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Abstract 

1. Synthesis and Characterization of a Vanadium Based Transition State Mimic for 

Organophosphate Hydrolase  

2. Catalytic Oxidation of Thioanisole and 2-Chloroethyl Ethyl Sulfide Using Resin 

Bead Supported Oxoperoxidovanadium(V) Complexes 

Author: Efram Goldberg 

Committee Chair: D. Andrew Knight, Ph.D. 

 

 Two vanadium(V) complexes were prepared for different projects. First the 

ONS tridentate ligand 14 was prepared according to literature procedure. This ligand 

was chosen to make the ONS dioxovanadium complex 15 for conjugation to a protein 

and to eventually elicit catalytic antibodies for the hydrolysis of the chemical weapon 

VX. Complex 15 was prepared in 65% overall yield and a full characterization was 

performed including X-ray diffraction. Initial screening performed at the Naval 

Research Laboratory indicated an IC50 of 84 nM for inhibition of a bacterial 

cholinesterase. It was also found to be 50% as effective as the control antiobiotic 

Ceftazidime at inhibiting certain strains of the potential biological weapon Burkholderia 

psedumallei. Attempts to deprotect 15 led to its degradation from the reaction conditions 

needed to deprotect the S-benzyl group.  

 A tripodal amine vanadium(V) complex K[VO(O2)LYSNTA] 18 was 

synthesized in order to prepare gold nanoparticles (AuNPs) functionalized with a 

catalyst capable of degrading the chemical weapon sulfur mustard. Vanadium(V) 

peroxo complexes with tripodal amine ligands are the most effective vanadium catalysts 

for oxidation reactions, and also avoid the over oxidation of sulfides to sulfones. The 

ligand lysine-NTA 16 was chosen as it contains a tripodal amine chelation head and a 
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pendant amine tail available for eventual attachment to solid supports. Complex 

K[VO(O2)LYSNTA] 18 was successfully synthesized and fully characterized. 

Comparisons were made to similar vanadium(V) peroxo complexes with other tripodal 

amine ligands. Vanadium capped 19.5 nm diameter gold nanoparticles 23 were prepared 

and ICP-AES results indicated there were 3,630 vanadium atoms per nanoparticle 

yielding a minimum loading efficiency of 20.8% assuming there is one vanadium 

complex per gold surface atom. The availability of the pendant amine also allowed for 

the synthesis of vanadium functionalized polymer beads 21. Catalytic tests were 

performed to test the prepared compounds for sulfide oxidation. The oxidation of 

thioanisole was first studied using UV-Vis spectroscopy. The vanadium capped AuNPs 

23 could not be used for catalysis, as attempts to bring them into acetonitrile resulted in 

aggregation. Complex K[VO(O2)LYSNTA] 18 displayed a first order rate constant of k 

= 1.27 ± 0.27 x 10-3 s-1, and the polymer supported catalyst 21 had a value of 1.01 ± 0.72 

x 10-4 s-1. The literature value for K[VO(O2)HEIDA] 19 is 2.00 ± 0.29 x 10-3 s-1. The 

compounds were also tested for the degradation of the chemical weapon analog 2-

chloroethyl ethylsulfide (2-CEES) using GC-MS. The complex K[VO(O2)LYSNTA] 

18 degraded 2-CEES into the sulfoxide with a k value of 1.58 ± 0.31 x 10-3 s-1 and a 

half-life of 6.9 minutes. Kinetic data could not be obtained for the literature complex 

K[VO(O2)HEIDA] 19 as the reaction was complete by the time the first data point could 

be obtained. The literature complex K2[VO(O2)NTA] 20 had a k value of 8.08 ± 0.01 x 

10-2 s-1. The polymer anchored K[VO(O2)LYSNTA] 21 had a k value of 1.34 ± 0.14  10-

4 s-1 and a half-life of 97 minutes. 
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CHAPTER 1 

THE DEVELOPMENT OF CHEMICAL WARFARE  

1.1 The discovery of sulfur mustard 

 “In the temple of science are many mansions, and various indeed are they that 

dwell therein and the motives that have led them thither.”1 These words were the 

beginning of a speech made by Albert Einstein during 1918 in celebration of Max 

Plank’s 60th birthday. Einstein acknowledged that not everyone was drawn to science 

for purely altruistic purposes. More importantly, he touched upon the morality of 

science in its deepest sense, reflecting upon the motives of the individual scientist. 

Almost prophetic, the rapid advancements in science and technology that were to 

follow Einstein’s speech, not only brought with them unheralded improvements, but 

also unleashed unimaginable destruction. Three years before his speech was the 

beginning of modern chemical warfare, a threat still relevant today. While the results 

of their discoveries have been widely condemned as evil, it is important to reflect on 

the motives of the scientists who developed chemical weapons, lest they be judged 

solely on their creations.  

 Throughout history, biological and chemical weapons have been used for both 

warfare and homicide, although their use was sporadic and limited due to the lack of 

scientific knowledge. Some of the earliest document cases involved Helleborous roots 

being used to poison water supplies during the siege of Kirrha in 600 B.C., the Sung 

Dynasty using arsenic smoke in battles in 960 A.D., and Barbarossa using cadavers to 

poison the enemy’s water supplies in the bathe of Tortona in 1155 A.D.2 It was not 

until the advancements made in chemistry during the 19th century that began the 
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modern development of chemical weapons as we know them today. Currently, the 

Organization to Prohibit the Use of Chemical Weapons (OPCW) defines a chemical 

weapon as “anything specifically designed or intended for use in direct connection 

with the release of a chemical agent to cause death or harm.”3 Additionally, the 

OPCW classifies chemical weapons into the following groups based upon their mode 

of action: choking, blister, blood, nerve, and riot control. The blister and nerve agents 

contain the most well-known chemical weapons, and their development will be 

reported.  

 The most well-known blister of the blister agents is sulfur mustard, although 

that term encompasses several similar compounds. In order to avoid confusion, the 

term sulfur mustard will refer to the specific chemical bis(2-chloroethyl)-sulfide. In its 

pure state, it is colorless oily liquid with a low vapor pressure and high environmental 

persistence. It is normally dispersed aerosolized by spraying or explosive blast. Its 

toxicity is due to it being a potent alkylating agent through the formation of the 

unstable cyclic onium ion, the release of HCl upon hydrolysis.4  

 In 1822, the Belgian chemist Cesar-Masuete Despretz described his reaction of 

sulfur dichloride and ethylene to give what he reported as a viscous malodorous liquid 

which was difficult to burn.5 However, it is not known for certain that the synthesis 

succeeded as Despretz did not describe any of its biological effects. It should also be 

noted that prior to the latter half of the 19th century, atomic weights had not been 

standardized and derived formulas were not accurate. The first person to note the 

damaging biological effects was the German chemist Albert Niemann who is famous 
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for isolating, identifying, and naming cocaine. In 1860, one year before his more 

famous paper, he published an article following Despretz’s method using sulfur 

dichloride.6 In the paper, his translated observation states;  

This oil is also a very dangerous one. It consists in the fact that the minutest trace which 

may accidentally come in contact with any portion of the skin, though at first causing 

no pain, produced in the course of a few hours a reddening and on the following day a 

sever blister, which suppurates for a long time and is very difficult to heal. 

 

During the same year Niemann published his account, an English chemist named 

Frederick Gurthrie published a series of papers earning him credit for the discovery of 

mustard gas.7-9 Guthrie repeated the earlier reactions but changed sulfur dichloride for 

“chloride of sulfur” and reacted with ethylene to obtain his product. Guthrie’s 

apparatus as published in his paper is shown below in Figure 1.1.  

 As an example of the confusion due to unstandardized atomic weights, 

Guthrie’s writings suggested two possible formulas for chloride of sulfur, S2Cl2 or 

SCl, while it is now known as disulfur dichloride and the accepted formula is S2Cl2.
2  

Guthrie used the following chemical equation in his paper.8 

   C4H4 + 3S2Cl → C4H3S2Cl2 + HCl + 4S  (1) 

The product as having a pungent smell “and not unpleasant, resembling that of the oil 

of mustard” and noted its caustic and blistering effects.7 In a following paper, Guthrie 

repeated the Niemann reaction using “bisulphide of chlorine” and obtained what he 

considered to be the identical compound.9 Guthrie’s reported density of 1.346 g/mL at 

19 °C is consistent with the current density of 1.34 g/mL at 13 °C given by the Agency 
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for Toxic Substances and Disease Registry.9 It is important to remember that assigning 

any of these compounds to what we now know as sulfur mustard, is tenuous at best. In 

each of the syntheses, the product is exposed to aqueous conditions for long periods of 

time during work-up and it is now known that the hydrolysis half-life for sulfur 

mustard is ~8 minutes depending on conditions.10 Compounding that contradiction is 

the fact that the early analyses methods were solely based on inorganic analyses and at 

the time there was no standardization of atomic weights. Guthrie studied at the 

University College of London and later under the direction of the famed German 

chemist Robert Bunsen whom is responsible for the next investigation into sulfur 

mustard. The Despretz-Niemann-Guthrie method was then largely forgotten until it 

was later rediscovered as part of the Allies war effort during WW1. 

 In the early 1860s, a young German actor by the name of Victor Meyer was 

convinced by Robert Bunsen to abandon his acting studies and pursue a degree in 

chemistry. By 1886, Meyer had become a professor at the University of Göttingen 

where, ironically, Niemann had previously performed his experiments. Meyer 

developed a new approach, shown below in equations 2 and 3 which first involved the 

synthesis of 2,2’-thiodiethanol and then chlorination using phosphours trichloride.9 

 2ClCH2CH2OH + K2S → S(CH2CH2OH)2 + KCl (2) 

 3S(CH2CH2OH)2 + PCl3 → 3S(CH2CH2Cl)2 + 2H3PO3  (3) 

 This greatly increased the purity, and both the distinct smell and toxic effects were 

noted. Meyer even included his original synthesis in his comprehensive Textbook of  
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Figure 1.1. Guthrie’s bulb apparatus through which ethylene gas was bubbled.7  
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Organic Chemistry co-written by Paul Jacobson in 1913.11 The textbook warned that 

solutions will cause blistering and that the vapor can cause a fatal chemical 

pneumonia. It was reported that the assistant who first carried out the synthesis 

complained of blisters and conjunctivitis, and when these concerns were brought to 

Meyer, they were dismissed and attributed to a mental instability.2 Meyer’s suspicions 

led to him sending out samples to a medical school for testing on rabbits and the 

results confirmed his assistant’s report. This led to Meyer abandoning his work in this 

field, writing “The intended work with the chloride was not continued on account of 

the extremely poisonous qualities of the compound… Its chemical constitution would 

never lead one to expect its aggressive properties.”5 The next development took place 

over 20 years later in England. 

