tris(4-benzoate) 

benzene).27 A rhodium complex, [Rh(dppe)COD]BF4 (dppe = 1,2-

bis(diphenylphosphino)ethane; COD = 1,5-cyclooctadiene) was bound to the solid through 

ion exchange with H2NMe2
+ remaining in the support material due to synthesis.26 The 

heterogeneous catalyst outperformed the support-free catalyst in the reduction of 1-octene 

using H2, which was attributed to the enhanced stability of the heterogeneous catalyst. For 

example, the heterogeneous catalyst was recycled four times with minimal loss of 

activity.26 

Covalent tethering is often performed by using a silane as a "linker" between the 

solid support and a transition metal complex that will act as the catalyst.7 Any number of 

traditional chemical reactions, including peptide bond formation, sulfide bridge formation, 

"click" chemistry, or others can be used in the attachment (also called "grafting") process. 

Obviously, the selection of a robust bond formation reaction relative to the catalytic 

conditions that will be used is a primary consideration. An interesting example of covalent 

tethering is work done by Baike, Dong and Soo.28 They designed a versatile anchoring 
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strategy in which they "photoclicked" (photochemically grafted by UV radiation) 

maleimide groups from salicylaldimine ligands used to complex Ni2+ onto solid oxide 

supports by reaction with surface hydroxyl groups.28 The solid supports were SiO2, TiO2, 

CeO2, and WO3 nanoparticles. These catalysts oxidized alkenes with NaClO as an oxidant. 

As an example of their reactivity, after 5 hours, the Ni2+ complex supported on TiO2 

oxidized 84% of cis-cyclooctene to cyclooctene oxide with 42% selectivity towards the 

epoxide product.   

Mesoporous silica is a desirable support material because it is low-cost and easy 

to synthesize, has high thermal stability,29 is optically transparent,29 and more robust that 

polymer supports in organic solvents.22 "Mesoporous" implies pore diameters between 20 

and 500 Å, which are large enough to allow many catalysts to be immobilized in the pores 

and to allow significant molecular diffusion (unlike microporous silica such as zeolites, 

with pore diameters less than 20 Å),30  but are still small enough to provide significant 

surface area (unlike macroporous silica, with pore diameters larger than 500 Å).31 For 

reasons that will be explained later in this chapter, the pore diameters of mesoporous silica 

can be controlled by the choice of reactants and by synthetic conditions, allowing the 

accommodation of a variety of catalysts.32 Although all four of the above immobilization 

methods have been used with mesoporous silica supports, covalently anchoring catalysts 

within the pores of silica is a preferable option because it inhibits leaching of the catalyst 

into the reaction system and it enables more synthetic control of the amount of catalyst 

loaded onto the support.22 This gives an additional measure of synthetic control of the 

catalytic process.  
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1.2 Mesoporous Silica 

Mesoporous silica is prepared by a precipitation method based on sol-gel synthesis, 

and it typically produces a micro or nanoparticulate material. Sol-gel synthesis was first 

described by Graham's work on the properties of silicic acid.33 The term sol-gel is derived 

from the term sol, which is used to describe a colloidal dispersion of particles in a liquid, 

and gel, which is used to describe a substance that contains a continuous solid skeleton 

enclosing a continuous liquid phase.34 Thus, drying of sols produces gels. In general, the 

sol-gel synthetic process consists of dispersion of a metal alkoxide precursor into an 

aqueous solution, where it undergoes hydrolysis and condensation to form a stable colloidal 

suspension (a sol). At this point, processing the sol into various forms followed by drying 

leads to a variety of materials, such as bulk solid, powders, fibers, thin films, and others 

(Figure 1.1).34,35  

 

Figure 1.1. Examples of sol-gel processing. Adapted from ref. 35.  
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Much of modern silica nanoparticle synthesis grew from the foundation laid by 

Stöber,36 who first showed how to synthesize spherical silica nanoparticles from colloidal 

solutions with high monodispersity and flexible control of particle size.36 Uniformity and 

shape are often important aspects of a heterogeneous catalyst because different surface sites 

can display different catalytic activity;37 thus, controlling properties is important when 

preparing supports for heterogeneous catalytic processes.  

 Mesoporous silica was first defined in 1992, after the synthesis of the "MCM" 

family of porous solids prepared at Mobil Corporation.38 These materials are synthesized 

through a combination of a sol-gel process and a templating process called liquid crystal 

templating (Figure 1.2).39 Both Stöber particles and MCM porous materials are made by 

the base catalyzed hydrolysis of silicate monomers.36,38,40 Unlike the Stöber method, where 

small nuclei of silica are rapidly formed and then particle growth continues by 

condensation,41 liquid crystal templating consists of metal alkoxide precursors condensing 

around cationic surfactant micelles. For the synthesis of the MCM-41, the surfactant 

micelles and the silicate anions undergo cooperative self-assembly,42,43 in which the self-

assembly of the rod-shaped micelles is mediated by the presences of silicate anions (Figure 

1.2).42,44  
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Figure 1.2. Pathway b represents cooperative self-assembly mechanisms for the synthesis 

of MCM-41. From ref. 39. 

 

If the surfactant to silica ratio is increased, two other materials of the MCM family 

can be produced: cubic (MCM-48) and lamellar (MCM-50).42,45 The pore structure of these 

materials is very regular and the pore size distribution is quite narrow, as with zeolites, but 

the pores are significantly larger, with diameters between 20 and 100 Å.45 MCM-41 

consists of non-intersecting unidirectional hexagonal pore channels.46 The largest pore 

diameter that can be reasonably prepared by the MCM synthesis method limited by the size 

of the surfactant; adding "swelling agents" such as mesitylene, which enlarges the micelle 

diameter during synthesis, is limited in utility due to thermal and solubility considerations. 

Several years after MCM materials were prepared, a related family of mesoporous 

materials were prepared at the University of California at Santa Barbara.47 These materials, 

called "SBA" materials, have much larger pore diameters than MCM materials due to the 

use of ether triblock copolymers as pore templating agents during synthesis. They have 

pore diameters from approximately 40 to 300 Å.45 In contrast to MCM materials and 
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materials prepared by the Stöber method, SBA materials are prepared in acidic solution, 

which is necessary to protonate the ether polymers and provide an electrostatic interaction 

with the growing silica colloidal network. 

One problem with using acidic conditions for the synthesis of silica is that it is 

difficult to control the morphology and monodispersity of the resulting solid, as is observed 

in the synthesis of SBA materials. In 1999, Acid Prepared Mesoporous Spheres (APMS) 

were developed by Landry.48,49 The pores of APMS have a narrow size distribution, and 

the particles are reasonably monodisperse and spherical with diameters between 0.5 and 5 

µm. Initially, the materials were used both as catalyst supports and as packing materials 

for HPLC techniques, particularly chiral HPLC where the narrow pore size distribution 

gave a significant advantage over traditional macroporous HPLC packing materials.49,50  

Although it was initially designed as a catalyst and catalytic support,51-55 

mesoporous silica is increasingly being used in other applications such as drug delivery,56-

60 molecular adsorption,61-63 and biomedical imaging.64,65 

1.2.1 Covalent Tethering to Silica Surface 

Silica is a highly versatile material for many applications because it is simply and 

easily modified with a variety of organic moieties. There are several ways to graft organic 

materials to silica. One example is the chlorination of the surface hydroxyls with carbon 

tetrachloride or sulfuryl chloride.66 From the chlorinated surface, Grignard reagents can be 

used to attach many different functional groups.66 For example, fluorinated sultones (i.e. 

1,2,2-trifluoro-2-hydroxy-1-trifluoromethylethane sulfonic acid sultone) have been shown 

to form covalent bonds with surface silanols though sultone ring opening (Scheme 1.1).67 
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The drawback of this method is that hydrolysis can occur at the Si-O-CF2 bond.67,68 

Chlorosilanes can be used in the presence of a base to afford a Si-O-Si connection between 

the silane and the silica surface; similarly, disilazanes react with silanol groups to form 

bonds with the surface. However, both types of silanes must be handled in air- and water-

free environments, limiting their practical utility. 

 

 

Scheme 1.1. Sultone reaction with silica surface hydroxyls. Taken from ref. 67. 

 

Trialkoxysilanes are by far the simplest and most common compounds used for 

modification of the silica surface.66,68,69 They are stable and simple to use, and are available 

with a variety of organic functionalities. Much like the process by which silica itself can 

be prepared by condensation with tetraalkoxysilanes, trialkoxysilanes react with surface 

silanol groups on the nanoparticles at advanced temperatures to form Si-O-Si bonds and 

release alcohol. Trialkoxysilanes can also be simply added to the initial reaction mixture 

used to form the nanoparticles themselves, condensing throughout the nanoparticles in a 

co-condensation process. Although simpler and easier, there is less control over the 

location and loading of the silane groups within the nanoparticle, and the surfactant 

template must be removed by extraction, which is often incomplete. Whatever the method 

of attachment, alkoxysilanes are available for a range of attachment processes. For 



10 

 

example, (3-aminopropyl)triethoxysilane (APTES) yields amine groups that can be used 

in subsequent peptide or urea bond-forming reactions.70 Condensation of (3-

mercaptopropyl)trimethoxysilane (MPTMS) gives a thiol-terminated surface that is useful 

for reactions with other thiols to form reversible disulfide bonds, or with maleimides to 

make permanent sulfide attachments. Azido and alkynyl silanes can participate in click 

reactions to attach organic groups,71 and silanes terminated with glycidyloxy groups can 

participating in epoxide ring opening reactions.69  

Using a trialkoxysilane as the grafting agent lends flexibility to the synthetic 

process. For example, the silane could be grafted to the silica nanoparticle, and then a fully 

complete metal complex could be connected to the surface through it. Alternatively, the 

complex could be attached to the silane first, and then the silane-bound complex could be 

condensed onto the nanoparticle. It is also possible to react just the ligands of the catalytic 

complex with the silane (either before or after grafting), inserting the metal after the ligands 

have been attached. The benefit of using one method over another depends on the features 

of the catalytic system—the catalyst loading desired, pore diameter, solvent, etc. For 

example, for the reactions described in this dissertation, we determined that the best method 

for our reactions is to first attach the ligand to the trialkoxysilane and condense it to the 

surface in a second step. The metal was bound to the ligand in a final step, yielding the 

fully catalytic material. A prime consideration was that an aminosilane/peptide bond 

strategy was being used and the peptide bond formation was incomplete. This meant that 

if the aminosilane was grafted first, there were a large number of unreacted amine groups 
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remaining on the nanoparticle surface that could bind the metal and participate in unwanted 

side reactions during the catalytic process. 

 

1.3 Oxidation Reactions Performed by Heterogeneous Vanadium Catalysts 

Since the early 1900s, catalysts containing vanadium have been shown to catalyze 

many chemical reactions. Complexes containing the vanadyl (V=O) group are of particular 

focus in oxidation of a variety of structures, such as alkanes, alkenes, alcohols, sulfides, 

and aromatic compounds, and they can also perform halogenations and carboxylations.72-

74 While much of this work involved homogeneous systems,75-81 two types of vanadium-

based heterogeneous catalysts have been identified. The first type includes traditional 

heterogeneous catalysts, in which vanadium is part of, or is the main component of, the 

solid itself.53-55,82-91 The second type is a hybrid catalyst in which the vanadium is attached 

to a solid support through organic linkers.13,16,17,92-101 The vanadium in the latter type could 

be ionic, or it could be complexed. 

1.3.1 Sulfide Oxidation  

The catalytic oxidation of sulfides (R2S) to sulfoxides (R2SO) and sulfones (R2SO2) 

by vanadium is of general chemical interest. For example, asymmetric sulfide oxidation, 

an oxidation technique in which the desired products are enantiomerically pure sulfoxides, 

is useful in synthetic organic chemistry,93,94,102,103 and oxidation of sulfides is also 

important in the pharmaceutical100 and petrochemical industries.104,105 The toxic character 

of some chemicals, such as bis(2-chloroethyl)sulfide, also called sulfur mustard or mustard 

gas, can be eliminated by vanadium-catalyzed sulfur oxidation.53-55,106-110 Most of the 
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research on heterogeneous catalysts for sulfide oxidation has been focused on their 

usefulness in environmentally friendly chemical systems for industry.82,85,87,92,95-98 

There are some interesting examples of heterogeneous vanadium catalysts with 

mesoporous silica supports. There are a few examples of vanadium Schiff base catalysts 

supported on MCM-41.94,98,104 The Schiff base ligands for these catalysts were 

salicylaldehyde,104 3,4-dihydroxybenzaldehyde,98 and a modified 2,6-diformyl-4-

tbutylphenol94 (Figure 1.3). Each Schiff base was covalently tethered to amine 

functionalized MCM-41. All three examples used a VO2+ vanadium source, either 

VO(acac)2
98,104 or VOSO4 • 4 H2O.94 In one study, H2O2, 

tBuOOH, and cumene 

hydroperoxide (CHP) were all investigated as oxidants.94 At room temperature using H2O2 

as the oxidant, the oxidation of methyl phenyl sulfide was 65% complete after 6 hours, 

with 88% selectivity for the sulfoxide over the sulfone. CHP was a more active oxidant, 

giving a 95% yield and 98% sulfoxide selectivity after 6 hours at room temperature. In the 

second reaction cycle, the yield dropped to 73% with 70% sulfoxide selectivity; therefore, 

it was evident that more work needed to be done to optimize recyclability.  The catalyst in 

one of the other studies, showed improved recyclability, with a loss of only 10% in yield 

after 5 cycles.98 This catalytic system used urea hydrogen peroxide and was 95% complete 

after 8 hours.  
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Figure 1.3. Vanadium Schiff base catalysts on MCM-41 silica supports.  

Adapted from ref. 104, 98, and 93. 

 

Three examples of non-Schiff base vanadium catalysts supported on silica are novel 

catalysts using modified chitosan,100 L-cysteine97 and 2-amino-2-methyl-1,3-propanediol92 

as ligands (Figure 1.4). Nikoorazm97 and Tamoradi92 both used VO2+ sources, specifically 

VO(acac)2. Shen used NH4VO3 as a vanadium source.100 All three examples optimized 

reaction conditions with methyl phenyl sulfide and H2O2 as the main oxidant. Of the 

conditions investigated for Shen’s catalyst, a mixture of methanol and water afforded the 

best catalysis at room temperature, yielding 86% methyl phenyl sulfoxide after 12 hours. 

If the reaction was cooled to 0 °C and acetic acid was added, the yield increased to 93%. 

The increase in yield was due to better solubility of the reactants with the acetic acid. The 

catalyst was recycled up to 5 times with only a 3% loss in yield.100 Tamoradi’s catalyst is 

more active than Shen’s, producing 98% yield of methyl phenyl sulfoxide after 55 min, 

solvent-free with H2O2 as the oxidant. The catalyst was able to be recycled 4 times with no 

loss in yield.92 Finally, Nikoorazm’s catalyst is more active than both Tamoradi’s and 

Shen’s with a 98% yield of methyl phenyl sulfoxide after 35 min. The reaction was run 

neat and H2O2 (30% in H2O) was added. The catalyst was recycled 7 times with only a 5% 

loss in yield. 97 
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Figure 1.4. Novel vanadium catalysts supported on silica for the oxidation of sulfides. 

Adapted from ref. 100, 97, 92. 

 

The Landry group recently developed a heterogeneous system for sulfide oxidation 

using vanadium-doped mesoporous silica nanoparticles, tBuOOH as the oxidant, and 

perfluorobutyl methyl ether (Novec™ 7100 Engineered Fluid, "HFE-7100") as the 

solvent.53-55 This solvent was used because it readily solubilizes many chemicals that may 

be contaminants in commercial materials without damaging the materials themselves. The 

substrate used in testing this system was the mustard gas analogue 2-chloroethyl 

ethylsulfide (CEES or "half mustard"). The catalyst was prepared using the incipient 

wetness technique, with (NH4)VO3 as the vanadium source and APMS as the inert 

support.54 In a mechanistic study (Figure 1.5),54 tBuOOH was found to bind in an 2 

manner, with a dative bond to the alkane oxygen. The sulfide attacked the terminal oxygen 

directly, without interacting with the vanadium atom itself. While the sulfoxide (CEESO) 

could also perform the same reaction, its interaction with the bound tBuOOH was much 

slower, so that in effect all of the sulfide in the system was consumed before the sulfoxide 

was converted to the sulfone (CEESO2).  
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Figure 1.5. Mechanism of CEES oxidation using V-APMS and tBuOOH.  

Taken from ref. 54. 

 

While oxidation of CEES with tBuOOH was effective, in a real world setting, using 

tBuOOH is not realistic due to its purchase and transportation costs. H2O2 can be 

transported at weight percents below 3-8%, but transporting it at such low concentrations 

is also cost-prohibitive relative to the required reactivity, and although H2O2 is also 

available at 30 wt%, it is considered hazardous at this concentration and has associated 

higher transportation costs. Additionally, it was found that when water was present in the 

V-APMS catalytic system, the vanadyl ion leached from the solid, leading to unwanted 

side reactions and significantly decreased reactivity. Consequently, other oxidants were 

tested as replacements for peroxides. Interestingly, the group found that aldehydes, either 

dissolved in HFE-7100 or used neat, served as an effective replacement for tBuOOH as the 

oxidant in this system.53 
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Depending on their conditions and chemical properties, aldehydes can undergo 

autoxidation with O2 to form peroxyacid radicals and/or peroxyacids, as shown in Scheme 

1.2.111,112 The important step is the formation of an acyl radical, which then reacts with O2 

to form the peroxyacid radical. In general, this step is slow and thus aldehyde autoxidation 

does not take place to an appreciable extent under normal conditions. When a metal is 

present, it can catalyze this process and increase the rate of peroxyacid formation in two 

ways. For example, the metal can directly abstract the aldehyde hydrogen to produce the 

acyl radical, or it can bind O2 and form metal-bound O2 radicals, which then abstract the 

aldehyde hydrogen to form the acyl radical in a more indirect process.112,113 

 

Scheme 1.2. Proposed mechanism of aldehyde autoxidation. 