 Hans Clarke was an English chemist who had studied under the notable Emil 

Fischer and eventually ended his career as a biochemistry professor at Columbia 

University. After returning to England in 1912, Clarke published his work on 

thiazans.12 He prepared his thiazans by the interaction of primary amines with sulfur 

mustard. When preparing sulfur mustard, he followed Meyer’s earlier synthesis using 

reaction 2 to produce the 2,2’-thiodiethanol precursor but improved the speed and 

purity by using concentrated hydrochloric acid heated over a waterbath for the 

chlorination.12  

 S(CH2CH2OH)2 + 2HCl → S(CH2CH2Cl)2 + 2H2O (4) 

In addition to increasing the yield to 94%, Clarke also added a vacuum distillation 

purification step. In his paper Clarke remarked:  
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As stated by V. Meyer, ββ’-dichloroethyl sulphide [sic] is intensely poisonous, inflicting 

painful wounds, which heal only with the greatest of difficulty, when brought into 

contact with the skin. That its action is toxic and not merely irritattive, as is the case 

with acids, is shown by the absence of pungency in the odour and by the fact that it takes 

effect only after some hours have elapsed. It can, nevertheless, be handled with perfect 

safety, provided that care is taken not to inhale its vapour or to allow it to come into 

contact with the skin. 

Despite vouching for its safety, Clarke once broke a flask of sulfur mustard which 

severely injured his leg and required two months of hospitalization. Clarke later 

believed that Fischer reporting his accident to the German Chemical Society led to its 

eventual use as a chemical weapon.13 It would be only two years after Clarke’s paper 

that the first large scale chemical attack took place during World War I. The early 

chemical history of sulfur mustard development is important in understanding its 

eventual use during WWI.  

1.2 The Establishment of Chemical Warfare 

 The military dimensions of chemical weapons were realized almost 50 years 

prior to World War I during the American Civil War. During the war, John Doughty 

who was a New York City school teacher proposed the use of a 10 inch artillery shell 

filled with 3 quarts of liquid chlorine. He described his plan in a letter to the Chief of 

the Ordinance Department and sent a letter to Abraham Lincoln containing both 

transverse and longitudinal cross sections and is presented below in Figure 1.2.  

 Looking at Figure 1.2, the liquid chlorine was stored in cylinder A, and 

explosives were compartment B.14 In the letter to the Chief of Ordinance, Doughty 

commented “If the shell should explode over the heads of the enemy, the gas would, 

by its great specific gravity, rapidly fall to the ground: the men could not dodge it, and 
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their first intimation of its presence would be by inhalation, which would most 

effectually disqualify every  man for service that was within the circle of its influence; 

rendering the disarming and capturing of them as certain as though both their legs 

were broken.”15 The time period after the American Civil War contained several 

isolated incidents of chemical weapon use in warfare, but it was not WWI that the 

chemical warfare became strategically important and jumped to the industrial scale.2  

 Chemical warfare during WWI began with several unsuccessful attempts. In 

1915, the French developed and used ethyl bromoacetate grenades, but with no 

noticeable effect. This was followed by chemists at the Imperial College of London 

who used ethyl iodoacetate on one of their colleagues during a successful 

demonstration of the compound. It is believed that the famous physical chemist 

Walther Nernst first suggested the use of 105-mm artillery shells filled with 

dianisidine chlorosulfate.15 This led to the Germans firing over 3,000 of these shells at 

the British troops near Neuve-Chappele in October of 1914, and although the high 

explosives destroyed the chemical making the attack unsuccessful, it was the first 

large scale use of chemical weapons. The next month, 150-mm howitzer shells were 

developed which contained 7 lbs of xylyl bromide similar to the design proposed by 

Doughty seen in Figure 1. The Germans fired 18,000 of these shells at Russian 

positions at Bolimov, although the unusually cold temperatures prevented vaporization 

of the gas and again resulted in an unsuccessful attack.15  

 These early failures coupled with a shortage of artillery shells inspired the 

famed chemist Fritz Haber to propose what would ultimately become the first large  
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Figure 1.2. Doughty’s plan for a chlorine bomb 
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scale successful chemical attack. During March 10, 1914 under Haber’s guidance at 

the battle of Ypres, the German Pioneer Regiment 35 released 168 tons of chlorine gas 

directly from over 5,000 gas cylinders.2 The attack was successful in breaking the 

allied lines and over the next several months, the Germans deployed chlorine gas 

cylinders several more times.  

 Even though the German military objectives at Ypres were not met, these 

attacks firmly established the strategic use of chemical warfare. At the time, there was 

still a romantic idealization of warfare which precluded the use of dishonorable 

weapons as evidenced by the attempts to ban shotguns. The ethical questions 

surrounding the use of chemical weapons began with their first use, as evidenced by 

General Berthuld von Deimling who wrote: 

I must confess that the commission for poisoning the enemy, just as one poisons rats, 

struck me as it must any straight-forward soldier: it was repulsive to me. If, however, 

these poison gases would lead to the fall of Ypres, we would perhaps win a victory 

which might decide the entire war. In view of such a high goal, personal susceptibilities 

had to be silent.16 

 

Both sides realized the strategic value of chemical warfare which led to a race to 

develop more effective weapons and delivery systems. In 1916, the Germans escalated 

to the use of phosgene, followed by diphosgene, while the French used both hydrogen 

cyanide and cyanogen chloride. This culminated in 1917, when the Germans 

introduced sulfur mustard, which caused more casualties than all of the previous 

chemical agents combined.15 
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 The Allies named sulfur mustard Hun Stoff (German stuff) which was 

abbreviated as HS, and then was called H. The German industrial process produced a 

sulfur mustard of higher purity which had been purified by distillation and was called 

HD. The German chemical dye industry was well developed, and the ethylene 

chlorohydrin starting material was readily available and thus they used reactions 2 and 

4. The Germans followed the Niemann-Clarke method and were able to successfully 

scale up the synthesis to an industrial level, for example Germany was estimated to 

have fired over 1 million mustard shells over the course of only 10 days during the 

German attack on Armentieres.4 Conversely, the Allies struggled to weaponize 

mustard gas, due to some rather curious series of events.  

 During 1917, the Allies realized the effectiveness of sulfur mustard and after 

studying a dud German shell, attempted to reproduce it. Their failure can be attributed 

to the prominent English chemist Sir William J. Pope, who was on the English 

Chemical Warfare Committee at the Ministry of Munitions. Unfortunately for Pope, 

he published an article outlining his contribution to the war effort which in hindsight 

highlights the reasons why the Allies were unable to weaponize sulfur mustard. In his 

paper, Pope states that the Allies had begun by trying to scale up the Meyer-Clarke 

synthesis, but when he became aware of the project, he insisted on changing to the 

earlier Guthrie synthesis, bragging that “Immediately it was realized that Method 2 

[Guthrie’s method] had been correctly stated by Mr. Gibson and myself all work on 

the installation of the German [Meyer-Clarke method] was stopped in Great Britain, 

France and America.”17 He then argues incorrectly that the Germans had switched to 
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the Guthrie method and that it was not possible to scale up the Meyer-Clarke method. 

Pope gives the following reaction for his method which is shown below in reaction 5. 

 2CH2CH2 + S2Cl2 → (ClCH2CH2)2S + S (5) 

At Pope’s insistence the research department of Levinstein Ltd. scaled up the process 

at the Blackley Works, thus the process used by the Allies became known as the 

Levinstein process. Pope strongly disagreed with this naming, instead writing that 

Levinstein did not develop a patentable process, and that the overall reaction was his 

invention and entirely novel. This was quite a bizarre statement especially as Pope 

himself cited the earlier work done by Guthrie, although perhaps due to the 

uncertainty in assigning correct formulas during Guthrie’s time, Pope assumed he was 

responsible for the discovery.  

Pope’s outrageous claims did not go unchallenged, and Dr. A. Green quickly 

published a response in the same journal. Green correctly cites the synthetic history of 

the Guthrie method and the experimental details.18 In regards to Pope claiming his 

process was entirely novel and the one used industrially, Green wrote 

Although we have always fully recognized the great assistance which we received by 

being placed au courant with Sir William Pope’s experiments, yet the process finally 

evolved at our works was, as I have shown elsewhere, essentially different in principle 

from Sir William Pope’s process and cannot be described as a large scale application of 

the latter. It should, indeed, be more correctly regarded as a technical development of 

the original process of Guthrie. Great as is the credit due to Sir William Pope in directing 

attention to this reaction, it is an unfortunate fact that the only serious modification made 

by him in Guthrie’s process, vis., the attempted elimination of sulphur was the very 

point which rendered the scheme technically impracticable.18 
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 The purification step for removing the sulfur was insisted upon by Pope as he 

thought that without the sulfur removal, only an inactive disulfide would remain. 

Apparently, in an attempt to convince Pope otherwise, they performed a practical 

demonstration on Gibson “which unfortunately involved his detention in hospital for 

several weeks”.18 Although Gibson was convinced, Pope remained skeptical and in 

May 1918 sent a letter on behalf of the government to the Levinstein research group 

asking that they stop the manufacturing of sulfur mustard. The Levinstein group did 

not follow the letter, and opened a plant at their own risk which eventually set the 

standard for the process which was adopted by the British and American 

Governments.18  In conclusion, both the choice of synthetic routes, and the infighting 

amongst government and industry chemists resulted in the Allies being unable to 

successfully weaponized mustard gas on a large scale during WWI. Despite this 

failure, the use of chemical weapons in warfare was established, as Green ended his 

paper with the following warning. 

To the thinking man who has followed the development of poison-gas offensive during 

the past four years it must be obvious that we are only at the beginning of this form of 

warfare and that the most serious menace to peace in the future may be the secret 

development by an aggressive Power of the means of preparing and using highly toxic 

chemical compounds.18  
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Chapter 2 

CATALYTIC OXIDATION OF THIOANISOLE AND 2-CHLOROETHYL ETHYL 

SULFIDE USING RESIN BEAD SUPPORTED OXOPEROXIDOVANADIUM(V) 

COMPLEXES 

2.1 Overview 

Organophosphorus (OP) compounds include established neurotoxins, 

pesticides, and chemical warfare agents affecting many different vertebrae and 

invertebrate species.  Exposure to these compounds can occur through accidental 

release, industrial accidents, chemical warfare, or chemical terrorism.  While the 

current treatment protocols focus on management of post-exposure symptoms, 

researchers have been pursuing prophylactic treatments such as protective vaccination. 

This method involves the creation of hapten, which is then conjugated to a protein and 

then injected to elicit an immune response. If the hapten resembles the transition state 

(TS) of a reactant, it is possible that the elicited antibodies exhibit catalytic activity 

towards the reactant. This occurs because the antibodies become imprinted with a 

negative impression of the TS mimic, and then these antibodies can help stabilize said 

transition state. These enzymatic antibodies are known as abzymes.  

The first step in developing this project requires the synthesis of a suitable 

hapten. In order to protect against OP exposure, a TS of the hydrolysis degradation 

pathway was chosen as the target molecule. Due to the electronic and structural 

similarities between phosphates and vanadates, a vanadium based TS mimic was 
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chosen. The target molecule must have similar geometry to the desired TS, and also 

contain compatible functional groups for attachment to a carrier protein. 

 A vanadium(V)-based TS mimic was synthesized and fully characterized. 

Preliminary testing revealed successful inhibition of a cholinesterase homologue as 

well as surprising antibacterial activity. Unfortunately, attempts to prepare the 

complex for protein conjugation were unsuccessful and a lack of funding prevented 

further development.  

2.2 Introduction 

2.2.1 Organophosphorus Neurotoxins 

OP compounds constitute a large class of industrially and socially important 

chemicals many of which are biologically active. Phosphonates were first synthesized 

in 1932 in Germany and their toxic effects were immediately noticed.19  Since their 

initial discovery over 60 years ago, these compounds have persisted as potential 

chemical weapon threats. In addition structurally similar pesticides have emerged with 

potential health and environmental effects with an estimated 200,000 deaths a year 

attributed to organophosphate poisoning.20  Documented uses of organophosphate 

agent as weapons include the Iraq – Iran war, the Persian Gulf War against the Kurds, 

the Sarin Subway Attacks in Tokyo, the Syrian Civil War, the assassination of Kim 

Jong-Nam, and the assassinations of Sergei and Yulia Skripal in Salisbury and the 

resulting poisonings.2,21,22  

The chemical structures of relevant OP neurotoxins are presented below in  
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Chart 2.1  The top row consists of the “G” agents, the second row contains  the “V” 

series of agents, the third row illustrates several OP insecticides, and the final 

compound is one of the proposed Novichok agents.23 The biological activity of OP 

neurotoxins is due to their interactions with cholinesterase type enzymes.  

Cholinesterases include a class of enzymes which act as catalysts, hydrolyzing 

acetylcholine, into acetic acid and choline.  In humans, there are two enzymes, 

acetylcholinesterase (AChe) and butyrylcholinesterase (BChe) which share some 

similarities and differences.  AChe’s main role is to break down the neurotransmitter 

acetylcholine in the postsynaptic junction, while BChe’s role is unknown, but it is 

more widely distributed, occurring in the serum. 24  Additionally structural differences 

such as the absence of certain aromatic residues near the active site of BChe change 

the substrate specificity with some diquartenery ammonium compounds which inhibit 

AChe show little effect for BChe and BChe is more effective at breaking down 

succinylcholine.24 The structurally different active sites allows for substrates specific 

to BChe which are excluded from the active site of AChe.25  BChe has also shown to 

be effective at hydrolyzing other toxic esters such as cocaine, heroin, and carbamate 

pesticides.26   

Organophosphate nerve agents act by binding to the active site of the 

cholinesterase enzyme and inactivate it by phosphorylating one of the catalytic amino 

acids and the slow dephosphorylation step renders the enzyme irreversibly inhibited.27  

In acetylcholinesterase (AChe), the active site consists of three catalytic residues,  

 



 
17 

 

 

 

 

Chart 2.1. Structures of select OP neurotoxic compounds. Chiral molecules are 

presented without stereochemistry. 
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Ser200, His440, and Glu327, which are equivalent to Ser198, His438 and Glu325 in 

butylcholinesterase (BChe).25,28 The enzymes have an active site consisting of a gorge 

about 20 Å in depth, an acyl group binding site, an oxyanion hole, and an anionic 

site.29  Once the enzyme is inhibited, acetylcholine builds up in the neuromuscular 

junction and causes cholinergic syndrome including paralysis and death.  A simplified 

possible reaction mechanism for the interaction of AChe with Sarin is presented in 

Scheme 2.1.  

Sarin is first attacked by an activated Serine 198 forming a trigonal-

bipyramidal transition state where the oxygen anion is stabilized by various hydrogen 

bonds to the protein.29  At this point, a carbonium ion could be released called “aging” 

which is an irreversible process, otherwise, fluoride is then lost as a leaving group 

restoring a tetrahedral complex. This is followed by activation and attack of water 

forming a second five coordinate transition state, and then the much less toxic 

hydrolyzed Sarin is released. The following crystal structure in Figure 2.1 was 

obtained showing VX inside of the active site. It demonstrates why OP compounds are 

so toxic. The VX molecule fits nicely into the active site of the protein and the 

phosphoryl oxygen acts as a hydrogen bond acceptor for the amine groups of the three 

amino acids G121, G122, and A204. This helps stabilize the transition state in which 

the P=O bond takes on single bond character and the oxygen possesses a negative 

charge. More importantly, the crystal structure shows how well positioned the active 

site serine, S203 in this case, is for a nucleophilic attack on the central phosphorous 

atom which is the first step in the enzyme inhibition. The crystal structure of human  
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Scheme 2.1 A probable mechanism of Sarin reacting with AChe after it enters the 

body.30 
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Figure 2.1. The active site of human AChe containing a VX molecule.31 
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carboxylesterase, hCE1, once it has already been covalently bound to an OP 

neurotoxin is presented below in Figure 2.2. While hCE1, is not technically an 

acetylcholinesterase enzyme, it has a similar active site and is also affected by OP 

nerve agents.  

 Based on current technologies, there are several approaches which can be used 

to combat exposure to OP neurotoxins and their later decontamination.32 Currently 

used decontamination methods include: using neutral absorbents, thermal techniques, 

solvolysis using water and alkali reagents, solvolysis using alcohols and La3+ catalysts, 

oxidation using hypochlorite, and propriety mixtures such as DS-2, L-gel, and 

CASCAD.33  The use of decontaminants is of lesser importance when dealing with the 

G nerve agents, which as a whole they have relatively high vapor pressure and being 

partially soluble in water, hydrolyze on their own with a half-life of about 24 hours.34 

The hydrolysis of organophosphates is one of the more desirable degradation 

pathways as the end products, methylphosphonic acid or phosphoric acid are relatively 

non-toxic. As an example of this pathway, the hydrolysis of Sarin is shown below in 

Scheme 2.2. 

 The hydrolysis of Sarin is relatively straightforward and is accelerated by 

elevated temperature and pH. First, nucleophilic attack by water or hydroxide ions on 

the phosphorous atom produces a trigonal bipyramidal intermediate. Then, a leaving 

group is released, and the phosphorus resumes the tetrahedral geometry. The current 

course of treatment following exposure involves the use of cholinolytic drugs such as 

atropine, an oxime such as pralidoxime, and an anticonvulsant such as diazepam.35,36   
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Figure 2.2. The active site of hCE1 showing the covalently bound cyclosarin nerve 

agent.37 
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Scheme 2.2. The two step hydrolytic degradation of Sarin. 
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Although relatively effective, post exposure treatment can cause serious side effects, 

certain treatments are specific to only certain nerve agents, they do not prevent 

incapacitation, performance deficits or brain damage, and must be administered within 

a certain window after poisoning to become effective.35,38  

  There are currently several oximes used as antidotes. Oximes are able to 

reactivate a phosphorylated cholinesterase by nucleophilic attack of the oxime group 

on the phosphorus atom thus freeing the catalytic serine residue.26,28,39 Occasionally 

the OP cholinesterase adduct cannot be re-activated and this has been termed “aging” 

of the enzyme, the nerve agent Soman is particularly capable of producing an aged 

enzyme.28,29  Aging is thought to involve a dealkylation or deamination of the 

phosphourus conjugate which resists re-activation due to the stability of the AChe-OP 

conjugate which was formed.29 Looking at Figure 2.2, this would involve the removal 

of the cyclohexanol ring.  X-ray diffraction studies of AChe-OP conjugates reveals 

aging proceeds through different pathways and kinetics for different OP toxins with 

variability as to potential reactivation by an oxime.29  Much of the current research 

being done to combat OP toxins is focused on prophylactic measures, which can 

protect the individual from exposure.   