 

With this background, it was proposed that V-APMS was playing a dual catalytic 

role: first, it catalyzed the oxidation of aldehyde to peroxyacid, and then it used the 

peroxyacid generated in situ to catalytically oxidize CEES. Other examples of metal ions 

or metal oxides using in situ generated peroxyacid in sulfide oxidation include Co3O4,
114 

Fe2O3,
115 MnO2,

114,115 Co2+,116,117 Mn2+,117 Ni2+,117 Cu+,117 or Cu2+ 115 as metal catalysts. In 
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terms of vanadium-catalyzed aldehyde oxidation, there are very few examples. 

Heteropolyacids with the general formula H3+n[PMo12-nVnO40] • H2O (n = 2, 3, 8) have 

been shown to form peroxyacids from aldehydes using O2 as the oxidant.118  

One problem with the previously reported system using V-APMS was that because 

the vanadium was distributed onto the porous silica support by ion exchange and 

calcination, under humid conditions or when water was a contaminant, the vanadium would 

leach from the solid, leading to decreased or no catalytic activity. Therefore, in this work, 

the environment around the vanadium is changed, using diethylenetriamine pentaacetic 

acid (dtpa) as a ligand and anchoring it to the surface of a mesoporous silica nanoparticle, 

to investigate its effect on vanadium’s ability to perform oxidation reactions.  

In addition to being useful for sulfide oxidation, the in situ generation of 

peroxyacids from aldehydes can also be used to oxidize alkenes, which makes the process 

more useful in synthetic organic chemistry. For example, Fe(AAEMA)3 (AAEMA = 2-

(methacryloyloxy)ethyl acetoacetate) can oxidize a variety of alkenes using a sacrificial 

aldehyde and molecular oxygen.119 Other examples of catalysts for alkene oxidation using 

in situ generated peroxyacid include cyclam complexes of Mn2+, Fe2+, Co2+, Cu2+,120 as 

well as Mn3+ Schiff base complexes (derivations of salen ligands [salen = 2,2′-

Ethylenebis(nitrilomethylidene)diphenol]),121 Cu(OH)2,
122 and a silica-supported Ru 

catalyst.123 

1.3.2 Oxidation of Alkenes 

The formation of epoxides from alkenes is of interest due to the value of epoxides 

as intermediates in organic synthesis124 and industrial chemistry.125 Importantly, large-
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volume chemical products such as poly(ester)s and ethylene glycol are produced by 

processes involving epoxides.126 

There are a few inorganic-organic hybrid vanadium catalytic systems that exist with 

silica supports. One example is a VO(acac)2 covalently tethered to amine functionalized 

MCM-41.10 The catalyst oxidized a variety of alkenes with tBuOOH as its oxidant and for 

comparison, it  oxidized 90% of cis-cyclooctene, after 24 hours, at 60 °C.10 Another 

example is a covalently tethered hydrazine Schiff base (derived from salicylaldehyde and 

benzhydrazide) on silica gel.19 The Schiff base was tethered by reacting the carbonyl group 

on the base with an amine silane which was then grafted onto the silica gel.19 The system 

used H2O2 as an oxidant and sodium bicarbonate as co-catalyst in acetonitrile.19 A variety 

of alkenes were investigated and the reactions took place at reflux (80 °C).19 After 5 hours, 

96% of cis-cyclooctene was oxidized.19 Therefore, although the reactions were completed 

at elevated temperatures, the hydrazine Schiff base vanadium catalyst performed better 

than the immobilized VO(acac)2 complex based on cis-cyclooctene. A final example is a 

Schiff base derived salicylaldehyde and diethylenetriamine covalently tethered to 

chloropropyl modified MCM-41.20 The oxidant in this system is H2O2 as an oxidant and 

sodium bicarbonate as co-catalyst.20 After 8 hours, at room temperature, 82% cis-

cyclooctene was oxidized.20 Although this catalyst took longer than the hydrazine Schiff 

base complex, it was completed at room temperature and therefore a better system due to 

its mild conditions.  

Two examples of reactions between peroxyacids and alkenes have been shown, 

although these examples do not involve metals. Bartlett has proposed a mechanism with a 
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five-membered ring in the transition state connected through the terminal oxygen atom of 

the acid and including the acidic hydrogen (Scheme 1.3).127,128 Kwart proposed that the 

peroxyacid forms a zwitterion, which forms a transition state containing two fused five-

membered rings.128 There has been little work studying metal catalyzed oxidations of 

alkenes using peroxyacids, but there have been a few studies in which in situ generated 

peroxyacids have been used. These studies were briefly discussed in the previous section. 

Of the studies that provide insight into the mechanism of peroxyacid metal catalyzed 

oxidation of alkenes, the most similar to a vanadium based system is the investigation of 

transition metal cyclam complexes.120 The catalytic oxidation of cyclohexene by 

Mn(cyclam)2+ was investigated using isobutyraldehyde and O2 in acetonitrile. After 4 

hours, the reaction yielding 33% cyclooctene oxide for Mn(cyclam)2+ and 13% yield 

without a metal complex. The led to further investigation into how much the metal center 

is really participating in the oxidation. Geometric isomers of stilbene were investigated to 

deduce the participation of the metals. Peroxyacids are known to epoxidize cis-stilbene 

stereoselectively to give only the cis-stilbene oxide as product. Mn(cyclam)2+ and 

Mn(acac)2 both produced mixtures of cis-stilbene oxide and trans-stilbene oxide with the 

O2/aldehyde system. This demonstrated the ligand does not affect the oxidation. In contrast, 

other metal complexes Fe(cyclam)2+, Co(cyclam)2+ and Cu(cyclam)2+ demonstrated 

different product ratios. If the oxidant was not coordinating to the metal center, changing 

the metals should not affect the product distribution, but since the product distribution did 

change, it is evident the oxidant does coordinate to the metal. The researchers determined 

that in their system, the oxidant was more likely an acylperoxy radical due to the product 
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distribution of the cis- and trans- stilbene. Although this study was quite detailed, the 

researchers failed to illustrate how the peroxyacids were coordinating to the metal centers 

and whether the alkene was coordinating to the metal center or simply attacking the 

oxidant.  

 

Scheme 1.3. Proposed alkene epoxidation mechanisms using peroxyacid oxidants.  

From ref. 127 and 128. 

 

Two mechanisms have been proposed for the formation of epoxides from alkenes 

using metal-bound dioxygen species as the oxidant that illustrate how the oxidant and 

alkene bind to the metal catalyst. These mechanisms were illustrated using a Mo complex, 

[Mo(O2)2O]L1L2 where L1 and L2 donor ligands such as pyridine, dimethylformamide 

(DMF), or hexamethylphosphoric triamide (HMPA).127 Kinetic studies with the HMPA 

ligand illustrated that the rate determining step consisted of a reversible formation of a 

alkene-metal complex followed by an irreversible oxygen transfer to the alkene.127 NMR 

studies monitored the displacement of the HMPA ligand during the oxidation reaction, 

indicating the alkene was coordinating to the metal center during the reaction.127 Therefore, 

Mimoun proposed an inner-sphere mechanism in which the alkene coordinates directly to 

the metal, displacing a coordinating ligand and forming a five-membered metallocycle in 
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the transition state (Scheme 1.4).127,129,130 This mechanism disagrees with Bartlett’s 

mechanism (Scheme 1.3), but is consistent with a π-σ rearrangement which occurs in most 

transition metal catalyzed transformations of alkenes.127 Although this original work was 

completed with a Mo6+ catalyst, there was evidence that the mechanism was also applicable 

to a vanadium catalyzed epoxidation. Studies using VO(acac)2 as a catalyst with tBuOOH 

as an oxidant illustrated that the epoxidation products of allylic alcohols were highly stereo- 

and regioselective.131 It was suggested that Mimoun’s mechanism was the rationale behind 

this selectivity.127  

 

Scheme 1.4. Proposed alkene epoxidation mechanisms by Mimoun. L = HMPA.  

Taken from ref. 127. 
 

In contrast to work by Mimoun, Sharpless examined the same active catalyst, MoO5 

• HMPA.132 18O labeling experiments demonstrated that the oxygen in the oxygen transfer 

to the alkene is the peroxo oxygen and not the oxo oxygen.132 Although these results did 

not contradict Mimoun’s mechanism, further investigation into the cyclic transition state 

led to evidence that did not support a 5-membered transition state. Bingham, Meakins, and 

Whitham developed an experimental method to determine cyclic transition states through 

structure-relative rate correlations.133 Norbornene and cyclohexene are sensitive to the size 
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of their cyclic transition state during oxidation reactions. By comparing the rates of these 

two reactions, the size of the transition state can be deduced since the ratios of these 

substrates have been catalogued from reactions with catalysts that have known cyclic 

transition states.132 MoO5 • HMPA demonstrated a ratio of rates of norbornene to 

cyclohexene that were similar to peracetic acid, which can react through a three membered 

transition state.132 Therefore, an outer-sphere mechanism was proposed, where the alkene 

binds directly to one of the metal-bound oxygen atoms, forming a three-membered ring in 

the transition state (Scheme 1.5).130,132 Sharpless went on to investigate the VO(acac)2 

catalyzed epoxidation of geraniol in 18O enriched water/dioxane with tBuOOH as the 

oxidant.134 These 18O labeling experiments demonstrated that oxygen atoms of allylic 

alcohols coordinate with the vanadium center, but the alkene portion does not.134 The 

alkene still undergoes a three-membered transition state the same as the work originally 

proposed with MoO5 • HMPA. 

 

Scheme 1.5. Proposed alkene epoxidation mechanisms by Sharpless.  

Taken from ref. 132. 
 

The catalytic oxidation of sulfides using V-APMS and peroxyacids generated in 

situ from aldehydes is sufficiently new that there are no corresponding examples in the 

literature. However, the examples above will be used to inform the mechanistic studies 
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described later in this dissertation, in which the complex VO(dtpa) is immobilized onto 

mesoporous silica. 

1.3.3 Diethylenetriaminepentaacetic acid 

Multidentate ligands or chelating ligands are often used for their stabilizing effect 

of metal ions. This is known as the chelate effect: the thermodynamic stability of chelated 

complexes is greater than a complex containing the same corresponding number of 

monodentate ligands.135  Chelating ligands can be categorized by "denticity", the number 

of donor atoms through which the ligand coordinates.135 Some common bidentate ligands 

are 1,2-ethanediamine, acetylacetonate, oxalate, 2-2ʹ bipyridine and 1,10-

phenanthroline.135 Some common multidentate ligands are 1,2,7-triazaheptane, 1,4,7,10-

tetraazadecane, ethylenediaminetetraacetic acid and diethylenetriaminepentaacetic acid.135 

The ligand diethylenetriaminepentaacetic acid, abbreviated "dtpa", belongs to a 

family of ligands for transition metal complexes consisting of acetate-modified 

alkylamines. The best-known member of this family is ethylenediaminetetraacetic acid, 

called edta, which is a strong chelator for a wide variety of metals. It is used commercially, 

in environmental remediation, and in biological applications.136-140 

Because it has a large number of donor atoms, dtpa is particularly useful in the 

chelation of metals requiring larger coordination environments, such as f-block metals. 

This was the reason for initial studies many years ago on the clearance of yttrium and 

lanthanum from the human bloodstream.141 Similarly, the most important commercial 

application of dtpa is in the first clinically available MRI contrast agent, Magnevist®, which 

uses a Gd(dtpa) complex.142 Dtpa complexes are also used in other types of medical 



24 

 

imaging64,143-150 and in radiopharmaceuticals151-155 as well as in dual imaging drug delivery 

systems156-158 and phototherapies.159-162 The ability to chelate f-block metals has also led to 

its application in nuclear waste separation.163-165 

There are somewhat fewer studies on d-block complexes of dtpa. These have 

mainly involved relatively recent catalytic studies using dtpa complexes of Cu and Pt. In 

one example, [Cu(dtpa)]3- was used for the amination of aryl bromides and iodides with 

aqueous NH3.
166 Amination reactions are often performed in toxic organic solvents. To 

make a catalytic system that was low-cost and could be performed in water, water-soluble 

polyamino carboxylic acids such as ethylenediaminetetraacetic acid (edta) and dtpa, that 

are known to chelate transition metals, were investigated as ligands for Cu2+. The 

[Cu(dtpa)]3- complex was made in situ during the amination reaction and was not 

characterized, but the reactions were completed in basic conditions and therefore 

[Cu(dtpa)]3- was most likely the active catalyst complex. [Cu(dtpa)]3- outperformed edta 

complexes, without the need for an inert atmosphere, producing high yields for a variety 

of aryl iodides and aryl bromides. Another study that was performed in aqueous solvents, 

involved a slightly more complex aqueous/organic two-phase system containing 

[Pt0(dtpa)]Na5
 for the catalytic hydrogenation of polyunsaturated methyl esters of soybean 

oil.167 A final example from the current year used silica-supported Pt4+(dtpa) complexes as 

catalysts for alkene hydrosilylation.168 

With respect to vanadium, dtpa has been used in variety of applications, such as 

metal extraction,169-172 measuring vanadium phytoavailability,173,174 and for the chelation 

of vanadium in biological systems.175,176 Some researchers have used dtpa to investigate 
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the stability constants for VO2
+ ions in solution,177 and others have determined vanadium 

speciation using chelation with dtpa and capillary electrophoresis.178-180 However, there 

have been no attempts to study oxidation or any other type of catalysis using vanadium 

complexes of dtpa and only three studies have even attempted to define the structure of 

these complexes.181-183  

In the first example, VO2(dtpa) was prepared from NH4VO3.
181 Characterization by 

13C and 51V NMR led these researchers to conclude that the vanadium had a hexacoordinate 

environment (Figure 1.6a), with two oxo ligands in adjacent coordination sites, acetate 

oxygen atoms in opposite positions, and nitrogen donors completing the coordination 

sphere. The assignment has precedence, as [VO2(H2O)4]
+ is known to have an octahedral 

geometry,184 allowing the π donating O2- ligands to interact with the dxz dyz and dxy orbitals 

of the vanadium ion. In another example using V2(SO4)3 as the vanadium source, FT-IR 

and UV/Visible spectroscopies were used to characterize the resulting dtpa complex of V3+ 

(Figure 1.6b).182 The researchers proposed a heptacoordinate vanadium environment with 

no oxo ligands, one unbound acetate, four bound acetates, one labile bound H2O, and two 

nitrogen atoms bound to the vanadium ion. Typically, heptacoordinate vanadium 

environments are a result of peroxo ligands.184 Therefore, if the complex is considered 

without the coordination of the water, it is likely to adopt a trigonal antiprism or trigonal 

prism geometry as these are the common geometries of six coordinate non-oxo vanadium. 

The uncertainty and peculiarity of the geometry of the heptacoordinate complex makes it 

an unlikely to be of any aid in determining the geometry of VO(dtpa). In the third example, 

a VO(dpta) complex was prepared from VO(SO4), and EPR was used to conclude that the 
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resulting complexes deviated from axial symmetry.183 Although they did not suggest a 

geometry, they concluded that the complex would have three unchelated acid groups 

because they observed second sphere water ligands when analyzing their proton relaxation 

profiles. Pentacoordinate geometries such as square pyramidal and trigonal bipyramidal 

environments are common for vanadyl complexes.184 Therefore it is probable that it adopts 

one of these geometries. 

 

Figure 1.6. Proposed structures of two dtpa complexes of vanadium.  

From refs 176 and 177. 

 

The lack of consistent structural analysis implies that there is room for improved 

and more detailed studies. In addition, the development of advanced computational tools 

allows experimental data to be supported by modeling. The detailed analysis of 

immobilized VO(dtpa) complexes is a key component of the work in this dissertation. Dtpa 

was chosen for our study not only because it is a good chelator, but also because the many 

acetate groups provide opportunities for linkage to the surface of a silica support, making 

it easy to immobilize. 
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1.4 Instrumental Techniques 

1.4.1 Nitrogen Physisorption 

Nitrogen physisorption is a technique from which the surface area (m2/g), pore 

diameter (Å) and pore volume (cm3/g) of porous solids can be obtained.185 Physisorption 

describes the phenomenon of when an adsorbable gas, in this case nitrogen, is brought into 

contact with the surface of a solid (the adsorbent).185 This phenomenon is schematically 

illustrated, with mesoporous silica as an example, in Figure 1.7. In the first step, nitrogen 

fills the pores of the material. When a monolayer of nitrogen molecules forms on the 

surface of the material, BET (Brunauer–Emmett–Teller) theory can be applied to calculate 

the surface area of the material.186 BET Theory describes the relationship of monolayer 

molecular adsorption through the following equation (Equation 1.1): 

1

ν[(
p0
p

)−1]
 = (

𝑐−1

ν𝑚𝑐
)(

𝑝

𝑝0
) + (

1

ν𝑚𝑐
)     (1.1)  

where ν represents the adsorbed gas quantity, p0 is saturation pressure of the gas, p is 

pressure of the gas, νm is the volume of gas adsorbed when the entire adsorbent surface is 

covered, and c is the BET constant.186 The data from this relationship can be plotted as a 

straight line with 
1

ν[(
p0
p

)−1]
 on the x axis and 

𝑝

𝑝0
 on the y axis. The plot is called a BET plot. 

187 The slope of this plot (A) and the y-intercept (I) can be used to calculate νm and c (the 

BET constant) in the following relationships (Equation 1.2 and 1.3): 

νm = 
1

A+I
      (1.2)  

c = 1 + 
𝐴

I
     (1.3)  
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Once νm is known, the specific surface area (SBET) can be calculated through the following 

relationships (Equation 1.4):     

SBET = (
ν𝑚𝑁𝜎

V
 )(

1

a
)    (1.4)  

where N is Avogadro’s number, σ is the adsorption cross section of the adsorbing species, 

V is the molar volume of adsorbate gas and a is the mass of the sample.187 

 

Figure 1.7. Gas adsorption and desorption during N2 physisorption measurement. 