 Current preventative strategies includes the use of scavengers which can be 

considered stoichiometric or catalytic.35  Stoichiometric scavengers include using 

equine or human BChe, and recombinant human BChe.  These scavengers complex 

with the OP preventing it from reaching AChe, and animal studies indicate a 

protection against up to 5.5x the LD50 of the G nerve agents and the protection can be 
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enhanced with the administration of an oxime regenerator.35 A disadvantage of using 

stoichiometric scavengers is due to the high molecular weight of the biological 

scavengers, so that large amounts are needed in order to confer protection up, to 250 

mg/70 kg, and this limits its effectiveness as a practical solution.27  It was recently 

shown that BChe hydrolyzes other toxic esters such as heroin and cocaine, and 

rational re-design of the enzyme active site increased cocaine hydrolase activity over 

2000 fold and the same method is currently being used to redesign the active site 

towards OP hydrolysis.40  

 Due to the disadvantages of stoichiometric scavengers, current research is 

ongoing to develop catalytic biomolecules, which are capable of catalyzing the 

hydrolysis of OP toxins.  There are two main approaches to creating catalytic 

biomolecules, one using modified enzymes, and the second using catalytic antibodies 

or abzymes.  The former approach is older and there are several methods used in 

research, such as active site mutations based on rational computational design as well 

as directed evolution.41,42 Advances in computational power and biological assays has 

allowed for new techniques such as fluorescence-activated cell sorting to screen 

upwards of 108 mutant strains in one day.42 A recent study indicated the effectiveness 

of each method by designing an artificial enzyme for a Kemp Elimination reaction 

where site directed mutagenesis resulted in a kcat/Km of 22.7 while directed evolution 

resulted in an enzyme with a kcat/Km of 2590.41 Enzymes such as human 

cholinesterases, human paraoxonase or HPON-1, squid phosphotriesterase, human 

carboxylesterase, human prolidase, and mouse adenosine deaminase are current targets 



 
26 

for modification for increasing efficacy against OP toxins.39  For example rational 

design of a human BChe mutant led to the single substitution of residue 117 into a 

histidine giving mutant G117H, which was able to increase the catalysis rate of 

paraoxon hydrolysis by over 100,000-fold, decrease the aging of the enzyme by over 

600-fold and cause the regeneration of the enzyme in several minutes.30 The second 

method involves the use of a hapten to elicit catalytic antibodies which confer 

protection to nerve agent exposure.  

2.2.2 Haptens for the production of catalytic antibodies 

An antigen is a molecule that elicits an immune response, although many 

molecules are too small by themselves to trigger an immune response.  Haptens are 

smaller molecules, which by themselves are not capable of inducing antibodies, but 

can elicit an immune response when bound to a larger carrier macromolecule.  The 

hapten could be modeled around a transition state, a substrate analog, a suicide 

inhibitor, a “bait and switch” method or the substrate itself.  It has been determined a 

transition state mimic is not enough to ensure catalysis, and other variables such as 

active site mutations, electrostatic interactions and binding affinities are important 

factors.38,43   

The initial breakthrough in abzyme generation using haptens was documented 

in by Landry et al during 1993 in the acclaimed journal Science. A transition state 

hapten for the hydrolysis of the benzoyl ester of cocaine was synthesized and was 

successfully used to produce catalytic antibodies capable of degrading cocaine in the 

human body.44 This research has led to a vaccine which is currently proceeding 
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towards clinical trials. The realization that the same procedure could perhaps be used 

to create a protective vaccine against nerve agent exposure was immediately 

recognized by Brimfield who performed the initial attempts at producing abzymes 

capable of hydrolyzing OP nerve agents.45 Attempts to create haptens suitable for this 

purpose have continued on until the present, and some of the haptens synthesized for 

the production of OP targeting abzymes are presented below in Chart 2.2.  

When looking at the structures of the compounds in Chart 2.2 it is apparent 

that they contain an appropriate functional group for later conjugation to a protein. 

Compound 2 contains an –N3 group for “click chemistry”, compounds 1, 5, 7, and 9 

contain either an –NH2 or –COOH group for amide coupling, and compound 4 already 

has an activated N-hydroxysuccinimde ester for amide coupling. Compounds 6 and 8 

contain –OH groups which can be used for conjugation and compound 3 requires 

hydrolysis of the amide group to obtain an –NH2 functionalized hapten. 

 Much of the initial research was done by Brimfield and who used a hapten 

similar to 1 which made an abzyme named IIA12ID10 yielding values of Km = 330 

mM, kcat= 4 min-1, kcat/kcnat = 5,500 for Soman hydrolysis although this selected clone 

was lost.45,46  Hapten 1 was created in 1999 by Yli-Kauholuama et al. for use against 

Soman and performed with a Km = 100 mM, kcat= 7 x 10-2 min-1, kcat/kcnat = 160.47  

Hapten 2 was created by Johnson towards Soman and it was determined the VL chain 

of the abzymes determine the binding specificity.48  Hapten 3 was designed by 

Moriarty based on a “bait and switch” strategy where the hapten shares complimentary 

charge and shape with a substrate, but it did not produce any abzymes capable of  
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Chart 2.2. The structures of haptens synthesized in literature. These are potential 

targets for the creation of abzymes capable of hydrolyzing OP nerve agents. 
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catalysis.49  Hapten 4 was created by Huang et al. using multiple reactive 

immunization and is currently being tested for abzyme activity.50  Hapten 5 was 

carefully designed by Mioskowki for VX based around activation of a water molecule  

similar to the active site of AChe, but the resulting abzyme only reached a kcat/kcnat = 

100.51  Hapten 6 is a phosphorane based hapten also known as P6 and first appears in a 

paper from 2000 claiming abzymes with a Km = 0.031 mM, kcat= 3.30 sec-1, kcat/kcnat = 

122,419 for Soman.52 These impressive numbers are not mentioned elsewhere and 

further mention of this hapten comes from a 2009 paper by Jia where 6 was used to 

make abzymes capable of protecting mice from exposure to 2 x LD50 of Soman, and 

interestingly, the antibody that preferred to bind to Soman in preference of 6, did not 

display catalytic activity indicating binding activity and catalytic activity are not 

casual.53  Haptens 7 and 8 were both created by Wentworth in order to hydrolyze 

nucleic acid phosphodiester bonds and antibody MATT.F-1 from hapten 7 shows a 

kcat/kcnat = 1,650.54  Hapten 8 is unique in having a rhenium metal center but the 

antibodies produced were not as effective as previous haptens with a kcat/kcnat = 312.55  

The oxorhenium hapten 8 is the only hapten in literature used to hydrolyze 

phosphodiester bonds containing a metal center.  Hapten 9 was designed with an 

oxime group and synthesized to hydrolyze VX and is currently being used to elicit 

antibodies.56  

It has been well established that a transition state analog hapten can produce 

catalytic antibodies.46 Mechanistic studies have revealed catalysis does indeed proceed 

through the modeled transition state.57  In order to create a hapten mimicking the 
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trigonal bipyramidal transition state of Sarin hydrolysis shown in Scheme 2.2, a 

trigonal bipyramidal metal complex would be an ideal candidate. Due to both the 

structural and related chemistries of vanadates and phosphates, a vanadium based 

compound was designed as the ideal hapten, and its structure is presented in Chart 2.3.  

 Paraoxon was chosen to be the substrate of choice for kinetic studies because 

there are well established analytical procedures to detect the formation of the 

hydrolysis product, 4-nitrophenolate. Therefore the target vanadium complex ligand 

contains a structural analog of this ring. Conjugation to a carrier protein will be done 

by collaborators at NRL who requested a thiol functionalized vanadium complex for 

the protein coupling. 

2.2.3 Vanadium Chemistry 

Vanadium is rarely found in biological molecules although it has been discovered in 

certain ocean dwelling organism such as the seaweed Ascophyllum nodosum which 

contains an enantioselective vanadate-dependent haloperoxidase.58  In vivo vanadium 

can potentially be found: in vanadate-dependent haloperoxidases, bioacumulated in 

organisms such as Amanita mushrooms due to an interaction with the sidephore 

Amavadine, present in the blood cells of tunicate and polycheate worms, as a cofactor 

in nitrogenases, as an inhibitor of phosphatases, ribonucleases and ATPases or 

complexed to transport proteins such as albumin.59 Many of the biological properties 

of vanadium are due to the structural and electronic similarities between vanadate and 

phosphate, and the pKa values of vanadate are similar to phosphate.59 Four-coordinate 

vanadates can act as analogs of tetrahedral phosphates, and five-coordinate vanadates  
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Chart 2.3 The transition state of paraoxon hydrolysis and the target hapten.  
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can act as transition state analogs of a phosphate undergoing hydrolysis.59  Vanadium 

complexes have already been proven to be inhibitors of enzymes based on their 

structural similarities to the natural substrates. One of the first reports on the use of 

vanadium as an enzyme inhibitor was a study using a vanadium-uridine complex 

which inhibited RNase A 1000 times more strongly than the natural substrate, at the 

time this was attributed to the geometry of the vanadate-uridine complex and the 

expected transition state of the substrate, although this was not proven until almost a 

decade later.60  

The researchers that synthesized hapten 8 noted that although vanadates have 

already been shown to be strong inhibitors of phosphoesterases, vanadium alkoxides 

readily exchange ligands making them unsuitable for in vivo work.55  While vanadium 

alkoxides are labile, vanadium is capable of forming very stable complexes with 

polydentate ligands. In addition, the authors express concern about the in vivo 

reduction of vanadium (V) to vanadium (IV) based on other studies.61  The authors fail 

to take into account the inherent stability that can be granted to vanadium(V) 

complexes due to the electronic contributions from the ligands, and the variability of 

the reduction potential found in vanadium(V) compounds. Thus, the ideal complex 

should have a polydentate ligand to decrease lability, be stable in the (V) oxidation 

state, be close to trigonal bipyramidal geometry, and contain the desired functional 

group for later attachment to a carrier protein.  

 Various examples of trigonal bipyramidal vanadium complexes have been 

reported in the literature, and several are presented in Chart 2.4.  
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Chart 2.4 The trigonal bipyramidal character of compounds 10-12.62 
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The  value or the angular parameter is determined by taking the difference of 

the two largest X-V-X angles divided by 60 where a value of 0 indicates ideal square 

pyramidal and a value of 1 indicates ideal trigonal bipyramidal geometry.61 A search 

by Cornman et al. revealed only one monomeric vanadium compound containing a 

O/N donors with a τ value above 0.50.61  Despite the scarcity of these compounds, 

several papers have been published which provide several ligand systems which help 

force distorted trigonal bipyramidal geometry on vanadium (IV) and vanadium (V) 

centers.63,64   

 In summary, a transition state analog approach will be taken in order to 

synthesize a hapten capable of eliciting catalytic antibodies for the degradation of OP 

neurotoxins.  As opposed to previous attempts, a vanadium analog will be used as 

opposed to a phosphorous-based analog. By using tridentate ligands, the rate of ligand 

exchange and reduction will decrease.  The ligand will consist of an ONS system 

meaning the oxygen, nitrogen, and sulfur atoms will act as ligands.  Formation of two 

rings helps to reinforce the chelate effect and further stabilize the target compound.  

2.3 Results and Discussion 

2.3.1 Synthesis and characterization of an S-benzyl dioxovanadium(V) ONS complex 

(15).  

 The procedure used for the synthesis of the dioxovanadium(V) ONS 

complexes was modified from literature methods and is described in the experimental 

section, but an overview of the protocol is presented in Scheme 2.3. 
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Scheme 2.3. The synthesis of 15. i) CS2, BnCl, EtOH 0 C, 20%; ii) 2-hydroxy-5-

nitrobenzadehyde, CH3COOH, EtOH, reflux 3 h, 49%; iii) [VIVO(acac)2], MeOH, reflux 

4 h, KOH, reflux 2h, RT 48 h, 65%.65 66 
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 The synthetic pathway is broken down into three reactions with some literature 

support.  Reaction (i) was attempted several times as the original paper does not 

specify the hydrazine hydrate solution concentration. The first attempts used a less 

concentrated hydrazine hydrate solution, with the common 25% concentration. The 

reaction was not successful until a more concentrated reactant was purchased, and the 

55% concentration proved satisfactory.  With either concentration, the reagent is used 

in large excess, so the difference in success is likely attributed to the presence of the 

extra water from the more dilute hydrazine hydrate solution. Work-up of the reaction 

involves the separation of a yellow oil from the reaction, and the extra water likely 

prevents the oil from separating.  

 Reaction (ii) is recorded as taking place in absolute ethanol, but it was 

observed methanol could be substituted due to price concerns with no notable loss of 

yield.  Although compounds similar to 15 have been made such as the S-methyl 

analog, the benzyl protected analog has not been reported.66   

 Reaction (iii) involves the chelation of vanadium and then further oxidation. 

The source of vanadium is the often used precursor VO(acac)2. In this compound, 

vanadium is in the (IV) oxidation state, and the oxidation to vanadium(V) takes place 

during the reaction. The oxidation can be monitored simply by the color of the 

solution, as the vanadium(IV) solution is blue, while the vanadium(V) solution is 

yellow. It would have been preferable to use a vanadium(V) salt as the reactant as no 

further oxidation would be required, but the ligand was not soluble in aqueous 

solution, and the available vanadium(V) salts are not soluble in organic solvents. Both 
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vanadyl acac and the ligand are soluble in alcohol. The oxidation takes place in the 

presence of air over 48 hours during the slow evaporation of almost 500 mL of 

methanol from the reaction. The thioether of compound 15 will be deprotected 

following literature methods calling for Na/EtOH as opposed to the more common 

Na/NH3 method because of possible ligand – metal interactions between the solvent 

and the vanadium center.67 68  Due to the harsh conditions needed for deprotection, it 

may be necessary to try the unprotected version and see if 15 can be made although 

that might not be possible due to either sulfide oxidation by vanadium, or oligomer 

formation from the extra chelation site.  Another option is to functionalize the S-

benzyl ring with an –NH2 or –COOH group in the para position and use a different 

coupling method.  The initial phase of this project will involve the synthesis and 

testing of 15.   

2.3.2 Spectroscopic analysis of the S-benzyl dioxovanadium(V) ONS complex (15) 

 The UV-Vis data are consistent with literature values for similar vanadium 

complexes.69 The peaks are due to interligand transitions and there is one ligand to 

metal charge transfer, LMCT, peak, but as the vanadium center is +5 and contains no 

d electrons, there are no peaks from d-d transitions. In DI water, the UV region is 

dominated by interligand transitions with a sharp peak at 313 nm and an extinction 

coefficient of 26,210 M-1cm-1. The LMCT peak appears at 376 nm with an extinction 

coefficient of 12,530 M-1cm-1 and tails into the visible region of the spectrum. Similar 

dioxovanadium(V) complexes with salicylaldehyde derived ONS tridentate ligands are 

known to have LMCT peaks with intensities ranging from 6,800-14,600 M-1cm-1 

which is consistent with the experimental value.69 
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 After compound 15 was made, it was determined to be photosensitive in 

certain solvents after an acetonitrile solution changed colors from yellow to orange 

after several days on the lab bench.  A rudimentary test was performed in order to 

establish the sensitivity to light. First, it was determined that 15 is soluble in a variety 

of solvents including acetonitrile, ethanol, water, dimethylsulfoxide and acetone.  

Briefly, a small amount of compound 15 was placed in an autosampler 2 mL vial and 

set on the windowsill for two weeks, control samples were placed in the dark.  Each 

vial started out as a pale yellow color solution. The vial with acetonitrile turned a 

green/blue color indicating partial reduction of the sample to vanadium(IV). The 

aqueous sample turned a more intense yellow and became cloudy, while the sample in 

dimethylsulfoxide remained the same, and the sample in ethanol produced some 

crystalline solid. The control samples left in the dark displayed no change from their 

initial appearance.  While compound 15 is not found in the literature, the 

photosensitivity of similar compounds has previously been investigated using EPR, 

51V NMR, and UV-Vis.69 It was determined that upon dissolution, the vanadium 

complex can undergo reduction to V(IV) as well as ligand exchange.70 The results 

indicate that the vanadium complex was stable in the solutions tested except for a 

partial reduction in acetonitrile. The same partial reduction in acetonitrile was 

observed for the S-methyl analog of 15 and was attributed to a mixed valence 

vanadium dimer.69 Most importantly, the aqueous solution did not change colors 

indicating no reduction to vanadium IV. As the final compound will eventually be 

used under aqueous conditions while conjugated to a protein, the stability of the 
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complex in water was further studied. The decomposition of the compound in DI 

water under a 60 Watt tungsten bulb was monitored at room temperature using UV-

Vis with a spectrum taken every 90 minutes for 24 hours. An overlay of the spectra is 

presented below in Figure 2.3.  

 Figure 2.3 indicates several changes in intensity over the 24 hour period. There 

appears to be an isobestic point at approximately 380 nm. The peak at 312 nm declines 

in intensity over the 24 hour period almost a full 0.1 AU, although the rate of decrease 

dropped over time. Similar behavior was seen in an oxovanadium uridine complex 

which displayed a drop in absorbance at 322 nm over time which was attributed to 

monomer-trimer formation.60  This peak is from an interligand transition and has been 

assigned as a dxy → dz2 transition and the resulting intensity can be influenced by the 

proximity of a second complex.61  The results suggest there are slight changes over 

time although not in an amount to significantly affect abzyme formation, and since 

dimer formation will be reduced or eliminated after conjugation.71  

 An aqueous solution of compound 15 was analyzed using LC-MS. The use of 

LC-MS to analyze vanadium complexes has only recently been established, although 

the stability of 15 makes it amenable to this type of analysis.72 The resulting UV-Vis 

chromatograms at 280 nm only displayed one peak and the extracted mass spectra are 

presented below in Figure 2.4. The instrument used for analysis is capable of using 

two different ionization methods and a comparison of the intensities reveals that 15 

gives a better signal using ESI. Both detectors were run in negative ion detection mode 

because the vanadium complex is anionic. The results indicate one main peak at 428.0  
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Figure 2.3. An overlay of UV-Vis spectra of 15 in water using over a 24 hour  

period. The initial spectrum is colored in red and the final spectrum is colored in blue.  
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Figure 2.4. The extracted mass spectra from the only detected peak for 15. The top 

signal is from the detector using atmospheric pressure chemical ionization and the 

lower signal is from the electrospray ionization.  
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m/z which corresponds to the loss of potassium from the complex and the calculated 

value of [M-K+] is 427.96 m/z. The much smaller peak at 840.0 m/z corresponds to an 

oxygen bridged dimer as the calculated value of [2M-O] = 839.92 m/z. There is 

literature precedent for this type of dimer, as other dioxovanadium(V) complexes have 

been known to form mixed valence dimers where each vanadium center shares a 

bridging oxygen.69,73 The following chemical equations have been proposed to account 

for the dimeric species.                       

  [VVO2L]-  + H+ ↔ [VVO(OH)L]      (6) 

  [VVO(OH)L] + H+ + e- ↔ [VIVOL] + H2O     (7) 

  [VIVOL] + [VVO2L]- ↔ [VIVOL-(μ-O)-VVOL]-    (8) 

Equations 6-8 illustrate a possible mechanism for dimer formation. Evidence 

supporting this mechanism was obtained using EPR, UV-Vis, NMR, X-Ray 

crystallography but this would be the first instance of mass spectral evidence of this 

mixed valence dimer.74 

 Several NMR analyses were performed including 1H, 13C, and 51V. The NMR 

analysis of compound 14 matches the literature values although the literature does not 

give the full chemical shift assignments.66 Details of the NMR analysis are given in 

the experimental section. In order to confirm complexation to the vanadium, the 

induced chemical shifts, ICS, are needed and require full assignments. Using 1H-13C 

HMQC, 1H-1H COSY and the NMR analysis of the starting material allowed the 

assignments to be completed and the results are illustrated in Figure 2.5.  For 

comparison, the full 1H and 13C assignments of 15 are presented in Figure 2.6. 
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 Despite a handful of papers describing the synthesis of similar 

dioxovanadium(V) complexes with ONS ligands based upon salicylaldehyde 

thiohydrazones, a total assignment of both 1H and 13C chemical shifts has not been 

reported.65,67,69,75,76 The disappearance of the 1H signals at 13.50 and 11.83 are 

consistent with deprotonation and subsequent coordination through the phenolate 

oxygen and the azomethine nitrogen.  In order to better compare the NMR data 

between the complex, 15, and the free ligand, 14 the chemical induced shifts are 

presented in Figure 2.7.  