 

After the low-pressure filling of the pores and after the monolayer formation, the 

pores begin to fill in a multilayer fashion. This area represents capillary condensation of 

nitrogen (Figure 1.7). The data obtain in this step can be used to calculate the pore diameter 

by using a modified Kelvin equation,188,189 called BJH (Barrett-Joyner-Halenda) 

method.190 This method is the most popular for mesopore size analysis.191 In the final step, 
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the highest partial pressure is at its maximum and all of the pores are filled with N2. It is at 

this point that the total pore volume is determined.186  

The data collected in this technique results in a N2 physisorption isotherm. IUPAC 

classifies isotherms into six different types.185 The type of isotherm depends on the type of 

porous material being investigated. For mesoporous silica, a Type IV isotherm is observed 

(Figure 1.8). Each step in the N2 physisorption process is evident in the isotherm. The 

surface area is determined at a P/P0 of less than 0.3.187 The pore diameter is determined at 

a P/P0 greater than 0.3. Finally, the pore volume is calculated between a P/P0 of 0.95-1.  

 

Figure 1.8. Type IV isotherm derived from N2 physisorption on mesoporous silica. 

 

1.4.2 Electron Paramagnetic Resonance (EPR) 

One focus of this dissertation is to characterize the geometry of the VO(dtpa) 

catalyst. Because there are no crystal structures in the literature of this complex, and 

because it is not possible to use X-ray diffraction methods to determine the structure after 

immobilization onto a silica support, other spectroscopic and computational techniques 
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were used to develop a structural understanding of the complex. Electron paramagnetic 

resonance (EPR), also called electron spin resonance or ESR, is the most significant of 

these techniques. EPR is similar to nuclear magnetic resonance (NMR), a much more 

commonly used experimental technique to study the structures of compounds, but instead 

of studying changes in nuclear spin in the presence of a magnetic field, EPR studies 

changes in electron spin. Therefore, the presence of an unpaired electron is a requirement 

for EPR.192-194 

In the presence of a magnetic field, an unpaired electron has two electron spin 

energy levels (Figure 1.9). The relationship between the two energies can be expressed in 

the relationship below (Equation 1.5): 

E = gμBB0MS     (1.5) 

In this equation, B0 is the magnitude of the magnetic field, μB is the Bohr magneton (a 

constant value of 9.285 x 10-21 erg G-1), MS is the electron spin quantum number (+1/2 or 

-1/2) and g is a unitless proportionality factor, also referred to as the g tensor or the effective 

Zeeman factor.194 A free electron has a proportionality factor of 2.00232 and electrons 

found in chemical systems deviate from that number due to their local environments. The 

total magnetic moment for an electron is the sum of the spin and orbital angular 

momentum.192 These two angular momenta will each generate an intrinsic magnetic 

field.195 The interaction of spin and orbital angular momentum is called spin-orbit 

coupling.195 If the electron is interacting with a filled orbital, the g tensor will be above 2. 

This is because the coupling of the electron spin magnetic moment aids the applied field. 

If the unpaired electron is interacting with an unoccupied orbital, the g tensor will be below 
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2. This is because the coupling of the electron spin magnetic moment opposes the applied 

field.   

 

Figure 1.9. Diagram showing the splitting of electron spin energies in a magnetic field. 

Adapted from ref 188. 

 

There are three types of local symmetry at the unpaired electron center: cubic, axial 

and rhombic.192 There is directionality associated with a g tensor, and therefore it can be 

described in terms of the three Cartesian coordinates: gx, gy, and gz.
193 An isotropic system 

is defined as one in which the local environment of the unpaired electron is symmetric 

(cubic), so gx = gy = gz. In this case, Equation 1.5 is still valid. In an axial system, one of 

the tensors is unique g∥, and is called while the other two are called gꓕ.  This adopts the 

following spin Hamiltonian (Equation 1.6):192 

𝐻̂ = 𝛽e[gꓕ(Bx𝑆̂x + By𝑆̂y) +g∥Bz𝑆̂z]    (1.6) 

where 𝛽e is the Bohr magneton, gꓕ is the g tensor perpendicular to the magnetic field, g∥ is  
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the g tensor parallel to the magnetic field, 𝑆̂x, 𝑆̂y, and 𝑆̂z are electron spin operators and Bx, 

By, and Bz are the magnetic fields in each direction. Finally, in a rhombic system, all three 

tensors are unique from each other and therefore the following spin Hamiltonian must be 

applied (Equation 1.7):192 

𝐻̂ = 𝛽e(gxBx𝑆̂x + gyBy𝑆̂y +gzBz𝑆̂z)    (1.7) 

 For an EPR experiment, the electric field component interacts with the molecules 

and an absorption spectrum is obtained.192 For absorption to occur, the energy of the 

quantum radiation must correspond to the separation between certain energy levels in the 

molecule and the static magnetic field must interact with a magnetic dipole in the 

molecule.192 Therefore, a magnetic field is applied to split energy levels of the spin states 

(Figure 1.9). Then, a microwave energy is applied to the system to excite some of the 

unpaired electrons to a higher energy state. The absorption spectrum is integrated to afford 

an absorption derivative which is a typical EPR spectrum (Figure 1.10).  

 

 

Figure 1.10. Diagram relating the local symmetry of samples to typical EPR spectra. 

From ref 189. 
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If the electron interacts with a neighboring nuclear dipole, hyperfine coupling is 

observed. In an isotropic system, this can be demonstrated in the following equation 

(Equation 1.6): 

E = gμBB0MS + aMSmI    (1.6) 

where mI is the nuclear spin quantum number and a is the hyperfine constant, also called 

the a tensor.194 Coupling of the electronic and nuclear spins can occur either by direct 

dipole-dipole interactions or by Fermi contact. The latter case only occurs when the 

electron is in an orbital with s character.194 Figure 1.11 demonstrates the splitting of a S = 

½ paramagnet interacting with a I = ½ nuclear moment.193 This interaction leads to new 

energy splitting which translates to an EPR spectrum as additional lines. When coupling to 

a single nucleus that has a spin of n/2, there will be n +1 lines of splitting. Each of these 

lines should be of equal spacing and intensity. When coupling with multiple nuclei, the line 

distribution becomes binomial.194 

 

Figure 1.11. Diagram showing the splitting of an electron spin energies (Ms = ± ½ S = ½) 

in a magnetic field interacting with a I = ½ nuclear moment. The dotted line represents 

transitions in the beginning of hyperfine coupling. The blue arrows represent the additional 

EPR spectrum lines produced. 
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In order to use EPR to determine geometry, the spin-orbit interaction must be 

analyzed. Spin-orbit interaction is the mixture of a hypothetical pure spin ground state with 

an excited state.193 This mixture causes a small orbital angular momentum to exist in the 

real ground state. This produces a local magnetic field. This new magnetic field interacts 

with the external magnetic field. This coupling is also referred to as rotational 

relationships.193 The rotational relationships for real d orbitals are known and by using 

these known rotations in conjunction with potential orbital diagrams, a geometry can be 

determined.193 This concept is depicted in Figure 1.12 for a Mo5+ compound. The two 

common geometries for Mo5+ are compressed octahedron and dodecahedron. EPR can be 

used to determine which of these geometries is associated with a particular Mo5+ sample. 

The electron circulation that are associated with the orbital contributes are shown by the 

rings.193 A large orbital rotational relationship produces a small deviation from a g tensor 

equal to 2, while a small orbital rotational relationship produces a large deviation from a g 

tensor equal to 2. Looking at the example in Figure 1.12, the values of the g tensors in 

relationship to each other will determine if the Mo5+ sample is compressed octahedron and 

dodecahedron. 
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Figure 1.12. The relative energy levels of 3d orbitals from two common geometries of 

Mo5+ (4d1). The electron circulations associated with the orbital contributions to each of 

the three g values are shown by the rings. From ref 189. 

 

  In order to use rotational relationships, values of the g tensors and a tensors must 

be known. There are two main computational methods that can assist in the assignment of 

g tensors and a tensor from an EPR spectrum. The first is a modeling program called 

EasySpin,196 which interfaces with MatLab software. Through EasySpin, spectrum 

simulations can be performed in which the program automatically determines spin 

Hamiltonian symmetry and can project the predicted spectra.196 EasySpin computes g 

tensors and a tensors for a given EPR spectrum. The advantages of EasySpin are that being 

based in Matlab enables the program to have visually rich graphics and easy interfacing.196 

Also, the program has an extensive library for spin physics which are vital for EPR 

calculations.196 The second computational program is ORCA.197,198 ORCA is an extensive 
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computation tool that uses Hartree-Fock theory, density functional theory (DFT) and other 

quantum mechanical theories.197 ORCA has a wide range of applicable functions but it 

terms of its use for EPR, ORCA can calculate zero-field splitting, g-tensors, hyperfine 

couplings, quadrupole tensors from Hartree-Fock, DFT and MR-CI (multireference 

configuration interaction).197 EasySpin is a fitting software and does not have the option to 

input geometries to match with an EPR spectrum. Therefore, EasySpin is helpful if g 

tensors and a tensors are the only desired output. With ORCA, a suspected geometry can 

be optimized and g tensors and a tensors can then be calculated. ORCA can also interface 

with EasySpin so that once there is a known geometry with matching tensors calculated 

from ORCA, the spectrum can be simulated on EasySpin.  

For work found in this dissertation, where the electronic geometry around the 

vanadium was unknown, EPR is a very valuable tool. The VO(dtpa) complex has V4+ 

vanadium and therefore has a d1 electron count. This makes the compound EPR active. By 

comparing the geometries of literature proposed vanadium dtpa complexes and common 

geometries for VO complexes, EPR can be used in conjunction with computational studies, 

to effectively identify the geometry of VO(dtpa). 
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CHAPTER 2: VO(dtpa) IMMOBILIZED ON MESOPOROUS SILICA: 

STRUCTURAL CHARACTERIZATION AND SULFIDE OXIDATION 

2.1 Introduction 

New materials and methods designed to react with bis(2-chloroethyl) sulfide, 

commonly known as sulfur mustard or mustard gas, are of interest because this 

compound is a vesicant, leading to blistering and injury upon contact.1 As a chemical 

warfare agent, concerns remain about the decontamination of chemical stockpiles and 

treatment of chemical exposures to sulfur mustard. Oxidative processes involving 

conversion of this sulfide to its corresponding sulfoxide or sulfone are important because 

its blistering properties arise as a result of hydrolysis of the C-Cl bond to form HCl,2 a 

process that mechanistically involves cyclization to form a cyclic thioether (Scheme 2.1); 

this pathway is not available in the oxidized forms. 

 

Scheme 2.1. Hydrolysis of bis(2-chloroethyl) sulfide. 

Large-scale oxidation of sulfur mustard can be accomplished by reaction with 

bulk commodities such as hydrogen peroxide or bleach.3-5 However, transport, corrosion, 

and toxicity concerns limit the practical use of these strong oxidants. Additionally, as 

oxidants are quantitative, they must be constantly supplied. Catalytic processes are 

therefore preferable; in particular, vanadium complexed in solution or distributed on solid 

supports has been shown to be an excellent catalyst for the oxidation of sulfides.6-14 

Heterogeneous systems are more practically useful, cost-effective, and environmentally 

friendly. Several systems have been developed involving vanadium. To begin, vanadium 
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oxide nanomaterials15,16 and mixed oxide materials which include vanadium17 have 

demonstrated their catalytic ability towards the degradation of mustard.  An example of 

such material is work by Prasad.15 Prasad developed a catalytic process based on 

V1.02O2.98 nanotubes which were prepared by heating V2O5 with dodecylamine, ethanol, 

and water for 7 days at 180 ˚C. These nanotubes were effective at degrading sulfur 

mustard into three degradation products through interaction with the catalyst’s surface. 

Two of the products were not oxidative degradation pathways. The sulfur mustard could 

react with physisorbed water to form thiodiglycols and the sulfur mustard could also react 

with the surface hydroxyls to form covalently bonded products. The third product, 

sulfoxide, which is from an oxidative degradation pathway, was produced with molecular 

oxygen as the oxidant.15 Although the idea of molecular oxygen as a oxidant is appealing, 

these reactions took approximately 40 hours to degrade mustard.15 Similarly, 

heterogenous catalysts can be made that produce oxidative products from photoinduced 

radical surface hydroxyls.18-20 One example of this is a heterogeneous catalyst made by 

immobilizing VO(acac)2 onto TiO2 nanocatalysts.19 The catalyst degraded mustard 

through three pathways: elimination, oxidation and hydrolysis. Using dimethylsulfoxide 

as a probe, the reaction produced methanesulfonic acid ethyl ester and methane sulfonic 

acid. These products result from hydroxyl radicals created on the surface from the 

exposure to visible light. Although activation by light produces a faster catalysis than 

simple vanadium catalysts with molecular oxygen, the reactions take 180 min which is 

still quite a long time. Also, this catalyst was only able to be recycled three times due to 

catalyst poisoning from alkoxy species, H2SO4 and HCl on the surface.19 Finally, another 

series of catalyst involve polyoxometalates or POMS which are often homogeneous21,22 
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and have been showed to oxidize sulfides with molecular oxygen.3,23-25 In order to use 

POMS heterogeneously, hybrid materials must be synthesized.24,26 An example of such a 

material is by Jiao.24 They prepared a vanadium polyoxometalate (H3+nPMo12-nVnO40 • 

xH2O and H3PW12O40 • xH2O n = 1, 2, 3), electrospun it with nylon-6 to make a catalytic 

fiber, and then showed that it was effective at degrading sulfur mustard by oxidation with 

molecular oxygen.16 Their catalyst was quite slow, taking six hours to degrade 41.55% of 

the mustard gas to which the fabric was exposed.24 Another example is embedding a 

POM, H5PV2Mo10O40, into a metal organic frameworks (MOFs), which in this study was 

MIL-101(Cr).26 The MOF without the POM decontaminates through adsorption but when 

the POM is embedded, oxidation products are also observed. The degradation took a little 

over 2 hours.  

We recently showed that V-doped porous silica nanoparticles are active catalysts 

for the rapid oxidative decontamination of a commonly used sulfur mustard analogue, 2-

chloroethyl ethyl sulfide (CEES), in aldehydes using only O2 from air as the oxidant 

source at room temperature.6 As a heterogeneous system operating at ambient conditions, 

using an aldehyde as the solvent and producing only propionic acid as a byproduct, this 

process is particularly attractive for oxidation of sulfur compounds. Mechanistic studies 

indicated that the vanadium performs a dual catalytic role.6 First, it rapidly converts the 

aldehyde to the corresponding peroxyacid using dissolved O2, a process that has been 

observed for aldehydes but that is commonly slow. Once the peroxyacid is formed, the 

vanadium catalytically transfers an oxygen atom to the sulfide, forming the sulfoxide and 

carboxylic acid as products. The sulfoxide can then react at the vanadium site with a 

second equivalent of peroxyacid to form the sulfone, but this process is significantly 
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slower; thus, the sulfone appears only after all of the sulfide has reacted. One problem 

with this system was that because the vanadium was distributed onto the porous silica 

support by ion exchange and calcination, under humid conditions or when water was a 

contaminant the vanadium would leach from the solid, leading to decreased or no 

catalytic activity. 

In this study, we sought to chelate vanadium within the porous silica by 

covalently linking the multi-dentate chelator diethylenetriamine pentaacetate (dtpa) onto 

the surface through peptide coupling of one of the acetate groups to 3-

aminopropyltriethoxysilane (APTES), condensing the dtpa-APTES molecule onto the 

mesoporous silica surface, and then exchanging a vanadyl salt into the resulting solid. In 

addition to being easily modified though peptide coupling, dtpa has been shown to be an 

effective chelator for transition metals in a variety of applications.27 For example, it has 

been used in the detection and/or removal of first-row transition metal ions from soil and 

wastewater, including Sc3+, Cr3+, Cr4+, Cr6+, Ni2+, Cu2+, and Zn2+.28-35 Dtpa is also an 

effective chelator in biological conditions36 and has been used to complex 47Sc3+, 45Sc3+, 

and 45Ti3+ in radiopharmaceutical applications.37-39,40 With respect to vanadium, dtpa has 

been used in similar applications, such as metal extraction,41-44 measuring vanadium 

phytoavailability,45,46 and for the chelation of vanadium in biological systems.47,48 Some 

researchers have used dtpa to investigate the stability constants for VO2
+ ions in 

solution,49 and others have determined vanadium speciation using chelation with dtpa and 

capillary electrophoresis.50-52 These applications have relied on the chelation of vanadium 

and formation of a VO(dtpa) complex, but they have not explored the actual structure of 

the complex. To our knowledge, only three studies have attempted to define the structure 
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of the VO(dtpa) complex.53-55 Each group used a different vanadium source and different 

spectroscopic techniques, proposing various hexacoordinate or heptacoordinate structures 

without consistency. 

Because very few examples of V complexes with dtpa exist, and because the 

structural information from those studies has produced inconsistent results, we sought as 

part of our study to define the coordination environment of the vanadium in the 

immobilized complex. Then, we used it in the same aldehyde-O2 sulfide oxidation system 

described above6 to show that the vanadium remained active in this type of process after 

chelation. 

 

2.2 Experimental Section 

2.2.1 Materials and methods 

  (3-aminopropyl)triethoxysilane was obtained from Gelest, Inc. All other 

chemicals were obtained from Sigma Aldrich. Porosity and surface area measurements 

were obtained at 77 K on a Micromeritics TriStar 3000 surface area and porosity 

analyzer. Samples were degassed on a Micromeritics FlowPrep 060 Sample Degas 

System. Surface areas and pore size distributions were calculated using the BET and BJH 

theories. Thermogravimetric analysis was completed on a Perkin Elmer Pyris 1 TGA. 

Elemental analysis via inductively-coupled plasma optical emission spectroscopy (ICP-

OES) was completed on a PerkinElmer Optima 7000DV ICP optical emission 

spectrometer with a CCD array detector, a PerkinElmer S10 autosampler, and WinLab32 

software. Cross polarization magic angle spinning (CP MAS) Solid-State Nuclear 

Magnetic Resonance was completed on a Bruker AXR 500 MHz spectrometer with a 
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solid state probe (MAS DVT 500SB BL3.2 N-P/H). Electron Paramagnetic Resonance 

was done at 4K on a Bruker. EPR was modeled with EasySpin.56  

2.2.2 Synthesis of Acid Prepared Mesoporous Spheres (APMS) 

APMS was synthesized from a previously published protocol.57-58 Briefly, 

cetyltrimethylammonium bromide (CTAB, 3.6 g, 9.88 mmol) was added to a solution of 

H2O (79.2 g), EtOH (200 proof, 22.2 g, 0.482 mol) and HCl (37 wt%, 8.8 g, 89 mmol) at 

room temperature. The solution was stirred for approximately 10 min, and then Si(OEt)4 

(TEOS, 8.0 g, 38 mmol) was added and stirring was continued for another 10 min. A 

solution of NaF (0.5 M, 9.52 g, 4.76 mmol) was then added. Precipitation occurred after 

1.5 min, and stirring was continued for an additional 0.5 min, after which the mixture was 

transferred to a Teflon container that was sealed and placed in an oven at 373 K for 120 

min. The mixture was then cooled to room temperature while stirring in an ice bath, and 

the precipitate was collected via vacuum filtration, rinsed with H2O and EtOH to remove 

adsorbed surfactant, and dried overnight. Surfactant was removed by calcination using 

the following program: the sample was heated from 298 K to 723 K at a rate of 2 K/min, 

followed by a 240 min hold at 723 K. The sample was then ramp to 823 K at a rate of 10 

K/min with a hold time of 480 min at 823 K before cooling to room temperature. 

2.2.3 Synthesis of dtpa-APMS 

Diethylenetriaminepentaacetic dianhydride (dtpa, 0.07 g, 0.2 mmol), N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 0.038 g, 0.2 mmol) 

and N-hydroxysuccinimide (NHS, 0.023 g, 0.2 mmol) were dissolved in 5 mL of dry 

DMSO in a sealed round bottomed flask under N2. After 1 h, 3-

aminopropyltriethoxysilane (APTES, 31.2 μL, 0.13 mmol, 1:1.5 molar ratio to dtpa) was 
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added, and the solution was stirred for 24 h at room temperature. In a separate vial, 0.2 g 

of APMS was stirred in 15 mL H2O for 24 h. The APMS was collected by centrifugation 

and vacuum filtration, and then suspended in 10 mL toluene in a 25 mL round bottom 

flask. The DMSO solution was then added via direct addition to the toluene mixture, and 

the resulting mixture was refluxed for approximately 18 h. After cooling to room 

temperature, the modified APMS was collected by centrifugation and vacuum filtration, 

and washed with DMSO, toluene, EtOH, and NaOAc buffer (10 µM, pH = 6.5), and dried 

overnight. 

2.2.4 Chelation of vanadium to dtpa-APMS and exchanged vanadium APMS (V-

APMS-exch) 

dtpa-APMS or APMS (0.10 g) was placed in a 4 dram scintillation vial and 

sonicated briefly in NaOAc buffer (10 mL, 10 µM, pH = 6.5). In a separate vial, VOSO4 • 

xH2O (x = 3-5, 0.03 g, excess) was dissolved in H2O (5 mL), and then added to the 

APMS mixture. After stirring for 4 h at room temperature, the resulting material was 

collected by centrifugation and vacuum filtration, washed with H2O and NaOAc buffer 

(10 µM, pH = 6.5), and dried in a vacuum oven at room temperature overnight.  

2.2.5 Synthesis of incipient wetness prepared vanadium APMS (V-APMS-incip)  

V-APMS-incip was synthesized from a previously published protocol.6 Briefly, 

NH4VO3 (0.011 g, 0.09 mmol) was dissolved in H2O (10 mL), and APMS (0.1 g) was 

added. The mixture was stirred to dryness and calcined using the calcination program for 

APMS as described above. 

 

 



66 
 

2.2.6 Catalytic oxidation of sulfide to sulfoxide  

The catalysis protocol was modified from a previously published procedure. 2-

chloroethyl ethylsulfide (CEES, 5 µL, 1.07 g/mL, 42.9 µmol) and propionaldehyde (61.9 

µL, 0.805 g/mL, 858 µmol) were placed in a 3 mL volumetric flask, which was filled 

with C4F9OCH3 (3M™ Novec™ 7100 Engineered Fluid, HFE-7100). 1,2,4-

trimethylbenzene (1 µL, 0.876 g/mL, 7.88 µmol) was added as a GC reference. Catalysis 

was initiated by simply adding one of the vanadium-loaded catalysts prepared above (20 

mg) to this solution. Aliquots (200 µL) were removed with a 2 mL plastic syringe, the 

solid catalyst was filtered out using a 0.22 µm Millipore syringe filter, and the resulting 

filtrate was analyzed by gas chromatography with mass spectrometric detection using a 

HP-5 (length 30 m, i.d. 0.32 mm) column. 

2.2.7 Determination of leaching 

Vanadium-loaded material (20 mg) was stirred in H2O (3 mL) for 8 h. The 

resulting material was collected by centrifugation, washed with H2O, and dried under 

vacuum at room temperature. 

2.2.8 Recycling of the catalyst 

 2-Chloroethyl ethyl sulfide (CEES, 41.7 µL, 1.07 g/mL, 358 µmol) and 1,2,4-

trimethylbenzene (8.33 µL, 0.876 g/mL, 60.7 µmol) were mixed into 25 mL stock 

solutions with C4F9OCH3 (3M™ Novec™ 7100 Engineered Fluid, HFE-7100) as a 

solvent. For reaction 0x, 3mL of stock with mixed with propionaldehyde (61.9 µL, 0.805 

g/mL, 858 µmol) and then added to a VO(dtpa)-APMS (20 mg). At the same time, a 

recycle pot of 66 mg of VO(dtpa) were mixed with CEES (16.55 µL, 1.07 g/mL, 142 

µmol), 1,2,4-trimethylbenzene (3.31 µL, 0.876 g/mL, 24.1 µmol) and propionaldehyde 
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(205 µL, 0.805 g/mL, 2.84 mmol). Aliquots (200 µL) were removed with a 2 mL plastic 

syringe, the solid catalyst was filtered out using a 0.22 µm Millipore syringe filter, and 

the resulting filtrate was analyzed by gas chromatography with mass spectrometric 

detection using a ZB-5 (length 30 m, i.d. 0.25 mm) column. The recycle pot was 

centrifuged, washed with 10 mL C4F9OCH3, dried for 1 hour at 110 °C and then dried 

under vacuum overnight. This cycle was repeated 3 more times. 

 

2.3 Results and Discussion 

2.3.1 Physical characterization of materials containing grafted dtpa and VO(dtpa) 

complexes  

Of the many types of porous silica supports that could be used for these 

experiments, acid-prepared mesoporous silica (APMS) were prepared due to their facile 

and low-cost synthesis, high thermal stability,59 and large internal surface area.60 This 

material is easily and rapidly prepared by the polymerization of a silicon alkoxide source 

in the presence of surfactants in acidic solutions. Once prepared, the particles were 

calcined to remove the surfactant and provide access to the internal porosity. Scanning 

electron microscopy (Figure 2.1) showed that the particles were monodisperse and had a 

spherical morphology, consistent with our previous results. Because calcination tends to 

reduce the number of silanol groups on the silica surface by dehydration reactions, and 

because a post-synthetic grafting method was used to attach the chelating ligands to the 

surface, the calcined material was stirred in water for an extended period of time to 

rehydrate the surface. This step, which has been employed previously for this purpose,61 
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was important to maximize the number of metal complexes, and therefore the amount of 

catalyst, in the solid. 

 

Figure 2.1. Scanning electronic microscope (SEM) image of VO(dtpa)-APMS. 

 

To prepare the ligand to be immobilized onto the porous substrate, 

diethylenetriamine pentaacetic anhydride (dtpa) was modified with 3-

aminopropyltriethoxysilane (APTES) by coupling to the free carboxylic acid group on 

the dtpa (Scheme 2.2). Initially, a two-step modification process was used, first 

condensing APTES to the surface, then isolating the product and coupling dtpa to the 

amine-modified surface. However, this procedure led to a more complicated and less 

defined surface because the peptide coupling of the dtpa to the APTES was never 

complete. The free amines that were left behind on the surface could form complexes 

with the vanadyl ions, complicating the catalytic results. In addition, any anhydrides that 

had reacted with residual water within the APMS to form carboxylates could lead to the 

reaction of a single molecule of dtpa with several APTES molecules, preventing it from 

fully complexing to a vanadyl group. Coupling the dtpa to APTES before grafting to 
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APMS afforded the most synthetic control and maximized the amount of complex 

immobilized on the solid. 

 

Scheme 2.2. Synthesis procedure used to prepare dtpa-APMS. 

 

During the surface grafting step, APMS that was slightly wet from the rehydration 

process was used to not only ensure that as many surface silanol groups as possible were 

open but also to react with the anhydrides to form carboxylates and to prevent any excess 

coupling reagents from binding to the surface. After isolating the product and washing to 

remove adventitious dtpa silane that had not reacted, modified APMS was placed in 

NaOAc buffer and an aqueous solution of vanadyl sulfate was added to form the vanadyl 

complexes on the surface. Thermogravimetric analysis (TGA) prior to vanadyl 

complexation showed that 0.364 mmol/g of dtpa silane had been grafted. 

N2 physisorption was used to characterize the porosity of the solid at each stage of 

modification (Table 2.1). The as-synthesized material analyzed after calcination was 

highly porous, with a pore volume of approximately 1.0 cm3/g, surface area of 573 m2/g 
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and moderately large pores of 71 Å. Synthesis conditions were used to produce a material 

with this pore diameter to ensure that complexes could be formed within the pores and to 

maximize molecular diffusion. After grafting with the dtpa silane, the pore diameter and 

pore volume decreased, indicating successful modification of the pore surfaces. The 

change in these parameters is also due to silica restructuring during the aqueous treatment 

to rehydrate the surface. However, the material remained very porous after grafting and 

did not change significantly upon complexation with vanadyl sulfate. 

Table 2.1. Physical Characterization of the Porous Solids. 

Material 
dpore 

(Å) 
SABET 

(m2/g) 
Vpore 

(cm3/g) 

APMS 
 

71 573 0.999 

after dtpa 
grafting 

58 500 0.688 

after V 
complexation 

52 506 0.640 

 

Initial structural characterization of the grafted dtpa-silane was performed by 

solid-state NMR spectroscopy (Figure 2.2). 29Si CPMAS NMR of the rehydrated APMS 

showed that the material was uncondensed, with a large Q3, HOSi(OSi)3 and Q2, 

(HO)2Si(OSi)2 peaks at approximately -100 and -90 ppm as well as a smaller Q4, 

Si(OSi)4, peak at -110 ppm. The lack of condensation indicated that many silanol groups 

were available for surface modification. After the dtpa-silane was grafted, the Q2 peak 

decreased and the Q4 peak increased in intensity, both of which were indications that the 

silane had been successfully coupled to the surface. More importantly, the appearance of 

T2, RSi(OH)(OSi)2, and T3, RSi(OSi)3, peaks at -55 and -65 ppm confirmed that the 

silane had been grafted to the APMS surface. 13C CPMAS NMR was used to examine the 

dtpa structure. A comparison of the 13C NMR spectra of pure dtpa (acid form) and pure 
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APTES with the grafted material showed that the dtpa environment was quite regular 

after immobilization and that the anhydride had been successfully opened to the acid. The 

APTES and dtpa carbon atoms are both visible in the spectrum, and the peak at 174 ppm 

is consistent with the carboxylic acid groups. A ninhydrin test62 of this material showed 

that there were no free amines, so coordination to the vanadyl ions must come 

exclusively from the dtpa.  

 

Figure 2.2. Characterization of materials by solid-state NMR. (A) 29Si CPMAS NMR 

spectra of rehydrated APMS (red) and the same material after dtpa silane was grafted 

(blue). (B) 13C CPMAS NMR spectrum of the grafted material (blue) and pure dtpa 

(green). 

 

Although there are no published X-ray crystallographic structures of vanadium 

complexed to dtpa, several spectroscopic studies exist. Chen prepared VO(dtpa) 

complexes from vanadyl sulfate, and used EPR to show that the resulting complexes 

deviated from axial symmetry.55 Although they did not suggest a geometry, they 

concluded that the complex would have three unchelated acid groups because they 

observed second sphere water ligands via analysis of their proton relaxation profiles.55 

Another study used NH4VO3 as the vanadium source, with the V5+ ion complexed by 

dtpa.53 Characterization by 13C and 51V solution NMR led these researchers to conclude 

that the vanadium had a hexacoordinate environment, with three uncoordinated acetates. 
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The two axial positions were occupied by dtpa acetates. Of the four equatorial 

coordination sites, two were occupied by two separate double-bonded oxygen. Of the 

final two sites, one was occupied by a nitrogen atom bound to the binding dtpa acetate 

and an unbound dtpa acetate. The final site was the central N in the ligand, also bound to 

a binding dtpa acetate but two carbons away from the other binding N and two carbons 

away from unbound N and two unbound dtpa acetates. In a third study, V2(SO4)3,
54 

containing the V3+ ion, was the vanadium source and IR and UV/Visible spectroscopies 

were used as characterization tools. The researchers proposed a heptacoordinate 

vanadium environment without a double-bonded oxygen, with one unbound acetate, four 

bound acetates, one labile bound H2O, and two N atoms bound to the vanadium ion. 

The confusion and lack of information about VO(dtpa) complexes, and the 

availability of improved spectroscopic and computational methods, led us to investigate 

the structure of the immobilized VO(dtpa) complex. Due to the paramagnetic nature of 

the vanadyl ion, solid-state electron paramagnetic resonance (EPR) spectroscopy was 

used (Figure 2.3). The hyperfine structure in the EPR spectrum is characteristic of a V4+ 

(d1) species, combined with the V nuclear spin of I = 7/2. Curve-fitting of the 

experimental data using EasySpin gave tensors that indicated the vanadium was in a 

distorted five-coordinate environment. The pattern of the tensors in relation to one 

another can be related to orbital diagrams through spin-orbit interactions and rotational 

relationships. Trigonal bipyramidal and square pyramidal geometries have an orbital 

diagram in which an electron can rotate into a degenerate orbital. Typically, when an 

electron rotates into a degenerate orbital, the resulting g tensor deviates more than our 

experimental value of 1.93. This could indicate that the ligand field around the vanadium 
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is distorted in a way such that the orbital degeneracy is no longer present. To further 

investigate and support the proposed geometry, DFT computational studies with a 

program called ORCA are being conducted.63 After computationally optimizing predicted 

geometries, ORCA will allow us to derive theoretical values of the g and A tensors to 

compare to the experimental EPR spectra. This study is ongoing, but currently, the 

complex shown in Figure 2.4 illustrates the geometry that best fits the experimental data. 

The complex is 5-coordinate with a mixture of a distorted trigonal bipyramidal and 

distorted square pyramidal geometry.  

 

 

Figure 2.3. EPR spectra of the immobilized VO(dtpa) complex. The 

experimental data is shown in black, and the simulated spectrum used to 

derive g and A tensors is shown in green. Tensors calculated from 

EasySpin: gꓕ = 1.98, 1.99, g∥ = 1.93; Ax = -200.8, Ay = -71.43, Az = -515.4. 
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Figure 2.4. Potential geometry of VO(dtpa) based on computational studies. 

 

 

2.3.2 Comparison of the properties of materials containing grafted vanadyl 

complexes and exchanged vanadium species 

 For comparison, two materials containing vanadium that was not grafted to the 

silica surface were also synthesized. One material (V-APMS-exch) was prepared by 

exchanging vanadyl ions into calcined APMS from aqueous VOSO4, followed by 

centrifugation and drying. The other material (V-APMS-incip) was prepared using the 

incipient wetness technique as in our previously published work,7 by stirring APMS in an 

aqueous solution of NH4VO3 to dryness, followed by calcination. The degree of 

hydration of the silica in each case was somewhat different, and the oxidation states of 

the V ion in each as-prepared material were also different. 

Table 2.2 summarizes some of the physical properties of these materials in 

comparison to the material containing grafted VO(dtpa) complexes. V-APMS-exch, 

which was treated the least relative to as-prepared APMS, was the most porous of the 

three materials. V-APMS-incip, in contrast, spent more time exposed to aqueous solution, 

and was calcined afterwards, leading to a decreased porosity and pore diameter as a result 

of restructuring of the silica surface. Comparison of the abilities of the three materials to 

retain vanadium were performed by measuring their V contents by ICP-OES before and 
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after stirring in water for 8 hours. V-APMS-exch did not start out with much vanadium, 

and only retained 36% of the original amount after the leaching test. 

Table 2.2. Comparison of Physical Properties and Vanadium Retention  

Capabilities of V-APMS Materials. 

Material 
dpore

 

(Å) 
SABET 

(m2/g) 
Vpore

 

(cm3/g) 
Chelator 

(mmol/g) 

Mass of 
Vinitial 
(µg) 

Mass of 
Vfinal 
(µg) 

remaining 
(%) 

V-APMS-exch 70 609 1.03 - 102 ± 2 36.5 ± 0.5 36 

V-APMS-incip 40 702 0.537 - 667 ± 10 42.7 ± 1.0 6.4 

VO(dtpa)-APMS 52 506 0.640 0.364 429 ± 11 393 ± 5 92 

 

V-APMS-incip began with more vanadium, because the incipient wetness 

technique left a large amount of physisorbed vanadium on the silica surface; however, 

this material ended up retaining approximately the same amount of vanadium as V-

APMS-exch, losing nearly 94% of the initially loaded amount. In contrast, VO(dtpa)-

APMS lost only 8% of the initial amount, indicating that dtpa was an effective ligand for 

the vanadyl ion.  