 The chemical induced shifts, CIS, are an established way to confirm metal 

chelation. The CIS values are consistent with ONS chelation based on literature 

precedent.76 The largest CIS is observed for the thiocarbonyl carbon which upon 

chelation undergoes thioenolization and is similar to a reported value of ~ -25 ppm for 

the dioxovanadium(V) complex derived from pyridoxal and containing an S-methyl 

thiohydrazone Schiff Base.77 The CIS value of +17.67 for the azomethine carbon is 

also consistent with similar complexes in which CIS values ranged from +11 to +14 

ppm.77 Likewise the CIS of the phenolato carbon is also consistent with reported value 

of ~ +7 ppm for similar complexes.76 

 51V NMR is a powerful tool for the analysis of vanadium(V) containing 

molecules due to the particular characteristics of the 51V atom. These characteristics 

include a wide chemical shift range of almost 2,000 ppm, a sensitivity of 40% relative  

to 1H and very short T1 times in the range of 0.05 seconds.78 The 51V NMR spectrum 

of 15 contained a single peak at -468.9 ppm referenced to external neat VOCl3, and  
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Figure 2.5. The full NMR assignments of compound 14. The chemical shift values are 

in ppm, and are referenced to TMS. 
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Figure 2.6. The chemical shift assignments for compound 15. The values were 

referenced to internal TMS. 
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Figure 2.7. The 1H and 13C CIS for 15. CIS values were obtained by δcomplex – δfree 

ligand.  
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literature values for other ONS dioxovanadium(V) complexes range from -460 to -480 

ppm.76,79,80 The single peak indicates the stability of the complex in water, as other 

dioxovanadium complexes that undergo exchanges and degradation have spectra with 

multiple peaks.  

 IR spectroscopy is a useful tool when analyzing oxovanadium complexes. This 

is due to several strong sharp signals originating from either ν(V=Ot) at ca. 950 cm-1, 

νsym(O=V=O) and νasym(O=V=O) in the 880 – 970 cm-1 range or a strong but broad 

band at 750 cm-1 due to a weakened ν(V=O) stretch in dinuclear [(VO)2-μ-O] type 

complexes. In addition to revealing structural information concerning vanadium-oxo 

bonds, the IR spectrum can also confirm the modes of chelation. FT-IR spectra were 

collected from compounds 14 and 15 prepared as KBr pellets, and an overlay is 

presented below in Figure 2.8.  

 The IR data confirms the presence of a VO2 center with the νsym(O=V=O) and 

νasym(O=V=O) stretches appearing at 893 and 944 cm-1. The ligand contains a sharp 

band at 1048 cm-1 which is assigned to ν(C=S) and is absent in the complex. As there 

is no peak indicating ν(S-H), this confirms the thioenolization of the C=S bond in 14 

to a C-S- bond in 15. This change is also supported by the appearance of a new band in 

the complex at 710 cm-1 due to the ν(C-S) vibration. The appearance of the peak at 

1551 cm-1 in the complex is due to the ν(C-O/phenolate) which is of course absent in 

the free ligand. Lastly, the azomethine ν(C=N) vibration appears in the expected  

region as a strong peak at 1608 cm-1 in the complex and is shifted the expected ~20 

cm-1 relative to the free ligand.76 The results from the IR analysis confirm the  
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Figure 2.8. A stacked IR spectrum comparison of 14 and 15. Only the region of 

interest between 2000 cm-1 and 400 cm-1 is displayed.  
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mononuclear nature of the dioxovanadium(V) center, and chelation through the 

phenolato oxygen, the azomethine nitrogen and the thioenolato sulfur.  

 Single crystals of compound 15 were obtained from a saturated solution of 15 

in EtOH placed at 6 °C for 72 hours.  Long yellow prismatic crystals formed in an 

acicular or columnar habitat.  The crystals were collected by filtration, washed with 

cold ethanol and dried in a desiccator but deteriorated too much for a suitable X-ray 

diffraction. Crystals suitable for X-ray diffraction were obtained by following the 

above procedure no work-up was performed and the crystals were sent for analysis to 

the NRL while in the mother liquor.   The crystal structure is presented below in 

Figure 2.9. 

 The geometry is a distorted square pyramidal with the following angles 

measuring O21 as the top of the pyramid: V1-S1 = 105.14°, V1-N12 = 101.78°, V1-

O20 = 108.58° and V1-O22 = 107.09°. The following bond lengths were obtained: 

V1-S1 = 2.37 Å, V1-N12 = 2.20 Å, V1-O20 = 1.92 Å, V1-O22 = 1.64 Å and V1-O21 

= 1.61 Å.  The trigonal planar calculation indicates a τ value of 0.11 where a value of 

0 indicates square pyramidal geometry and a value of 1 indicated trigonal bipyramidal. 

A similar pair of dioxovanadium(V) complexes containing S-benzyl thiohydrazone 

derived from pyridoxal instead of salicylaldehyde also had τ values of 0.11 and 0.13.76 

Interestingly, a reported vanadium compound similar to 15 but without the nitro 

substitution on the salicylaldehyde ring and an ethanolato ligand in place of one of the 

oxo ligands displayed a τ value of 0.28 suggesting a relatively large change in  
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geometry if one of the oxygens in the VO2
+ center is replaced with ethanolate to give a 

VO(OEt) center.73  

 The potassium ion is located 2.785 Å away from the terminal oxygen of one 

vanadium center, and 2.6888 Å away from the terminal oxygen of the adjacent 

vanadium center. The potassium cation is also coordinated to two ethanol molecules 

with distances of 2.777 and 2.826 Å. In this crystal, the potassium is four-coordinate 

forming a bridge between two vanadium centers and also coordinated to two solvent 

molecules. The crystal structure data are in good agreement with literature values.  

 Although compound 15 has not been published before, the S-methyl analog has 

been published along with detailed X-ray diffraction data.69,74 For the S-methyl analog, 

the potassium ion is seven-coordinate and the molecules of solvation are water instead 

of ethanol. The reported K-O(water) distances are in the range of 2.714-2.895 Å and 

the K-O(vanadium) bonds are 2.874 and 2.974 Å. One difference is that in the S-

methyl analog the vanadium dioxo group acts similar to a carboxylate group and both 

oxygens are bound to a central potassium ion in what the authors call “Mode II” as 

well as adjacent potassium ions that the authors call “Mode III”. In compound 15 the 

vanadium dioxo group is only acting as Mode III.  

 A portion of 15 was sent out for elemental analysis of carbon and hydrogen. 

The expected values are 38.54% for carbon and 2.37% for hydrogen but the results 

indicated 31.35% carbon and 2.24% hydrogen. The results are at odds with the other 

analyses performed which all indicated a high purity. It is possible the sample that was 

sent out was not completely dried, as calculations show that the pentahydrate is  
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Figure 2.9. The crystal structure of compound 15. 
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expected to give values of 32.32% for carbon, and 3.8% for hydrogen. The second 

possibility is that a small amount of KOH remained on the sample since KOH was 

used in Reaction (iii) of Scheme 2.3. Calculations show that 2 KOH molecules per 

complex results in 31.08% carbon and 2.26% hydrogen. Unfortunately, the department 

does not have access to an elemental analysis instrument and it was not financially 

possible to acquire a follow-up elemental analysis testing for more elements. Due to 

the inconsistency of the elemental analysis results, it cannot be definitively concluded 

that the sample is pure. Thermogravimetric analysis, TGA, would be another follow-

up analysis to perform in order to ascertain if the error in the elemental analysis was 

due to a possible hydrate.     

2.3.3 Biological Testing of the S-benzyl dioxovanadium(V) ONS complex (15) 

 Preliminary testing of 15 was performed by a collaborator at the Naval 

Research Laboratory, NRL, in Washington, DC. Dr. Patricia Legler performed several 

tests to determine the binding affinity of 15 to AChe type enzymes as well as the 

antibacterial properties. Initial testing was done using acetylcholinesterase, but the 

compound was thought to interfere with the acetylthiocholine substrate or the DTNB 

from the Ellman assay.  The compound was next tested using a bacterial 

cholinesterase homologue known as a pNB esterase.  Initial results were promising 

and indicated an IC50 of 84 nM which is near the resolution of the test.  The data is 

presented below in Figure 2.10. The initial results confirm the original hypothesis that 

the target vanadium complex can act as a structural substitute for AChe inhibiting 

compounds.  
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 The second biological investigation into 15 consisted of testing its activity as 

an antibiotic against the possible biological warfare agent Burkholderia pseudomallei, 

a Gram-negative bacteria that causes the disease meliodosis. As a control, an analog of 

15 containing an S-methyl group instead of the S-benzyl group which was made by 

another group member, was also tested. The vanadium compounds were also tested 

against the known antibiotic Ceftazidime as a positive control. The results are 

presented in Table 2.1.  

 The results in Table 2.1 suggest two different conclusions. The first is that the 

phenyl group is required for antibiotic activity as the S-methyl analog was not 

effective. Secondly, it was surprising how well 15 performed without any structure 

activity optimization. The threshold for efficacy is considered to be <4 μg/mL and 15 

was active at that concentration against several of the strains. In some strains the 

minimum inhibitory concentrations of 15 were just two-fold higher than the positive 

control Ceftazidime.  

2.3.4. Deprotection of the S-benzyl dioxovanadium(V) ONS complex (15) 

 The final step required before catalytic antibodies can be produced is the SH-

maleimide coupling of complex 15 to Keyhole Limpet Hemocyanin, KLH, protein. 

The structure of 15 was chosen before the project began and in order to attempt 

protein conjugation, the thioether must be deprotected to a thiol. The deprotection of 

S-benzyl thioethers has been established in the early days of amino acid chemistry and 

requires the use of sodium metal in either ammonia or boiling butyl alcohol.81 Due to 

the technical difficulties in performing reactions under liquid ammonia, the method of  
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Figure 2.10. The results from enzyme inhibition studies using 15. The graph was 

compiled by Dr. Patricia Legler at the NRL in collaboration with our team.  The graph 

indicates the concentration of compound 15 versus the % activity of the pNB esterase 

enzyme. 
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Table 2.1 A summary of the results showing the inhibitor concentrations of (15) 

against various strains of B. pseudomallei. 