2.3.3 CEES oxidation 

Oxidative decontamination of half-mustard (CEES) was performed in 

methoxyperfluorobutane (HFE-7100), with CEES, an approximately 20-fold excess of 

propionaldehyde, and 20 mg of catalyst after washing for 8 h in water (Table 2.3). The 

progress of the reaction was followed by gas chromatography with mass spectrometric 

detection (Figure 2.5). The results demonstrate the stepwise nature of the sulfur 

oxidation, with the sulfide first consumed to make the sulfoxide, which is then reacted to 

the sulfone. Under these conditions, the oxidation of the sulfide is complete in less than 

15 minutes; because the system is heterogeneous, the reaction can be stopped at this point 
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to isolate the sulfoxide. The VO(dtpa)-APMS catalyst shows excellent ability to be 

recycled and even improves upon recycling. 

Table 2.3. Kinetic Data for the Oxidation of CEES in HFE-7100 Under  

Ambient Conditions. 

Material 
Rate  

(μmol/hr) 
TOF 

(mol CEES/mol V)/hr 
TON 

(mol CEES/mol V) 
V 

(mass %) 

V-APMS-exch 173 244.78 65.41 0.183 

V-APMS-incip 61.5 29.21 11.09 0.324 

VO(dtpa)-APMS 422 38.16 6.36 1.89 

TON calculated at 20 min.  

 

 

Figure 2.5. Progress of the oxidation of CEES using VO(dtpa)-APMS as the 

catalyst, monitored by gas chromatography. R is an internal reference and * is 

an impurity.  

 

A comparison of catalysts prepared by different synthetic methods shows that 

VO(dtpa)-APMS is the fastest and is more active than the V-APMS-incip. V-APMS-exch 
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is more active but it is slower than VO(dtpa)-APMS. The activity of each catalyst varied 

due to the fact that they are operating with different catalytic mechanisms. For VO(dtpa)-

APMS, the ligand may hinder substrates from accessing the metal center. In addition, the 

mechanism for VO(dtpa)-APMS could involve interaction with the ligand and therefore 

would be different than a catalyst without the ligand. Both V-APMS-incip and V-APMS-

exch have no bulky ligand around the catalytic VO center and therefore the substrate can 

easily diffuse to the metal. Investigation into the mechanism of how VO(dtpa)-APMS 

oxidizes sulfides is discussed in Chapter 3. 

 

2.4 Conclusion 

A new catalytic system for sulfide oxidation has been prepared. The system uses a 

VO(dtpa) complex immobilized on a highly porous silica substrate. Physical 

characterization of the material confirmed that the substrate retained its porosity after 

modification, and that the leaching of vanadium was greatly reduced, in contrast to 

samples that did not contain dtpa. Solid-state EPR spectroscopy, combined with ongoing 

computational modeling, indicated that the vanadium was in a distorted five-coordinate 

environment. The catalytic system effectively oxidizes CEES at room temperature in less 

than 15 minutes, using a fluorocarbon solvent and oxygen as the oxidant source, 

consistent with our previous results. Experiments to define the catalytic mechanism are 

described in Chapter 3. 
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CHAPTER 3: MECHANISTIC INVESTIGATION OF SULFIDE OXIDATION 

WITH PEROXYACID AND AN IMMOBILIZED VANADYL COMPLEX 

3.1 Introduction 

Oxovanadium complexes are used to catalyze a variety of oxidation reactions. For 

example, they have been shown to oxidize alkanes, alkenes, alcohols, aromatic 

compounds, and sulfides.1-3 Sulfide oxidation is of particular interest due to its 

applicability in a range of applications. For example, vanadium dependent peroxidases, 

which can be found in marine algae, lichen and fungus, have been the subject of several 

modeling and mechanistic studies.4-7 This family of enzymes oxidizes halides in nature 

and it is thought that algae oxidized products are used as a defense system while fungi 

use them to degrade plant cell walls.8  Scientists have been able to exploit vanadium 

bromoperoxidase, a type of vanadium dependent peroxidase, as a biocatalyst for the 

oxidation of sulfides.9,10 Another example is asymmetric sulfide oxidation using 

vanadium complexes which is useful in organic synthesis and in the pharmaceutical 

industry.11-14,15 Also, desulfurization of petrochemicals through oxidative catalysis has 

been an important field of study for many years.16,17 The broad applicability of 

heterogeneous vanadium oxidation catalysts lend them a special advantage in terms of 

environmental friendliness and allow them to be used in a variety of industrial and 

biochemical applications.18-25  

Although the most common oxidants used in the oxidation of sulfides are 

peroxides such as H2O2 or tBuOOH, we have recently developed a novel heterogeneous 

system for sulfide oxidation at ambient conditions. This system uses a vanadium catalyst 

immobilized onto a porous silica substrate to catalyze the oxidation of an aldehyde to the 
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corresponding peroxyacid with O2, followed by catalysis of the peroxyacid with an 

organic sulfide to yield a sulfoxide. The oxidation of aldehydes is often performed using 

H2O2 as the oxidant.26-28 Molecular oxygen has also been used in this capacity both 

with29-38 and without39 transition metals, but there are only a few examples using a 

vanadium catalyst.40-42 Transition metals can perform this oxidation either through 

formation of an acyl radical, or by forming a transition metal oxygen radical species.43 

There have been numerous studies of the mechanism of sulfide oxidation by 

vanadium complexes.3,44-51 Very often, the studied mechanisms use H2O2 as the oxidant 

source. One of the potential mechanistic pathways for the oxidation of sulfides is a direct 

mechanism, meaning that the sulfide directly attacks the oxidant and does not coordinate 

with the transition metal catalyst. Smith and Pecoraro experimentally studied the 

mechanism of sulfide oxidation by vanadium haloperoxidases using ligands such as N-(2-

hydroxyethyl)iminodiacetic acid), N,N-bis(2-pyridylmethyl)glycine, N-(2-amidomethyl)-

iminodiacetic acid and nitrilotriacetic acid.48 They determined that the sulfide was 

directly attacking the oxidant and that protonation of the vanadium-peroxide intermediate 

was an important part of the catalytic process. Using density functional theory (DFT), De 

Gioia studied the reactivity of peroxo forms of vanadium haloperoxidase cofactor.52 In 

the study, they determined that the sulfide attacks the peroxo ligand directly without 

coordination to the vanadium. They went further into their investigation to determine 

from which direction the sulfide attacks. In their system, the model compound was a 

strongly distorted trigonal bipyramidal structure, a vanadium with an imidazole and one 

peroxo atom in axial position ([ImVO4]
-). It was determined that the sulfide attacks the 

axial oxygen in the peroxo ligand, rather than attacking the equatorial positioned 
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oxygen.52 In a separate computational study, they performed a detailed DFT investigation 

using 2,2-[(2-hydroxyethyl)imino]diacetate as a ligand to model the vanadium 

haloperoxidase active site, and illustrated a direct mechanism.53 Maseras used DFT to 

model sulfide oxidation.51 The focus of these studies was oxo transfer from H2O2 to a 

sulfide using a simplified version of a bulky tridentate Schiff base as the ligand for a 

vanadium catalyst and dimethyl disulfide as the substrate. From their DFT calculations, 

they determined that the direct mechanism was the most likely.  

In addition to using an in situ generated peroxyacid as the oxidant source, our 

previous work differs from these studies in several regards. First, diethylenetriamine 

pentaacetic acid (dtpa) was chosen as the ligand, due to its strong chelating ability.54 

Second, the VO(dtpa) complex was immobilized onto a highly porous silica support to 

create a heterogeneous catalytic system, which is more environmentally friendly and 

allowed a large amount of catalyst to be supported on a nanoparticulate solid. Finally, we 

are particularly interested in the reaction chemistry of 2-chloroethyl ethylsulfide (CEES), 

which we and others have studied for many years as an analogue of mustard gas, bis(2-

chloroethyl)sulfide. The latter compound is a chemical warfare agent, a vesicant that is 

still present in military stockpiles around the world; thus, there is a need for the 

development of new catalytic systems for its decontamination. In this work, we expand 

on our recent synthetic and catalytic study to investigate details of the catalysis 

mechanism, including both the aldehyde oxidation using O2 and the sulfide oxidation 

using the peroxyacid thus generated in situ. 
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3.2 Experimental Section 

3.2.1 Materials and methods 

(3-aminopropyl)triethoxysilane was obtained from Gelest, Inc. 4-

Fluorothioanisole was obtained from Alfa Aesar. All other chemicals were obtained from 

Sigma Aldrich. Porosity and surface area measurements were obtained at 77 K on a 

Micromeritics TriStar 3000 surface area and porosity analyzer. Samples were degassed 

on a Micromeritics FlowPrep 060 Sample Degas System. Surface areas and pore size 

distributions were calculated using the BET and BJH theories. Thermogravimetric 

analysis was completed on a Perkin Elmer Pyris 1 TGA. Elemental analysis via 

inductively-coupled plasma optical emission spectroscopy (ICP-OES) was completed on 

a PerkinElmer Optima 7000DV ICP optical emission spectrometer with a CCD array 

detector, a PerkinElmer S10 autosampler, and WinLab32 software.  

3.2.2 Synthesis of Acid Prepared Mesoporous Spheres (APMS) 

APMS was synthesized from a previously published protocol.55,56 Briefly, 

cetyltrimethylammonium bromide (CTAB, 3.6 g, 9.88 mmol) was added to a solution of 

H2O (79.2 g), EtOH (200 proof, 22.2 g, 0.482 mol) and HCl (37 wt%, 8.8 g, 0.089 mol) 

at room temperature. The solution was stirred for approximately 10 min, and then 

Si(OEt)4 (TEOS, 8.0 g, 38 mmol) was added and stirring was continued for another 10 

min. A solution of NaF (0.5 M, 9.52 g, 4.76 mmol) was then added.   Precipitation 

occurred after 1.5 min, and stirring was continued for an additional 0.5 min, after which 

the mixture was transferred to a Teflon container that was sealed and placed in an oven at 

373 K for 120 min. The mixture was then cooled to room temperature while stirring in an 

ice bath, and the precipitate was collected via vacuum filtration, rinsed with H2O and 
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EtOH to remove adsorbed surfactant, and dried overnight. Surfactant was removed by 

calcination using the following program: the sample was heated from 298 K to 723 K at a 

rate of 2 K/min, followed by a 240 min hold at 723 K. The sample was then ramp to 823 

K at a rate of 10 K/min with a hold time of 480 min at 823 K before cooling to room 

temperature. 

3.2.3 Synthesis of dtpa-APMS 

Diethylenetriaminepentaacetic dianhydride (dtpa, 0.07 g, 0.2 mmol), N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 0.038 g, 0.2 mmol) 

and N-hydroxysuccinimide (NHS, 0.023 g, 0.2 mmol) were dissolved in 5 mL of dry 

DMSO in a sealed round bottomed flask under N2. After 1 h, 3-

aminopropyltriethoxysilane (APTES, 31.2 μL, 0.13 mmol, 1:1.5 molar ratio to dtpa) was 

added, and the solution was stirred for 24 h at room temperature. In a separate 4 dram 

scintillation vial, 0.2 g of APMS was stirred in 15 mL H2O for 24 h to rehydrate the 

material prior to attachment of dtpa-APTES. The APMS was collected by centrifugation 

and vacuum filtration, and then suspended in 10 mL toluene in a 25 mL round bottom 

flask. The DMSO solution was then added to the toluene mixture, and the resulting 

mixture was refluxed for approximately 18 h. After cooling to room temperature, the 

modified APMS was collected by centrifugation and vacuum filtration, and washed with 

DMSO, toluene, EtOH and NaOAc buffer (10 µM, pH = 6.5), and dried overnight. 

3.2.4 Chelation of vanadium to dtpa-APMS 

 dtpa-APMS (0.10 g) was placed in a 4 dram scintillation vial and sonicated 

briefly in NaOAc buffer (10 mL, 10 µM, pH = 6.5). In a separate vial, VOSO4 • xH2O (x 

= 3-5, 0.03 g, excess) was dissolved in H2O (5 mL), and this solution was then added to 
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the APMS mixture. After stirring for 4 h at room temperature, the resulting material was 

collected by centrifugation and vacuum filtration, washed with H2O and NaOAc buffer 

(10 µM, pH = 6.5), and dried in a vacuum oven at room temperature overnight.  

3.2.5 Catalytic oxidation of CEES 

The catalysis protocol was modified from a previously published procedure. 2-

chloroethyl ethylsulfide (CEES, 5 µL, 1.07 g/mL, 42.9 µmol) and propionaldehyde (61.9 

µL, 0.805 g/mL, 858 µmol) were placed in a 3 mL volumetric flask, which was filled 

with C4F9OCH3 (3M™ Novec™ 7100 Engineered Fluid, HFE-7100). 1,2,4-

trimethylbenzene (1 µL, 0.876 g/mL, 7.88 µmol) was added as a GC reference. Catalysis 

was initiated by simply adding one of the vanadium-loaded catalysts prepared above (20 

mg) to this solution. Aliquots (200 µL) were removed with a 2 mL plastic syringe, the 

solid catalyst was filtered out using a 0.22 µm Millipore syringe filter, and the resulting 

filtrate was analyzed by gas chromatography with mass spectrometric detection using a 

HP-5 (length 30 m, i.d. 0.32 mm) column and ZB-5 (length 30 m, i.d. 0.25 mm) column. 

For reactions where a radical trap was present, a stock solution of diphenylamine 

(0.01206 M in HFE-7100) was prepared and added to the reaction solution (3 μL or 36.2 

nmol; 6 μL or 72.3 nmol; and 12 μL or 144.7 nmol) before the catalyst was added. 

3.2.6 Eyring Plot catalysis 

CEES (16.67 µL, 1.07 g/mL, 143 µmol) and 1,2,4-trimethylbenzene (3.33 µL, 

0.876 g/mL, 26.27 µmol) were mixed into six 10 mL stock solutions with HFE-7100 as a 

solvent. Stock solutions and aliquots of propionaldehyde were adjusted to appropriate 

temperatures using either a refrigerator or a temperature-controlled oven. Catalysts were 

adjusted to temperature for 10 min in 10 mL round bottom flasks before addition of 
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reactants. To perform the analysis, a stock solution (3 mL) and propionaldehyde (61.9 

µL, 0.805 g/mL, 858 µmol) were pre-mixed before being poured onto the vanadium 

catalyst in a 10 mL round-bottom flask to initiate the oxidation reaction. Temperatures 

below room temperature were achieved using cold or ice water, and temperatures above 

room temperature used a sand bath or heating mantle. Temperatures were monitored 

throughout the reactions with an in situ thermometer. Aliquots (200 µL) for analysis were 

removed with a 2 mL plastic syringe, the solid catalyst was filtered out using a 0.22 µm 

Millipore syringe filter, and the resulting filtrate was analyzed by gas chromatography 

with mass spectrometric detection using a HP-5 (length 30 m, i.d. 0.32 mm) column. 

3.2.7 Hammett Plot catalytic experiments 

Reaction conditions were identical to those used for oxidation of CEES, except 

various sulfides were used in its place. 

 

3.3 Results 

In previous work, we showed that a simple catalyst prepared by doping 

mesoporous silica nanoparticles with vanadium (V-APMS) was capable of oxidizing half 

mustard, 2-chloroethyl ethyl sulfide or CEES, using aldehydes under ambient conditions 

with a commercially available hydrofluorocarbon solvent, HFE-7100.40,57 However, in 

the presence of water or under humid conditions, the vanadium leached from the solid, 

interfering with or stopping the oxidation reaction. This was the source of our interest in 

binding a vanadium complex to the support instead of free vanadium. In Chapter 2, we 

used diethylenetriamine pentaacetate (dtpa) to chelate the vanadyl ion, and the VO(dtpa) 

complex was immobilized onto the porous silica support. Solid-state NMR experiments 
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showed that the dtpa was covalently bound to the silica surface through a peptide link to 

3-aminopropyltriethoxysilane (APTES). Solid-state EPR spectroscopy, combined with 

ongoing computational modeling, indicated that the vanadium was in a distorted five-

coordinate environment. In the oxidation of CEES, the immobilized VO(dtpa) complex 

was effective under the same conditions (aldehyde, HFE-7100) as the unchelated 

vanadium prepared through incipient wetness technique, with a faster turnover frequency. 

The ligand remained intact during the oxidation process. This preliminary work indicated 

a similar stepwise oxidation process to the one that had been defined for the unchelated 

vanadium catalyst,57 but detailed mechanistic studies were not completed.  

Preliminary studies indicated that porous silica nanoparticles with a pore diameter 

of 7 nm allowed the maximum amount of VO(dtpa) to be bound to the pore surfaces. 

Materials with smaller pores prevented the complex from binding, and materials with 

larger pores had less surface area and showed decreased amounts of complex on the 

surface. Additional optimization tests indicated that a four-fold excess of V used during 

the complexation process provided materials with the highest activity, as measured by 

turnover number and turnover frequency. By varying the amount of catalyst and the ratios 

of each reagent, it was determined that 20 mg of the VO(dtpa) solid catalyst, 5 µL of 

CEES, and a 20-fold excess of aldehyde provided the best conditions to study the 

catalytic process. 

The oxidation of aldehydes to peroxyacids with O2 proceeds through formation of 

acyl radicals and peroxyacid radicals.58 This reaction proceeds slowly without a catalyst 

but can be accelerated with transition metals such as Ag+ 36 or V4+.26 In our previous 

catalytic studies using immobilized vanadium, radical trapping was used to confirm that 
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radicals were also present. To confirm their presence in the VO(dtpa) catalytic system, 

diphenylamine was added to the system as a radical trap.59 Without diphenylamine, the 

conversion of CEES was rapid and began immediately, but in the presence of 

diphenylamine an induction period was observed before CEES began to react (Figure 

3.1). The length of the induction period was related to the amount of diphenylamine in 

the system. This confirmed that radicals were formed during the aldehyde oxidation. 

When diphenylamine was present, the radicals were quenched before forming the 

peroxyacid, so CEES did not react until all of the diphenylamine was used (note that 

there was a large excess of aldehyde present in the system relative to CEES). When 

tBuOOH was used as the oxidant, the addition of diphenylamine had no effect on the 

oxidation of CEES, further confirming that radicals were produced during the oxidation 

of the aldehyde and not during the sulfide oxidation. 

 

Figure 3.1. Radical trap experiments using diphenylamine. 

 

To abstract thermodynamic parameters for our reaction, the reaction temperature 

was varied to generate an Eyring plot (ln(k/T) versus 1/T, Figure 3.2a and Table A1). 
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First order kinetics were observed for the peroxyacid catalysis. Rate constants were 

obtained through the following relationship (Equation 3.1): 

ln [sulfide]t  = -kt + ln [sulfide]0    (3.1) 

In contrast to our previous work using unchelated vanadium, the slope of the Eyring plot 

was not the same over the entire temperature range, changing from a negative value at 

lower temperatures to a positive value at higher temperatures. A non-linear Eyring plot 

indicated that the mechanism of the reaction was dependent on the reaction temperature. 

This can be related to the presence of peroxyacid [R(C=O)OO•] radicals in the system. At 

lower temperatures, these radicals can bind to the vanadium complex and participate in 

sulfide oxidation, but at higher temperatures they can react with themselves,60 reducing 

the amount of oxidant available to react with CEES. As in the radical trapping 

experiment above, the importance of radical reaction was studied by repeating the 

oxidation using tBuOOH as the oxidant source, which does not proceed through a radical 

mechanism. For the tBuOOH reaction, second order kinetics were observed. The rate 

constants were obtained through the following relationship (Equation 2.2): 

1

[𝑠𝑢𝑙𝑓𝑖𝑑𝑒]𝑡
= 𝑘𝑡 +  

1

[𝑠𝑢𝑙𝑓𝑖𝑑𝑒]0
     (2.2) 

The Eyring plot from this reaction (Figure 3.2b) is linear over the entire temperature 

range, supporting the conclusion that radical quenching was an important part of the 

reaction when the oxidant is the in situ generated peroxyacid.  
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Figure 3.2. Eyring Plot from kinetic temperature runs of the oxidation of CEES with a. 

aldehyde/O2 as oxidant b. tBuOOH as oxidant. 

 
The Eyring plots in Figure 3.2 were used to calculate thermodynamic parameters 

for the sulfide oxidation using VO(dtpa). Parameters are shown in Table 3.1. The entropy 

of activation (∆S‡) was negative at all temperatures and regardless of the identity of the 

oxidant. ∆S‡ can be affected by solvation, but often a negative value of ∆S‡ is 

representative of the combination of two molecules through the decrease of translational 

and rotational degrees of freedom and can indicate an associative mechanism.61,62  

Table 3.1. Entropy and Enthalpy of Reaction. 

Temperature Range (°C) ΔH‡ (kcal/mol) ΔS‡ (cal/K mol) 

2-11-20 10.43 -125.82 

31-40-54 -8.93 -190.82 

tBuOOH: 13-20-34 6.32 -125.72 

 

This is consistent with a process where both the sulfide and the peroxyacid react at the 

vanadium center. The change in the slope of the Eyring plot in Figure 3.2a at higher 

temperatures results in a change in the sign of ∆H‡ for those temperatures. The negative 

enthalpy of activation found at high temperatures has been observed in other cases as a 
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result of the combination of radicals.61 It can also be indicative of a reversible formation 

of complexes that have lower energy profiles than that of the normal reaction pathway.63 

In order to gain insight into the electronics of the transition state, electronic 

effects on the mechanism were studied using methyl phenyl sulfide and para-substituted 

derivates as model compounds. The oxidation reaction was repeated using the in situ 

generated peroxyacid as the oxidant and the compounds methyl phenyl sulfide, 4-

fluorophenyl methyl sulfide, 4-bromophenyl methyl sulfide, and 4-methoxythioanisole as 

substrates, and the kinetic data was used to generate a Hammett plot (Figure 3.4 and 

Table A3). Hammett parameters (σ) were obtained from the literature.64 The Hammett 

plot was originally based on benzoic acid and can be made using equilibrium constants or 

rate constants. The following relationship is in terms of rate constants (Equation 3.3): 

log (
𝑘𝑥

𝑘𝐻
) = 𝜌σx      (3.3) 

where kx is the rate constant for any substituted methyl phenyl sulfide and kH is the rate 

constant for methyl phenyl sulfide. The Hammett parameter (σx) changes depending on 

where the substituent is located. Since our substituents were in the para position, σp was 

used. Rho (ρ) is equivalent to the slope of log (
𝑘𝑥

𝑘𝐻
)  versus the Hammett parameters (σp). 

The sign of the slope (ρ), and its magnitude, can be used to gain information about 

electronic effects in the reaction mechanism. The positive value of ρ, (ρ = 1.47), for our 

reaction is an interesting result. In sulfide oxidations, positive value of ρ, where rate 

increases when the substituents have increasingly electron withdrawing character, can 

indicate that the oxidant is acting as a nucleophile and the sulfide as an electrophile.50,65 

Conversely, a typical nucleophilic attack by a sulfide onto an oxidant may be expected to 
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give a negative value of ρ.66-67 In other studies exploring electrophilic and nucleophilic 

oxygen transfer reactions with aryl sulfoxides, researchers have found that the sign of  

changes when aryl sulfoxides reacted with protonated versus deprotonated peroxyacids.68 

Using DFT calculations, it was determined that the difference was due to the electrostatic 

component of the reaction dominating over orbital components in the latter case.68 With 

this information, and with the data from the Eyring plot, we interpret the Hammett plot to 

indicate that sulfide reacts with an oxygen atom on the peroxyacid with a partial negative 

charge, due to the concerted reaction of the sulfide with the peroxyacid. 

 

 

Figure 3.3. Hammett Plot for methyl phenyl sulfide, 4-fluorophenyl methyl sulfide, 

4-bromophenyl methyl sulfide, and 4-methoxythioanisole. 

 

3.4 Discussion 

In previous work, we found that vanadium-doped mesoporous silica performed a 

dual catalytic role in the oxidation of CEES using this system. First, the vanadium 

catalyzed the oxidation of aldehyde to the corresponding peroxyacid with O2, and then it 

catalyzed the oxidation of CEES using the peroxyacid that had been generated in situ.40 
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In these studies where vanadium complexed with dtpa was used as the catalyst, we have 

found a similar dual catalytic role. 

The catalytic formation of peroxyacid from aldehyde requires O2 to bind at the 

metal center. O2 can bind to vanadium complexes in either a superoxo (1) or peroxo (2) 

fashion.69 Molecular oxygen has been studied less frequently than hydrogen peroxide, 

which is frequently used in oxidation reactions using vanadium complexes and 

commonly binds in an 2 manner.70-77 Most studies have shown that O2 also binds in an 

2, supported by X-ray diffraction, 18O labeling, and FT-IR techniques as well as DFT 

calculations.77-79 In some cases, 1 and 2 binding were both proposed,69,80,81 and an 

equilibrium between dioxygen and superoxo O2 ligands has also been proposed.69,82,83 

This equilibrium is important, because the 1 superoxo O2 has also been implicated as a 

reaction site for the abstraction of a hydrogen atom from an aldehyde to form an aldehyde 

radical during peroxyacid formation reactions.43,80-82 Based on these studies, it is likely 

that in our system, O2 binds initially to VO(dtpa) as dioxygen and then undergoes a 

reversible redox reaction to form the superoxo 1-bound O2. The superoxo oxygen can 

then abstract a hydrogen atom from propionaldehyde to form an acyl radical and 

vanadium-bound, 1 hydroperoxide. The acyl radical can then react with O2 directly to 

form a peroxyacid radical. This in turn forms peroxyacid by reacting either with aldehyde 

or with the 1 hydroperoxide, feeding either acyl radicals or vanadium peroxyacid 

radicals back into the catalytic cycle. A proposed mechanism for the formation of the 

peroxyacid is shown in Scheme 3.1. 



99 

 

Scheme 3.1. Proposed mechanism for the formation of peroxyacid from aldehyde and O2 

using VO(dtpa) as the catalyst. VO(dtpa)-APMS drawn as suggested by DFT data. 

 

The peroxyacid produced in this manner can then react with a sulfide in a process 

also catalyzed by the VO(dtpa) complex. Three reaction pathways3,51 have been proposed 

for the sulfide oxidation catalyzed by vanadium complexes: (1) direct transfer, in which 

the sulfide interacts directly with the oxidant; (2) a radical mechanism, in which the 

oxidant forms radicals that perform a nucleophilic attack on the sulfide; (3) indirect 

transfer, in which the sulfide and oxidant both coordinate to the metal center, which 

facilitates the reaction. 

Information that can help in establishing the reaction pathway includes a 

determination of whether the oxidant is nucleophilic or electrophilic. Theoretically, when 
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presented with the choice of oxidizing either a sulfide or a sulfoxide, a nucleophilic 

oxidant will oxidize the sulfoxide to the sulfone while an electrophilic oxidant will 

oxidize the sulfide to the sulfoxide. This is because sulfoxides are known to be weaker 

nucleophiles than sulfides.84 Reaction assays have been developed to determine the 

nature of a system’s oxidant by probing the rate of sulfide versus sulfoxide oxidation.85 In 

a radical mechanism, the oxidant acts as a nucleophile.2 In our case, we observed a two-

step oxidative process: CEES → CEESO → CEESO2. That is, we did not observe the 

formation of any sulfone until after all of the sulfide had been consumed. This would 

imply that the sulfide is the preferred substrate, indicating that the oxidant in our system 

is electrophilic. Therefore, our oxidant cannot undergo a radical mechanism. Additional 

reactions were performed to measure the rates of oxidation of diphenyl sulfide and 

diphenyl sulfoxide in our system (Figure A1). Although the rates are somewhat similar 

in this case, the sulfide does have a faster rate of oxidation than the sulfoxide, providing 

further evidence for an electrophilic oxidant in our reaction system. 

There are only a few examples of the indirect oxidation pathway. Steric effects 

can be used to determine whether an indirect pathway is occurring, for example because 

molecular crowding at the metal center in a complex can decrease the rate of an indirect 

process. Several researchers have used Schiff base complexes of vanadium to illustrate 

such processes,46,50,45 which makes sense because their systems have an open axial 

coordination site to which sulfide can bind. Schiff base complexes of vanadium are 

known to produce enantioselective oxidations of sulfides and researchers have 

intentionally designed ligands to direct sulfides to coordinate in certain orientations in 

order to produce enantioselective products. In our system, there was no observable 
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hindrance in rate when CEES, methyl phenyl sulfide, or diphenyl sulfide were used as the 

substrate (Table A4). Therefore, sterics do not appear to play a significant role in our 

mechanism, and the indirect pathway is not likely for our catalytic system. 

On the other hand, there is substantial evidence to support a direct oxidation 

pathway, although the examples use hydrogen peroxide as the oxidant source rather than 

a peroxyacid. Some examples of direct oxidation pathways can be found in 

computational work done with a bulky tridentate Schiff base vanadium catalyst on 

dimethyl disulfide51,86 or with experimental and theoretical work with salophen and salen 

oxo vanadium complexes on methyl phenyl sulfide.47 In terms of our work, our ligand 

looks very similar to model vanadium haloperoxidase ligands. Pecoraro investigated 

sulfide oxidation using models of the active site of vanadium haloperoxidase, with 

ligands such as N-(2-hydroxyethyl)iminodiacetic acid), N,N-bis(2-pyridylmethyl)glycine, 

N-(2-amidomethyl)-iminodiacetic acid and nitrilotriacetic acid.48 These vanadium 

haloperoxidase model compounds look similar to our system in that they are multidentate 

ligands composed of carbonyl acetates and tertiary nitrogens. Vanadium haloperoxidase 

are known to oxidize halides in nature. The focus of Pecoraro’s work was to investigate 

the ability for these vanadium haloperoxidase models to oxidize sulfides, in particular 

methyl phenyl sulfide, and compare the efficiency of the oxidation to that of halide 

oxidation. What they found was the best catalyst for halides was also the best catalyst for 

sulfides, catalyzing methyl phenyl sulfide for 1000 turnovers in 3 h. More importantly, in 

their work, a direct oxidation mechanism was observed.48 Along the same lines, De Gioia 

performed a computational study of the oxidation of bromides and sulfides with peroxo 

forms of the vanadium haloperoxidase cofactor.52 They found evidence for a direct 
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oxidation pathway, where an oxygen atom is bound in a pseudoaxial position at the 

vanadium center. In a separate study, a detailed investigation was performed using 2,2-

[(2-hydroxyethyl)imino]diacetate as a vanadium ligand to model the haloperoxidase 

cofactor and it was again found that a direct oxidation pathway was preferred.53  

Given this evidence, the fact that steric effects of sulfide substrates do not inhibit 

the rate of oxidation, and that VO(dtpa) is most similar to the nitrilotriacetic acid 

complex that was proposed to participate in a direct pathway,48 a direct oxidation 

pathway is most likely occurring in our system. Details of our proposed reaction 

mechanism are shown in Scheme 3.2. There is substantial experimental support in the 

literature for an electrophilic oxidant at a vanadium catalyst interacting with a 

nucleophilic sulfide.3 The Hammett plot in Figure 3.4 suggests that sulfide reacts with an 

oxygen atom on the peroxyacid with a partial negative charge, due to the concerted 

reaction of the sulfide with the peroxyacid. After the sulfide reacts with the oxygen of the 

peroxyacid, an intermediate is formed prior to the release of sulfoxide and propionic acid 

products to regenerate the VO(dtpa) complex. It is possible that this intermediate is 6-

coordinate, with one of the labile acetate ligands decoupled from the vanadium center. 

As previously mentioned, we observed a two-step oxidative process: CEES → 

CEESO → CEESO2. That is, we did not observe the formation of any sulfone until after 

all of the sulfide had been consumed. We have determined that the sulfide is the 

nucleophile in our system and therefore in the oxidation of sulfoxide to sulfones, the 

sulfoxide would remain the nucleophile. Sulfoxides are known to be weaker nucleophiles 

than sulfides.84 Therefore it is expected to have a slower rate of oxidation of a sulfoxide 

to sulfone than that of sulfide to sulfoxide. Since the mechanism is a direct oxidation, the 
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sulfide bonding directly to the oxidant, we expect the mechanism to be similar for the 

sulfoxide as there should be no steric hindrance and minimal electronic repulsion since 

the oxidant should be freely accessible.  

 

Scheme 3.2. Proposed mechanism for the oxidation of sulfides using VO(dtpa) as the 

catalyst and peroxyacid as the oxidant. VO(dtpa)-APMS drawn as suggested by DFT 

data. 

 

3.5 Conclusion 

In this work, the details of the mechanism for the oxidation of aldehyde using O2 

and the oxidation of sulfide using the peroxyacid generated in situ, were investigated. 

Kinetic experiments with varied temperatures indicated that the mechanism of the 
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reaction was dependent on the reaction temperature. This can be related to the presence 

of peroxyacid radicals in the system. At lower temperatures, these radicals can form 

peroxyacids, bind to the vanadium complex and participate in sulfide oxidation, but at 

higher temperatures they can react with themselves, reducing the amount of oxidant 

available to react with CEES. To confirm the presence of radicals, a radical trap, 

diphenylamine, was used. Upon addition of the radical trap, an induction period was 

observed which otherwise was not present. Kinetic experiments using methyl phenyl 

sulfide and para-substituted derivates provided insight into the transition state of the 

mechanism.  A Hammett plot constructed from this data gave a positive value of ρ, 

indicating a negatively charged center in the transition state of the mechanism.  

Two catalytic cycles for VO(dtpa)-APMS have been proposed. To begin, O2 

binds initially to VO(dtpa) as dioxygen and then undergoes a reversible redox reaction to 

form the superoxo 1-bound O2. The superoxo oxygen can then abstract a hydrogen atom 

from propionaldehyde to form an acyl radical and vanadium-bound, 1 hydroperoxide. 

The acyl radical can then react with O2 directly to form a peroxyacid radical. This in turn 

forms peroxyacid by reacting either with aldehyde or with the 1 hydroperoxide, feeding 

either acyl radicals or vanadium peroxyacid radicals back into the catalytic cycle. The 

peroxyacid produced in this manner can then react with a sulfide in a process also 

catalyzed by the VO(dtpa) complex. In this step, a direct oxidation pathway is most likely 

occurring in the system. The Hammett plot suggests that sulfide reacts with an oxygen 

atom on the peroxyacid with a partial negative charge. After the sulfide attacks the 

peroxyacid, a 6-coordinate intermediate is formed prior to the release of sulfoxide and 

propionic acid products to regenerate the VO(dtpa) complex.  
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CHAPTER 4: OXIDATION OF CYCLOALKENES USING VO(dtpa) 

IMMOBILIZED ON A POROUS SILICA SUBSTRATE 

4.1 Introduction 

Vanadium catalysts participate in the oxidation, halogenation, and carboxylation of 

a variety of organic compounds.1-3 Alkene oxidation, especially epoxidation, is of 

particular interest due to the value of epoxides in organic synthesis4,5 and industrial 

production,6,7 and homogeneous catalysis using vanadium complexes can be used for 

epoxidation.2 Vanadium oxidation catalysts have also been immobilized onto solid 

supports, generating heterogeneous catalysts that are easier to recycle and can be used in 

"green" systems that generate less solvent waste than homogeneous systems.8-10 These 

supports include zeolite Y,11 boehmite nanoparticles,12 carbon nanotubes13 and 

nanostructured carbon materials,14 magnetic nanoparticles,15 polymers,16 silica gel,17 and 

mesoporous silica.10,18-20 Of these, mesoporous silica is a desirable support due to its simple 

and low-cost synthesis, its structural stability in organic solvents,20 and its large internal 

surface area, which can exceed 1000 m2/g. In addition, the pore diameter of mesoporous 

silica can be synthetically controlled, providing a measure of influence over the catalytic 

process. 