B. pseudomallei Strain 

Ceftazidime 

(μg/mL) 

S-Methyl Control 

(μg/mL) 

Compound 15 

(μg/mL) 

1026B 1 64 4 

316c 32 64 32 

E203 2 64 16 

NCTC4845 2 64 4 

STW115-2 2 64 4 

STW199-2 2 64 32 

E8 2 64 16 

K96343 2 64 8 

P52237 1 64 32 

WRAIR1188 2 64 32 

Strain 32 2 64 16 

STW176 2 64 32 

112c 2 64 32 

275 2 >64 >64 

296 0.5 64 32 

465a 2 64 32 

506 2 64 16 

644 1 64 16 

730 2 64 4 

E24 2 64 16 

E40 2 >64 64 

E215 2 64 4 

E277 2 64 4 

E280 1 64 4 

E283 2 64 4 

E300 2 64 4 

E302 2 64 4 

MIC50 2 64 16 

MIC90 2 64 32 
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using sodium metal in boiling alcohol was chosen and the details are given in the 

experimental section.  

 The first attempt at deprotection was performed on 15 as the presence of the 

free thiol might interfere with vanadium insertion if the deprotection were carried out 

on 14. The visual observations and spectroscopic analysis suggest decomposition of 

15 into an inorganic vanadate salt. Sodium metal was added to a boiling solution of 15 

in butanol and the work-up involved adding DI water to obtain an organic and aqueous 

layer which were then analyzed. Yellow crystals were obtained from the aqueous 

layer, but 1H and 13C NMR revealed no proton or carbon signals. This is consistent 

with the formation of sodium decavanadate which forms yellow/red crystals from 

solution and would have no discernable 1H NMR signals. In addition the organic 

phase was analyzed but the resulting NMR analyses suggested complete 

decomposition of the reactants and no peaks were able to be assigned to either any 

product or starting material.  

 In order to test whether or not the vanadium metal center might be interfering 

with the deprotection, the same reaction was performed on 14. Once again, the 

reaction was unsuccessful, as the analysis of the organic layer indicated complete 

decomposition of the starting materials. In this case though, no crystals or solids were 

isolated from the aqueous solution.   

 When looking at the structure of 14 and 15 it is not surprising that the harsh 

conditions caused the decomposition of the compounds. Both the hydrazone and 

thiocarbonyl groups are susceptible to hydrolysis, and also these types ligands are 
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known to be able to cyclize into thiadiazole rings. This is likely first observed as the 

change from a yellow solution to an orange opaque mixture after the sodium metal is 

added. The incompatibility of these compounds to the conditions required for S-benzyl 

deprotection should have been realized when the project began, but as often is the 

case, the target molecule was chosen not by synthetic chemists, but by biochemists 

who may not have appreciated the harsh conditions required for the thioether 

deprotection. Further attempts at deprotection or the synthesis of a new target hapten 

were abandoned due to the failure of the proposal to secure funding, but the promising 

results from the biological testing encouraged the further study of vanadium 

complexes and their attachment onto gold nanoparticle supports.  

2.4 Conclusion 

 It was hypothesized that a pentacoordinate dioxovanadium(V) complex with an 

ONS salicylaldehyde based S-benzyl dithiocarbazate complex, 15, would be able to be 

conjugated to a protein in order to elicit catalytic antibodies for the hydrolytic 

degradation of organophosphorous neurotoxins. Compound 15 was successfully 

synthesized using literature protocols for similar compounds and then analyzed using a 

variety of methods including NMR, UV-Vis, IR, LC-MS, X-ray analysis, and 

elemental analysis. All of the analytical techniques produced consistent structural and 

analytical data except for the elemental analysis. Furthermore, all the results were 

within the range of expected literature values for similar compounds. None of the 

other analytical techniques suggested or observed any contaminants, therefore the 

elemental analysis were likely influenced by improper drying of the sample.  
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 Samples sent to the NRL in Washington, DC were analyzed in several 

biological assays by our collaborator. The results were promising with 15 displaying 

both AChe inhibition as well as anti-bacterial properties. Attempts to deprotect the 

thiol group failed likely due to the harsh conditions required for the reaction and the 

reactivity of the various functional groups present on compounds 14 and 15. Although 

15 was not able to be conjugated to a protein for abzyme generation, it paved the way 

for further interest in vanadium complexes and their attachment to gold nanoparticles 

to try and obtain a plasmonically driven catalytic system.  

2.5 Experimental 

2.5.1 General data 

All reactions were conducted under atmospheric conditions. IR spectra were recorded 

on a Nicolet Magna 760 (FT) spectrometer. Samples were prepared as KBr pellets. UV-

Vis spectra were recorded on a Hewlett Packard 8453 diode array UV-Vis spectrometer 

equipped with an 8-cell cuvette holder and thermostatted at 25 °C. Spectra were 

collected over the range 190-1100 nm, in 1 cm path length quartz cuvettes.  All 1H, 13C, 

and 51V spectra were recorded on a Bruker Avance 400 MHz NMR spectrometer and 

were referenced to either internal tetramethylsilane or trimethylsilyl propanoic acid 

(TSP) or to external neat VOCl3 which was sealed in a capillary tube. Elemental analysis 

was performed by Atlantic Microlab, Norcross, GA.  The separations for the LC-MS 

analyses were run on an Agilent 1260 chromatography module using a 3.0 x 50 mm 2.7 

micron Poroshell 120 EC-C18 column. An Agilent 6120 quadropole mass spectrometer 

using simultaneous APCI and ESI multimode ion sources were used as the detectors 
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operating in the negative detection mode.  The eluent gradients were isocratic and used 

5% HPLC grade methanol and 95% HPLC grade deionized water.  Spray chamber 

settings used were 5 L/min dyring gas, 40 psi nebulizer pressure, 250 °C drying gas 

temperature, and a vaporizer temperature of 275 °C. The capillary settings used were 

charging voltage 2000 V, corona current 1-2 uA, and capillary voltage 2000 V. Enzyme 

inhibition studies and anti-bacterial assays were performed by Dr. Patricia Legler at the 

Naval Research Laboratory in Washington, DC. X-ray diffraction analysis was 

performed by Dr. Jeffery Deschamps at the Naval Research Laboratory in Washington, 

DC.  

Chemicals 

     Solvents were used as received: absolute ethanol (Acros), 1-butanol (Acros), 

methanol (Acros), D2O and DMSO-d6 (Cambridge Isotope Labs). Water was purified 

using a Millipore Direct-Q purification system. Reagents were obtained as follows and 

used without further purification: 50–60% hydrazine hydrate (Sigma Aldrich), carbon 

disulfide (Alfa Aesar), benzyl chloride (Acros), 2-hydroxy-5-nitrobenzaldehyde 

(Acros) bis(2,4-pentanedionato-vanadium(IV) oxide (TCI), VOCl3 (Sigma Aldrich), 

Sodium metal (Acros), and KOH (Fischer).   Compounds 13 and 14 were synthesized 

following literature procedures with no changes.65,66   

Potassium(1+), diaqua-, (SP-5-32)-dioxo[phenylmethyl [[5-nitro-2-(hydroxy-

κO)phenyl]methylene]hydrazinecarbodithioato(2-)-κN2,κS1']vanadate(1-) (15). 

A 1 L round bottom flask containing a medium stir bar was charged with 450 mL of 

methanol and 0.2654 g (1.001 mmol) of [VIV(acac)2] giving an aqua color solution. To 
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this was added 0.3452 g (0.997 mmol) of hydrazinecarbodithioic acid, 2-[(2-hydroxy-

5-nitrophenyl)methylene]-, phenylmethyl ester (14) dissolved in 15 mL of warm 

methanol. The reaction was placed in an oil bath, an Allihn condenser was attached and 

it was brought to reflux for 4 hours before 0.1121 g KOH (1.998 mmol) was added.  The 

brown reaction mixture was refluxed for an additional 2 hours and then removed from 

the heat and poured into a 1 L Erlenmeyer flask containing a large stir bar open to the 

air and let to sit for 48 hours during which time the solution became reduced in volume 

and turned yellow.  Throughout the 48 hours, the solution changed colors to green and 

finally yellow. After 48 hours, the volume was reduced to approximately 50 mL and a 

yellow precipitate had formed.  The precipitate was filtered using a medium frit funnel, 

washed with cold methanol and dried in a desiccator over CaSO4.  Crude yield: 0.2421 

g, 51.7%.  1H NMR (DMSO-D6): δ 9.31 (s, 1H), 8.79 (d, J=3.0 Hz, 1H), 8.22 (dd, J=9.2, 

3.0 Hz, 1H), 7.48-7.24 (m, 5H), 6.97 (d, J=9.3 Hz, 1H), 4.42 (s, 2H), 3.33.  13C NMR 

(DMSO-D6): δ 175.50, 169.80, 159.00, 137.75, 137.58, 130.60, 129.10, 128.33, 128.17, 

127.00, 120.50, 119.10, 36.40. 51V NMR (DMSO-d6): δ -468.9 ppm. UV-Vis (DI 

Water): 313 nm 26,210 M-1cm-1, 376 nm 12, 530 M-1cm-1. FT-IR (KBr Pellet): 

νsym(O=V=O) 893 cm-1, νasym(O=V=O) 944 cm-1. LC-MS results m/z = 428.0, Calcd. 

[M-K+] is 427.96 m/z.  Anal. Calcd. for C13H11N3O5S2VK: C,38.54; H, 2.37. Found: C, 

31.35; H, 2.24. 

 Single crystals suitable for diffraction were obtained by dissolving 0.1053 g of 

the crude product in a minimum amount of absolute methanol and placing the solution 

at 8 °C for 72 hours. Earlier attempts to collect and dry the crystals did not result in X-
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ray diffraction quality crystals, therefore the crystals were sent out while still in the 

mother liquor preventing a recording of the yield. 