Many silica-supported vanadium catalysts used in alkene oxidations are traditional 

heterogeneous catalysts, in the sense that vanadium ions are included in the silica through 

a variety of techniques such as including vanadium during the sol-gel synthesis of silica,21 

post-synthetic impregnation,22 (i.e. aqueous solutions of metal precursors stirred with the 

silica materials until dryness and then calcined to 773 K for 5 hours), grafting followed by 

calcination23,24 or kneading (i.e. aqueous vanadium and chromium oxide poured into a 
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silica sol and then the mixture kneaded for 6 hours at 80 °C, dried and then calcined at 450 

°C for 5 hours).25,26 Polyoxometalates that incorporate vanadium have also been 

immobilized by similar methods onto silica.20,27-30 Examples of organometallic vanadium 

catalysts immobilized onto silica also exist. In one case, the metal-organic framework V-

MIL-101 was tethered to silica-coated iron oxide nanoparticles through peptide 

coupling.31,32 These researchers then surveyed the oxidation of allylic alcohols and alkenes 

using tBuOOH as the oxidant. Some challenges with this catalyst were observed; for 

example, oxidation of cis-cyclooctene was only 50% complete after 24 hours in refluxing 

MeCN. In another study, VO(acac)2 was immobilized on the mesoporous silica MCM-41, 

also using peptide coupling, and alkene oxidation was examined.10 Using tBuOOH as the 

oxidant, 90% of cis-cyclooctene was oxidized after 24 hours. Finally, there are two 

examples of systems using silica-tethered Schiff base ligands for alkene oxidation. In the 

first, a hydrazine Schiff base ligand on silica gel was synthesized by grafting N-

(triethoxysilylpropyl)salicylaldimine to the silica surface and then complexing VO(acac)2 

with the grafted salicylaldimine and (E)-N0 -(2- hydroxybenzylidene)benzohydrazide). 

The catalyst, with H2O2 as the oxidant and sodium bicarbonate as an activator for the H2O2, 

was used to oxidize a variety of alkenes in refluxing MeCN. After 5 hours, the oxidation 

of cis-cyclooctene was 96% complete.17 In the second example, a vanadium Schiff base 

complex prepared from salicylaldehyde and diethylenetriamine (two salicylaldehyde 

bound to diethylenetriamine through an imine bond on the nitrogen atoms of the 

diethylenetriamine) was tethered to MCM-41 and H2O2 and sodium bicarbonate were used 

to oxidize cis-cyclooctene.18 After 8 hours at room temperature, 82% of the cis-cyclooctene 

had been oxidized. 
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We have recently shown that VO(dtpa) (dtpa = diethylenetriamine pentaacetate) 

can be easily tethered to mesoporous silica with peptide coupling reactions, and is an 

effective catalyst for the oxidation of sulfides. In that system, the oxidant was peroxyacid 

that was generated in situ through the reaction of O2 with aldehyde, which was included in 

the reaction mixture. An investigation of the catalytic mechanism of this process showed 

VO(dtpa)-APMS performs two catalytic oxidations: first, the oxidation of propionaldehyde 

to make the peroxyacid; then the oxidation of sulfides. For the oxidation of 

propionaldehyde, it has been proposed that O2 binds initially to the vanadium metal center 

as dioxygen and then undergoes a reversible redox reaction to form the superoxo 1-bound 

O2. The superoxo oxygen can then abstract a hydrogen atom from propionaldehyde to form 

an acyl radical and vanadium-bound, 1 hydroperoxide. The acyl radical reacts with O2 

directly to form a peroxyacid radical. This in turn forms peroxyacid by reacting either with 

propionaldehyde or with the 1 hydroperoxide, feeding either acyl radicals or vanadium 

peroxyacid radicals back into the catalytic cycle. The peroxyacid produced in this manner 

can then react with a sulfide in a process also catalyzed by the VO(dtpa) complex. The 

peroxyacid coordinates with the vanadium center at which point a sulfide then directly 

reacts with the peroxyacid without coordination to the vanadium metal center. A 6-

coordinate catalyst intermediate is formed prior to the release of sulfoxide and propionic 

acid to regenerate the VO(dtpa) complex. Considering the utility of a system using an 

oxidant that was generated in situ and the previous reactions showing the capability of 

vanadium catalysts in epoxidation, in this study we use immobilized VO(dtpa) in the 
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oxidation of alkenes. We also investigate the reaction mechanism and compared to our 

previous study on sulfide oxidation. 

 

4.2 Experimental Section 

4.2.1 Materials and methods 

(3-aminopropyl)triethoxysilane was obtained from Gelest, Inc. Cyclododecene was 

obtained from TCI America. 4-Fluorostyrene and p-Methylstyrene were obtained from 

ACROS Organics. 4-Methoxystyrene, cis-cyclooctene, cyclohexene were obtained from 

Alfa Aesar. All other chemicals were obtained from Sigma Aldrich. Porosity and surface 

area measurements were obtained at 77 K on a Micromeritics TriStar 3000 surface area 

and porosity analyzer. Samples were degassed on a Micromeritics FlowPrep 060 Sample 

Degas System. Surface areas and pore size distributions were calculated using the BET and 

BJH theories. Thermogravimetric analysis was completed on a Perkin Elmer Pyris 1 TGA. 

Elemental analysis via inductively-coupled plasma optical emission spectroscopy (ICP-

OES) was completed on a PerkinElmer Optima 7000DV ICP optical emission spectrometer 

with a CCD array detector, a PerkinElmer S10 autosampler, and WinLab32 software.  

4.2.2 Synthesis of (VO)dtpa-APMS  

The immobilized VO(dtpa) catalyst was synthesized as described in Chapter 2. 

4.2.3 Catalytic oxidation of cycloalkene to cycloalkene oxide 

The catalysis protocol was modified from a previously published procedure. 

Cycloalkene (42.9 µmol) and propionaldehyde (61.9 µL, 0.805 g/mL, 858 µmol) were 

placed in a 3 mL volumetric flask, which was filled with acetonitrile. 1,2,4-

trimethylbenzene (1 µL, 0.876 g/mL, 7.88 µmol) was added as a GC reference. Catalysis 
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was initiated by simply adding one of the vanadium-loaded catalysts prepared above (20 

mg) to this solution. Aliquots (200 µL) were removed with a 2 mL plastic syringe, the solid 

catalyst was filtered out using a 0.22 µm Millipore syringe filter, and the resulting filtrate 

was analyzed by gas chromatography with mass spectrometric detection using a ZB-5 

(length 30 m, i.d. 0.25 mm) column. 

4.2.4 Eyring Plot catalysis  

cis-Cyclooctene (18.63 µL, 0.846 g/mL, 143 µmol) and 1,2,4-trimethylbenzene 

(3.33 µL, 0.876 g/mL, 26.27 µmol) were mixed into three 10 mL stock solutions with 

acetonitrile as a solvent. For 15 °C reactions, two stock solution were chilled to 2-8 °C in 

the refrigerator. For 21 °C reaction, a stock solution was left at room temperature (19-21 

°C). Finally, 40 °C reaction, the stock solution was heated in a 40 °C oven. Aliquots of 

propionaldehyde were also adjusted to specific temperatures. Each vanadium catalyst was 

adjusted to temperatures for 10 min in 4 dram scintillation vials before addition of 

reactants. 3 mL of stock solution were measured in a 3 mL volumetric flask. To the stock 

solution, propionaldehyde (61.9 µL, 0.805 g/mL, 858 µmol) was added. The oxidation 

reaction was initiated once the reactants were poured onto the vanadium catalyst. The cold 

reactions were completed in scintillation vials a beaker condenser filled with cold water. 

The warm reactions were completed in a scintillation vial with glass wool and a heating 

mantle. The room temperature reactions were completed at room temperature inside a 

scintillation vial Temperature was monitored throughout the reaction with an in situ 

thermometer. Aliquots (200 µL) were removed with a 2 mL plastic syringe, the solid 

catalyst was filtered out using a 0.22 µm Millipore syringe filter, and the resulting filtrate 
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was analyzed by gas chromatography with mass spectrometric detection using a ZB-5 

(length 30 m, i.d. 0.25 mm) column. 

4.2.5 Hammett Plot catalytic experiments  

Reaction conditions were identical to those used for oxidation of cis-cyclooctene, 

except various para-substituted styrenes were used in its place.  

 

4.3 Results and Discussion 

In Chapter 2 will be found the description of the synthesis and characterization of 

the immobilized VO(dtpa) complex used in the studies reported here. Briefly, mesoporous 

silica nanoparticles with diameters of 1-2 µm were prepared and calcined. Separately, dtpa 

was reacted with 3-aminopropyltriethoxysilane using standard peptide bond-forming 

techniques, and the dtpa-silane was grafted onto the silica nanoparticles, confirmed using 

solid-state NMR spectroscopy. Exposure of the grafted solid to VO(SO4) produced the 

immobilized VO(dtpa) catalyst. Solid-state EPR spectroscopy, combined with ongoing 

computational modeling, indicated that the vanadium was in a distorted five-coordinate 

environment. N2 physisorption of the nanoparticles used for these experiments showed that 

the pore diameter was 52 Å, the surface area was 506 m2/g, and the pore volume was 0.640 

cm3/g, indicating a highly porous material. 

The oxidation of alkenes has been extensively studied, but one area that is still a 

challenge is large cyclic alkenes.33 Titanium Silicalite-1 (TS-1), which is industrially used 

to oxidize propylene with H2O2 as an oxidant, consists of pores with a 5 Å diameter,34 

which are too small to allow for the diffusion of large cyclic alkenes such as cis-

cyclooctene.34,33 As a result, the only available sites for catalysis on TS-1 for large cyclic 
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alkenes are the outer surface. cis-Cyclooctene was chosen to illustrate the versatility of 

VO(dtpa)-APMS. In contrast to TS-1, VO(dtpa)-APMS has 52 Å pore diameters, which 

allows for the diffusion of much bulkier alkenes.    

Our earlier catalytic studies using immobilized VO(dtpa) involved sulfide 

oxidation. In those studies, the oxidant, peroxyacid, was generated in situ through the 

oxidation of an aldehyde with O2. The solvent in those studies was 

methoxyperfluorobutane (3M™ Novec™ 7100 Engineered Fluid or HFE-7100), which 

was selected for its ability to solubilize O2 effectively but also because one goal of those 

studies was decontamination of sulfides from polymers or other materials, and HFE-7100 

is ideal in cleaning and degreasing applications. Here, we initially tested a range of solvents 

including HFE-7100, which were selected based on literature precedents and the ability to 

solubilize cis-cyclooctene.10,35,36 For these tests, propionaldehyde was added to a solution 

containing cis-cyclooctene, and the amount of cis-cyclooctene remaining after 4 hours was 

determined using GC-MS. Oxidation of cis-cyclooctene to cyclooctene oxide took place at 

a reasonable rate in acetonitrile, chloroform, dichloromethane, acetone, and HFE-7100. Of 

these solvents, the reaction was fastest in acetonitrile, with only 41% of the cis-cyclooctene 

remaining after 4 hours. This is consistent with the literature results. For this reason, 

acetonitrile was used in our subsequent catalytic tests. 

4.3.1 Investigation of reaction mechanism using cis-cyclooctene 

To abstract thermodynamic parameters for the alkene oxidation reaction, the 

reaction was repeated at a variety of temperatures. First order kinetics were observed, 

allowing us to identify the first order rate constant k. An Eyring plot, based on the  
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relationship below, was then prepared (Equation 4.1, Figure 4.1). 

ln(
𝑘

𝑇
) = 

−𝛥𝐻‡

𝑅𝑇
 + ln(

𝑘′

ℎ
) + 

𝛥𝑆‡

𝑅
     (4.1) 

In this equation, k = the first order rate constant, T = temperature, ∆H‡ = enthalpy of 

activation, ∆S‡ = entropy of activation, R = the gas constant, k' = the Boltzman constant, 

and h = Planck's constant. On a plot of ln(k/T) vs. 1/T, the slope is equal to -∆H‡/R and y 

intercept is equal to ln(k'/h) + ∆S‡/R. Using the Eyring plot, ∆H‡ and ∆S‡ were found to be 

43.24 kJ/mol and -0.5545 kJ/mol, respectively. A large negative entropy of activation is 

usually an indication of an associative mechanism.37-39 A positive enthalpy of activation 

indicates the bond strengths of the activated complex are lower than the starting material.37 

Interestingly, the values of ∆H‡ and ∆S‡ were similar to that of the sulfide oxidation 

reaction, indicating that the activation energies and mechanisms for both reactions were 

similar. This is likely due at least in part to the use of the same in situ peroxyacid oxidant. 

The influence of electronic effects on the mechanism were studied by performing 

the reaction with a variety of para-substituted styrenes as model compounds: styrene, 4-

methylstyrene, 4-fluorostyrene, and 4-methoxystyrene. The first order rate constant k was 

again used in a Hammett plot, which is based on the following relationship (Equation 4.2): 

log (
𝑘𝑥

𝑘𝐻
) = 𝜌σx     (4.2) 

where kx = the rate constant of the specific styrene being reacted, kH = the rate constant of 

styrene, p = the Hammett parameter for para substituents, obtained from literature,40 and 

ρ = the reaction constant or the sensitivity constant.37 Plotting log(kx/kH) vs. p gives a line 

with a slope of ρ. The sign and magnitude of ρ provide an indication of the influence of 

electronic effects on the reaction mechanism. For this reaction, the small value of ρ (0.645) 
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indicates that the system is not very sensitive to electronic effects. Similar values of ρ have 

been obtained in other related catalytic systems for alkene oxidation. For example, ρ =          

-0.67 for a Mn2+ complex (Mn(CF3SO3)2(
H,MePyTACN) where H,MePyTACN = 1-(2-

pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane) using peracetic acid as the 

oxidant;41 ρ = -0.99 for a porphyrin oxo Mn4+ complex with O2 as the oxidant;42 and ρ =    

-0.92 for the diperoxorhenium complex CH3Re(O)(2-O2)2(H2O) with H2O2 as the 

oxidant.43 On the other hand, the positive sign of ρ in our case is distinct from these 

systems, and can indicate a small negative charge in the transition state. While alkene 

oxidation reactions have a positive charge in the transition state due to a carbocation,44 we 

propose that the negative charge of the transition state is a result of the deprotonation of 

the peroxyacid occurring at the same time as the alkene oxidation (see below).   

 

Figure 4.1. a. Eyring Plot of cis-cyclooctene oxidation using VO(dtpa)-

APMS in situ generated peroxyacid. b. Hammett Plot for 4-methoxystyrene, 

p-methylstyrene, 4-fluorostyrene, and styrene.  

 

The formation of the peroxyacid, catalyzed by the VO(dtpa) complex, was 

described in our previous study. Briefly, O2 binds to the complex as dioxygen and then 

undergoes a reversible redox reaction to form the superoxo 1-bound O2.
45,46 In the 1 
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form, the O2 can abstract a hydrogen from the aldehyde to form an acyl radical,47 which 

can in turn react with free O2 to produce a peroxyacid radical. Reaction of this radical with 

the complex containing the 1 OOH ligand regenerates the catalyst and produces the 

peroxyacid. 

The peroxyacid formed in this manner can then react with an alkene in a process 

that is also catalyzed by the VO(dtpa) complex. Although the mechanism of catalytic 

alkene oxidation with peroxyacids has not been studied previously in detail, three reaction 

pathways have been proposed for transition metal catalyzed alkene oxidation using H2O2. 

These are an inner sphere mechanism proposed by Mimoun,39,48 an outer sphere 

mechanism proposed by Sharpless,39,49 and a biradical mechanism proposed by Sams and 

Jørgensen.50 The last mechanism is unlikely due to recent computational studies on 

V(salan) (salan = [V4+(=O)(L)(H2O)]( L = (CH2NHCH2CH=CHO-)2) complexes which 

showed that the energies of the transition states in the biradical mechanism were higher 

than in the Sharpless mechanism.51 In the inner sphere mechanism, the alkene coordinates 

to the metal and a 5-membered cyclic transition state with the peroxide is formed, while in 

the outer sphere mechanism, the alkene directly reacts with the peroxide to form a 3-

membered transition state. Density Functional Theory (DFT) calculations using related 

vanadium catalysts, such as VO(acac)2, have shown that the outer sphere mechanism is 

most likely because the 3-membered structure has a lower energy.51,52 This is also 

consistent with our conclusions using the immobilized VO(dtpa) complex in sulfide 

oxidations. For these reasons, we propose that the Sharpless mechanism is operating 

here.53,54 
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Because peroxyacids are more electrophilic than H2O2 or 2-O2 ligands, results 

from previous experiments must be applied cautiously to our results.55 Additional insight 

can be gained from reactions of peroxyacids with alkenes in the absence of transition metal 

catalysts. For these reactions, two mechanism have been proposed (Scheme 4.1). First, 

Bartlett proposed a butterfly mechanism that includes a direct interaction between the 

peroxyacid and the alkene, leading to a 3-membered ring in the intermediate.56 This is 

similar to the Sharpless mechanism for the metal-catalyzed reaction of alkenes and 

peroxides. In the second peroxyacid mechanism, Kwart proposed the formation of a 

zwitterionic peroxyacid, which reacts with the alkene through the carbonyl carbon and the 

terminal oxygen of the peroxyacid, resulting in a unique 5-membered intermediate.57 

Computational studies,58 including ab initio calculations,59 using peroxyformic acid and 

ethylene led to the conclusion that Bartlett's mechanism is more probable. 

 

 

Scheme 4.1. Bartlett and Kwart pathways for the oxidation of an alkene by a peroxyacid. 

 

This background leads to the proposal that in our experiments, the mechanism 

includes the direct interaction between a vanadium-bound peroxyacid and an alkene, 
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leading to a 3-membered ring in the catalytic intermediate. Additional support for this 

conclusion comes from a study using alkene substrates with various sizes (see Table 4.1 

below); the lack of a rate dependence on steric effects indicates that the alkene does not 

coordinate with the metal center but instead directly reacts with the oxidant. An additional 

mechanistic insight comes from the positive value of the Hammett parameter ρ, indicating 

a negatively charged transition state. This is an indication that the peroxyacid is being 

deprotonating while it reacts with the alkene. A summary of the proposed mechanism is 

shown in Scheme 4.2. 

 

 

Scheme 4.2. Proposed mechanism for the oxidation of alkenes using VO(dtpa)-APMS as 

the catalyst and peroxyacid as the oxidant. VO(dtpa)-APMS drawn as suggested by DFT 

data. 
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4.3.2 Exploration of the reaction scope using other cyclic alkenes 

Part of the usefulness of mounting transition metal catalysts within a porous 

substrate is the potential for size selectivity among similar substrates.60 Consequently, we 

chose several relatively bulky cyclic alkene substrates for comparison in our system: 

cyclohexene, cis-cyclooctene, cyclododecene, 1,2-dihydronaphthalene, and indene. 

Obviously, one additional consideration was solubility in acetonitrile, which somewhat 

limited our selection of substrates. All substrates showed at least some reactivity. The three 

non-aromatic substrates all resulted in the epoxide as the major product (Table 4.2), while 

the other two substrates resulted in a more complicated set of oxidized products. Because 

cis-cyclooctene was specifically used as the substrate for the mechanistic studies, the 

epoxide was the only product of the oxidation reaction. At room temperature, 35% of the 

initial concentration of cis-cyclooctene remained after 4 hours; at 47 ˚C, 14 % of the initial 

concentration remained after 2 hours. On the other hand, a mixture of cis and trans isomers 

of cyclododecene was used as a substrate, as determined by GC-MS. Similar to cis-

cyclooctene, the epoxide was the only product. Based on peak areas, it was evident that 

one isomer oxidized much faster than the other; based on steric consideration and on 

literature,61 it is probably that the cis-cyclododecene oxidized faster than the trans form. 

As expected based on its size, this substrate reacted more slowly than cis-cyclooctene. The 

difference in rate can be partly attributed to diffusion into the pores of the catalyst. The two 

slowest and most rigid cyclic alkenes, indene and 1,2-dihydronaphthalene are also the 

largest molecules at approximately 4.2 Å and 5 Å in diameter. Cyclododecene, 5.3 Å,  is 

of a similar size but is much more flexible than the rigid fused aromatic rings. The pore 
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diameter of VO(dpta)-APMS is 52 Å and therefore should easily be able to catalyze the 

subtrates both in and outside of the pores.  

Table 4.1. Comparison of Reaction Rates for the Oxidation of Various Cycloalkenes. 

Substrate 
Rate 

(µmol/hr)a 

Concentration 
Remainingb 

(%)  
Major Productb 

Cyclohexene 9.9 ± 1 53 Cyclohexene oxide 

cis-Cyclooctene 9.4 ± 1 35 Cyclooctene oxide 

Cyclododecenec 8.4 ± 0.9 40 1,2-Epoxycyclododecane 

1,2-Dihydronaphthalene 4.19 ± 0.5 73 
2-Tetralone &  

1,4-Dihydronaphthalenol 

Indene 4.73 ± 0.2 74 2-Indanone 

aCyclohexene rate calculated at 2 h; all others at 4 h. bAfter 4 h for all substrates. cRacemic mixture 

 

The major product (78%) of the cyclohexene oxidation is cyclohexene oxide, but 

2-cyclohexenone was also observed as a minor product. This is likely the result of an allylic 

oxidation, which is a known reaction of cyclohexene with dioxygen radicals.62,63 The two 

possible reaction pathways of alkenes with peroxyacid radicals are proton abstraction or 

addition; the major pathway is determined by the structure of the alkene.64 At 70 ˚C, 

cyclohexene has been shown to favor abstraction by a ratio of 19:1. In our system, 

peroxyacid radicals are present, as was demonstrated in our previous work by radical 

trapping. Here, abstraction occurs on the allylic carbon, which then reacts with another 

equivalent of peroxyacid radical to form a transient organic peroxyacyl species, ultimately 

producing 2-cyclohexenone and the carboxylic acid as products.  

With more complicated cyclic alkenes, a larger range of reaction pathways exist, 

and a variety of reaction products were identified (Figure 4.2). As with cyclohexene, these 

products are the result of either abstraction or addition. In the reaction of 1,2-

dihydronaphthalene, two major products were observed after 4 hours: the oxidized 
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products 42% 2-tetralone (1b) and 44% 1,4-dihydronaphthalenol (1c). 2-Hydroxy-1-

tetralone (1d) was observed as a minor product (14%) and after 24 hours, the hydrogen 

abstraction product naphthalene (1a) was observed. 2-tetralone is a ring-opening product 

of the corresponding epoxide.65 This reaction pattern is similar to what has been previously 

reported for the oxidation of indene and 1,2-dihydronaphthalene with Mn-substituted 

polyoxotungstates using H2O2 as the oxidant.66 Martan explored the oxidation of 

dihydronaphthalenes with molecular O2 and found that hydrogen abstraction to form the 

dihydronaphthalene radical was the key step to further reactivity.65 That radical could react 

in one of two ways. First, a second hydrogen abstraction could take place to form 

naphthalene. Alternatively, reaction with molecular oxygen could lead to the formation of 

a peroxy-bridged dihydronaphthalene radical, which could decompose to form the epoxide 

and an oxygen radical species. Protonation of the latter compound would lead to compound 

1c, while ring-opening of the epoxide would lead to compounds 1b and 1d. With this in 

mind, a possible set of pathways for the formation of these products is shown in Scheme 

3. Although 1d and 1b can be produced through this radical pathway, based on the product 

distribution, it is likely that the epoxide product from which they are produced is made 

from participating in the catalytic cycle proposed for cis-cyclooctene (Scheme 4.2) and 

only 1c, a minor product, is formed from this radical pathway. After the epoxide product 

is formed, the product 1d is a result of further oxidation after ring-opening by a peroxyacid 

radical species, but not as a result of the pathway described in Scheme 4.2. 
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Scheme 4.5. Possible pathways for the reaction of 1,2- dihydronaphthalene with 

peroxyacid radicals. 

Indene is known to autoxidize with molecular oxygen to result in the abstraction of 

the allylic hydrogen.64 When adding another carbon into the ring of indene, 1,2-

dihydronaphthalene, that abstraction of the allylic hydrogen can result in the formation of 

naphthalene.66   

When indene was the substrate, three products were observed. The major products 

2-indanone (54%)  and 2-hydroxy-1-indanone (34%), are products from the ring-opening 

of indene epoxide. A minor product, (11%) 1-propionylindane is the result of a hydrogen 

abstraction from indene followed by reaction with an acyl radical. As the major products 

are derived from epoxides, they are most likely reacting in the same mechanism as cis-
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cyclooctene (Scheme 4.2) while the minor side product is a result of a radical pathway. 

The ring-opening epoxide products found in the automatic cyclic alkenes, not found in the 

non-aromatic cyclic alkenes, are due to their ability to stabilize carbocations that form upon 

the ring opening of the epoxide.67  

 

4.4 Conclusion 

In this work, the mechanism for the oxidation of alkenes using the peroxyacid 

generated in situ was investigated. cis-Cyclooctene was chosen as a model alkene to 

illustrate the ability of VO(dtpa)-APMS to catalyze bulky substituents. The catalytic 

system can function in a variety of solvents, with optimal rates and epoxide production in 

acetonitrile at room temperature.  

Kinetic experiments with varied temperatures demonstrated that the rate of alkene 

oxidation was proportional to heat and that the reaction entropy remains relatively the same 

as it was for the oxidation of sulfides while the enthalpy is similar to the colder kinetic data 

points of the oxidation of sulfides. Kinetic experiments with varied para-substituted 

styrenes indicated a negative charge in the transition state and that the reaction was not 

very susceptible to electronic effects.  

In the end, a plausible mechanism for the oxidation of cycloalkenes with VO(dtpa)-

APMS was proposed. The reaction proceeds through two cycles. The catalyst first initiates 

the autoxidation of the propionaldehyde to form in situ peroxyacids. The peroxyacid then 

coordinates with the vanadium at which point the cycloalkene reacts through an outer 

sphere mechanism while the peroxyacid is being deprotonated. The cycloalkene does not 

coordinate to the vanadium. In the main reaction, there are two products are formed: 
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cycloalkene oxide and propionic acid. When introducing fused aromatic cycloalkenes into 

the system, the radical peroxyacids in the system produce additional side products beyond 

the epoxide. 
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CHAPTER 5: CONCLUSIONS 

5.1 Conclusions 

It was recently shown that V-doped acid-prepared mesoporous silica (APMS) 

nanoparticles are active catalysts for the oxidation of the mustard gas analogue 2-

chloroethyl ethyl sulfide (CEES) under ambient conditions in the presence of aldehydes, 

using O2 from air as the oxidation source. One problem with this system was that because 

the vanadium was distributed onto the porous silica support by ion exchange and 

calcination, under humid conditions or when water was a contaminant, the vanadium 

would leach from the solid, leading to decreased or no catalytic activity.  

In this work, a new catalytic system for sulfide and alkene oxidation has been 

prepared. The vanadium is immobilized onto mesoporous silica nanoparticles, using 

diethylenetriamine pentaacetic acid (dtpa) as a ligand and anchoring it to the surface, to 

investigate its effect on vanadium’s ability to perform oxidation reactions. The system 

uses a VO(dtpa) complex immobilized on a highly porous silica substrate. Physical 

characterization of the material confirmed that the substrate retained its porosity after 

modification, and that the vanadium did not leach from the solid, in contrast to samples 

that did not contain dtpa. Solid-state EPR spectroscopy, combined with ongoing 

computational modeling, indicated that the vanadium was in a distorted five-coordinate 

environment. To further understand the catalyst’s ability to perform oxidation reactions, 

the mechanisms, including both the aldehyde oxidation using O2 and the sulfide/alkene 

oxidation using the peroxyacid thus generated in situ, were studied. Two model substrates 

were chosen for the investigation: CEES and cis-cyclooctene. The sulfide oxidation 
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occurs through a two-step oxidative process: CEES → CEESO → CEESO2. The 

formation of sulfone does not occur until after all of the sulfide has been consumed. 

Sulfoxides are known to be weaker nucleophiles than sulfides. Therefore, it is expected to 

have a slower rate of oxidation of a sulfoxide to sulfone than that of sulfide to sulfoxide. 

The catalytic system effectively oxidizes CEES at room temperature in less than 15 

minutes and cis-cyclooctene at 47 °C within 3 hours, using a peroxyacid generated in situ 

as the oxidant source. Kinetic experiments with varied temperatures demonstrated that 

the reaction with CEES is dependent on temperature while the reaction with cis-

cyclooctene produces a rate of oxidation that is directly proportional to temperature. 

Kinetic experiments on various para-substituted methyl phenyl sulfides and styrenes 

illustrated that the mechanism has a negatively charged transition state. This data was 

interpreted as the substrate reacting with an oxygen atom on the peroxyacid with a partial 

negative charge, due to the concerted reaction of the substrate with the peroxyacid. The 

confirmation of radical formation in the mechanism was experimentally shown by the 

appearance of an induction period when diphenylamine, a radical trap, was introduced 

into the reaction. 

The generation of epoxides with the VO(dtpa) complex are the resulting products 

for non-aromatic cyclic alkenes. When introducing fused aromatic cycloalkenes into the 

system, the radical peroxyacids in the system produce additional side products beyond 

the epoxides. These side products are likely not catalyzed by VO(dtpa) and therefore are 

not in the catalytic cycle. 

  The catalytic cycles of both the aldehyde oxidation using O2 and the 
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sulfide/alkene oxidation using the peroxyacid generated in situ were proposed. To begin, 

O2 binds initially to VO(dtpa) as dioxygen and then undergoes a reversible redox reaction 

to form the superoxo 1-bound O2. The superoxo oxygen can then abstract a hydrogen 

atom from propionaldehyde to form an acyl radical and vanadium-bound, 1 

hydroperoxide. The acyl radical can then react with O2 directly to form a peroxyacid 

radical. This in turn forms peroxyacid by reacting either with aldehyde or with the 1 

hydroperoxide, feeding either acyl radicals or vanadium peroxyacid radicals back into the 

catalytic cycle.  

The peroxyacid produced in this manner can then react with a sulfide or an alkene 

in a process also catalyzed by the VO(dtpa) complex. In this step, a direct oxidation 

pathway is most likely occurring for the sulfide oxidation and an outer sphere mechanism 

for the cis-cyclooctene. The combination of kinetic data and Hammett parameters showed 

that sulfides and alkenes react with oxygen atoms on the peroxyacids with partial 

negative charges, due to the concerted reaction of the sulfides and alkenes with the 

peroxyacids. A 6-coordinate intermediate is formed prior to the release of sulfoxide or 

epoxide and propionic acid products to regenerate the VO(dtpa) complex.  

In conclusion, changing the environment around the vanadium did not hinder 

vanadium’s ability to perform oxidation reactions. The new catalyst was able to oxidize 

both sulfides and alkenes and a mechanism was proposed for both oxidations. New ligand 

geometry information of VO(dtpa) was gained from EPR and ongoing computational 

studies.  
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SECTION A. CHAPTER 3 APPENDIX 

A.1 Calculating k for Eyring Plots 

 Reactions were run in triplets at various temperatures. Measurements were taken 

every 5 minutes up until 20 minutes and one time point at 40 minutes. For the peroxyacid 

reactions, the data was treated for a 1st order reaction. The data was plotted time (seconds) 

versus ln[sulfide remaining, M]. From that data, the following relationship holds true for a 

1st order reaction (Equation A1): 

ln [sulfide]t  = -kt + ln [sulfide]0    (A1) 

where slope is equivalent to -k. For the tBuOOH data, the reaction was treated as 2nd order 

as 1st order kinetic did not fit the data. For 2nd order, the data was plotted time (seconds) 

versus 1/[sulfide remaining, M]. From that data, the following relationship holds true 

(Equation A2): 

1

[𝑠𝑢𝑙𝑓𝑖𝑑𝑒]𝑡
= 𝑘𝑡 +  

1

[𝑠𝑢𝑙𝑓𝑖𝑑𝑒]0
   (A2) 

where the slope is equivalent to k. These rate constants were then replotted to obtain kinetic 

data in an Erying Plot. The data can be seen in Table A1 and Table A2.  

 

Table A1. Kinetic Data for Eyring Plot of the Oxidation of 

CEES Using Aldehyde/O2 as an Oxidant. 

T (K) k 1/T (K-1) ln(k/T) 

275.15 0.000425 0.003634 -13.3801 

284.48 0.000713 0.003515 -12.8686 

293.48 0.001514 0.003407 -12.1841 

304.15 0.001422 0.003288 -12.2537 

313.15 0.00095 0.003193 -12.7057 

327.15 0.000565 0.003057 -13.296 
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Table A2. Kinetic Data for Eyring Plot of the Oxidation of 

CEES Using tBuOOH as an Oxidant. 

T (K) k 1/T (K-1) ln(k/T) 

286.48 1.3295 0.003491 -5.3728 

293.65 1.7098 0.003405 -5.1460 

307.48 3.0231 0.003252 -4.6221 

 

 

A.2 Calculating k for Hammett Plots 

Reactions were run in triplets with varied sulfides. Two measurements were taken 

at 5 and 10 minutes and then every 10 minutes until 30 minutes. The reactions were treated 

with 1st order kinetics and followed the same relationship as rate constants obtained for the 

Eyring Plot. The data was plotted time (seconds) versus ln[sulfide remaining, M]. From 

that data, a 1st order reaction was observed (Equation A1). The k constant from Equation 

A1 is equal to kx for the different substituted methyl phenyl sulfides and kH represents 

methyl phenyl sulfide. The σp values were obtained from the literature. The Hammett Plot 

is a type of linear free energy relationship. The original relationship is based off of work 

with benzoic acid but is heavily used for other systems as well. The relationship can be 

used with solubility constants (K) or rate constants (k) (Equation A3): 

log (
𝐾𝑥

𝐾𝐻
) = 𝜌σx     (A3) 

log (
𝑘𝑥

𝑘𝐻
) = 𝜌σx    (A4) 

By plotting log (
𝑘𝑥

𝑘𝐻
)  versus the Hammett parameter, the reaction constant (also termed the 

sensitivity constant) is equivalent to the slope.  
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Table A3. Kinetic Data for Hammett Plot Data. 

Sulfide Rate (mmol/hr) k log (kx/kh) σp values 

4-Fluorophenyl methyl sulfide 0.459 ± 0.03 0.285 0.02844 0.06 

4-Methoxythioanisole 0.239± 0.03 0.067 -0.5999 -0.12 

Methyl phenyl sulfide 0.453 ± 0.1 0.267   

4-Bromophenyl methyl sulfide 0.512 ± 0.04 0.342 0.10675 0.23 

 

A.3 Sterics and comparison of sulfide versus sulfoxide 

In comparing the rates of CEES, methyl phenyl sulfide and diphenyl sulfide, there 

is no negative correlation of size upon the rate (Table A4). Therefore, there is no steric 

hindrance observed. In comparing the rate of diphenyl sulfide with diphenyl sulfoxide, the 

rate of oxidation for diphenyl sulfide was faster than diphenyl sulfoxide (Figure A1). 

Table A4. Steric Effects. 

Sulfide Rate (mmol/hr) 

2-Chloroethyl ethyl sulfide 0.242 ± 0.02 

Methyl phenyl sulfide 0.453 ± 0.1 

Diphenyl sulfide 0.373 ± 0.08 

 

 

 

Figure A1. The oxidation of diphenyl sulfide (blue) versus the oxidation of diphenyl 

sulfoxide (grey). 
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