Attempted S-benzyl deprotection of 15 

A 100 mL roundbottom flask was charged with 40 mL of n-butanol and then 0.1450 g 

of compound 3 (0.3104 mmol) was added to the flask this produced a clear yellow 

solution.  0.6281 g of sodium metal (27.320 mmol) was added in small portions to the 

flask which was then placed on an oil bath set at 120 °C to reflux. As soon as the sodium 

was added, the reaction became an opaque orange solution. The reaction was let to 

reflux for 2 hours then taken off the oil bath at which point all the sodium metal had 

disappeared.  The reaction mixture was added to 100 mL of DI water and the layers 

were separated. If either layer was exposed to the air for too long, it started to turn red.  

It was also observed that once red, using a vacuum rotary evaporator caused the color 

to change to green then yellow before turning red again when exposed to air.  The 

aqueous and organic layers were separated and concentrated.  After sitting in the fridge 

at 7 °C for 48 hours, yellow needle-like crystals formed in the aqueous layer.  The 

crystals were collected by filtration using a coarse frit. NMR analysis was performed on 

both concentrates and the collected crystals.    
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Chapter 3 

CATALYTIC OXIDATION OF THIOANISOLE AND 2-CHLOROETHYL ETHYL 

SULFIDE USING RESIN BEAD SUPPORTED OXOPEROXIDOVANADIUM(V) 

COMPLEXES  

3.1 Background  

 Previous work led to the study of a dioxovanadium(V) ONS complex, 15, 

which was to be used for the creation of catalytic antibodies for chemical weapon 

degradation. In order to consolidate the research into the larger project of plasmon 

enhanced catalysis, it was decided to attempt to functionalize gold nanoparticles with a 

vanadium catalyst for the degradation of sulfur mustard. Although the project was 

abandoned, it provided an opportunity design a new target complex containing an 

active vanadium catalytic center and a pendant functional group for attachment to a 

solid support.   

 Vanadium(V) peroxide complexes with tripodal amine ligands are known to be 

the most efficient vanadium catalysts for sulfide oxidation which is relevant to the 

degradation of sulfur mustard, an important chemical weapon. Furthermore, the 

complexes display selectivity and do not over-oxidize the sulfide to a sulfone, an 

important consideration since the sulfone oxidation product of sulfur mustard is more 

toxic than the parent compound.82  

 Due to the difficulties of obtaining a thiol functionalized analog of 15, and due 

to the lack of structure optimization for thiol oxidation, a new vanadium(V) peroxide 
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complex was synthesized containing a tripodal amine ligand as well as a pendant 

amine group available for amide coupling to a solid support. This compound was fully 

characterized and successfully attached to gold nanoparticles as well as resin beads.  

 Both the homogenous system as well as the supported catalysts were tested for 

thiol oxidation using the chemical weapon analog 2-chloroethyl ethyl sulfide, 2-CEES. 

The homogenous vanadium complex as well as the polymer supported complex were 

both successfully used for the oxidation of 2-CEES. Vanadium capped gold 

nanoparticles were successfully synthesized but it was determined they were not 

catalytically active. In conclusion, a novel vanadium(V) tripodal amine catalyst 

containing a pendant amine was synthesized and successfully attached onto a polymer 

support. Initial results indicate the catalytic activity is retained and the developed 

catalyst can be used for a variety of applications.  

3.2 Introduction 

3.2.1 Sulfur mustard degradation. 

 Sulfur mustard remains a relevant chemical weapon, likely due to the relatively 

facile synthesis when compared with other organophosphorus neurotoxins. Sulfur 

mustard and mustard gas are the common names for the chemical bis(2-

chloroethyl)sulfide. In order to safely work in the lab, an analog of sulfur was chosen 

as a substrate, 2-chloroethyl ethyl sulfide also known as 2-CEES and sulfur half 

mustard. When dealing with degradation of sulfur mustard there are two main areas of 

concern: the first concern is the degradation of existing stockpiles, and the second 
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concern is the personal and environmental decontamination after exposure.10 The 

various possible degradation pathways for 2-CEES are presented in Scheme 3.1.  

 The toxicity of sulfur mustard is dependent on several factors, the presence of the 

alkyl halide, the sulfur atom for formation of the cyclic sulfonium intermediate, and 

volatility for efficient dispersal. When degrading sulfur mustard or 2-CEES through an 

oxidative pathway, the degree of oxidation is important as the sulfoxide does not 

possess vesicant properties while the sulfone does. For this reason, a vanadium(V) 

tripodal amine based degradation catalyst would be ideal as it can stop the oxidation at 

the sulfoxide.  

 Some of the currently reported values for sulfur mustard degradation are described 

below. The Hupp group has used a Zr containing MOF to oxidize 2-CEES with a 

reported half-life of 12 minutes although their control was performed without an MOF 

framework present, so the disappearance of the 2-CEES peak as observed using GC-

MS could be due to absorption into the MOF’s pores.83 A group from the University 

of Vermont published a vanadium based catalyst that was doped onto a mesoporous 

silica support. No half-lives are reported, but some of their systems had a 97% 

conversion rate after 1 hour, but unfortunately, all of their systems produced a 

substantial amount of the sulfone product.84 This is to be expected as the desirable 

property of not over-oxidizing to the sulfone is only seen on vanadium complexes, not 

supported inorganic vanadates.85 Barker and Ren, while at the University of Miami, 

used a mononuclear manganese complex and t-butyl hydroperoxide as the oxidant for 

the oxidation of sulfides, but the sulfoxide product was produced as well.86 An Israeli  



 
65 

 

 

 

 

 

 

 

Scheme 3.1. Three possible degradation pathways for 2-CEES are presented. 
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group used a chloroperoxidase enzyme isolated from a fungus for dual use 

decontamination of VX and sulfur mustard. They report a 99% conversion in 10 

minutes, although the chromatogram they present shows a significant amount of the 

sulfone product.87 Their chromatogram is presented in Figure 3.2.  

 Looking at Figure 3.2, the relatively large peaks at 4.3 and 5.6 minutes are not 

identified. The peak at 5.6 is directly adjacent to the peak assigned to the starting 

material and is likely a split peak. If this is the case, a substantial amount of starting 

material remained and the conversion numbers given are not accurate.  

3.2.2 Vanadium(V) catalysts for the oxidation of thiols 

 Vanadium is a d3 transition metal, whose chemistry is dictated by four accessible 

oxidation states II-V.  The ability of vanadium to cycle through oxidation states has 

been applied to redox cells and in fact, the main industrial use of vanadium has been in 

batteries.  Vanadium is found naturally in over 60 different minerals but its 

coordination chemistry was not heavily investigated until vanadium(V) had been 

found in the active site of vanadium haloperoxidase (VHPO), an enzyme found in 

algae, lichen, and fungi.59  The elucidation of the active site of VHPO has inspired 

extensive research into the use of vanadium(V) as a catalyst.  Dioxovanadium(V) 

complexes are 5 or 6 coordinate and are often synthesized by reacting a vanadium(IV) 

precursor with a suitable ligand followed by aerobic oxidation.88  They are 

characterized by a vanadium(V) core with two oxygen atoms, axial and equatorial, and 

are often yellow colored.  Using this method, many different types of complexes have  

 



 
67 

 

 

 

 

 

 

 

Figure 3.2. A literature chromatogram showing the degradation products of sulfur 

mustard using a chloroperoxidase enzyme.87 
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been made that possess catalytic activity, fluorescence, anti-bacterial, anti-amoebic, 

anti-tumor, and anti-fungal properties.  

 Vanadium(V) metal complexes can catalyze a variety of reactions including: 

oxidation of sulfides to sulfoxides and sulfones, epoxidation of alkenes, hydroxylation 

of hydrocarbons, oxidative bromination, oxidation of alcohols as well as others.89  

Specifically, a large amount of interest has been generated in the use of vanadium 

catalysts for the production of chiral sulfoxides.90 These reactions can be characterized 

as SN2 oxo-transfer reactions where the nucleophilic substrate attacks a protonated 

peroxido ligand forming either an active species or the oxidized product.91  The active 

species in many of these reactions is proposed to be a oxoperoxidovanadium(V), 

OPOV5, complex that is generated in situ and a proposed mechanism is shown in 

Scheme 3.2.92  

 The proposed mechanism in Scheme 3.2 is very similar to the proposed 

mechanism for oxidative halogenation reactions except the proton is consumed and the 

active species that forms is HOX, X3
-, or X2 (X = Br, or Cl).91  The first step involves 

hydrogen bonding through H2O2 and one of the oxo-ligands.  This is followed by 

coordination of one of the peroxide oxygen atoms.  The next step is a proton transfer 

from H2O2 to one of the oxo-groups, a water molecule leaves, and the peroxide 

becomes a η2 ligand with one of the oxygen protonated. The protonation of the 

peroxido ligand is required in order to form the active species and calculations have 

shown the mostly p-character of the peroxido ligand twists after protonation allowing 

for optimal alignment of the LUMO lobes for nucleophilic attack by a substrate.91    
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Scheme 3.2. Illustration of a simplistic proposed mechanistic pathway for the catalytic 

cycle involving the oxidation of sulfides.93 
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There are two methods of introducing vanadium(V) catalysts into the catalytic cycle 

depicted in Scheme 3.2.  They can either be created in situ by the addition of H2O2 and 

an acid to a dioxovanadium(V) or (IV) complexes, or in some cases the OPOV5 

complex can be synthesized and is stable enough to isolate.91  The role of the proton is 

to protonate one of the V=O bonds as the vanadium center is reduced to V(IV) 

followed by oxidation of the vanadium center to (V) along with an attack by hydrogen 

peroxide. One of the hydrogens from the incoming hydrogen peroxide protonates the 

V-OH oxygen which then leaves as water, leaving the active species. A proposed 

mechanism for the creation of the OPOV5 active species is presented in Scheme 3.3. 

The mechanisms proposed in Schemes 3.2 and 3.3 were derived based on functional 

models of VHPOs and confirmed by computational methods.94,95 The importance of 

acid/base chemistry has been established in several papers.  Protonation of the oxo 

ligand has an effect on reactivity, and protonation of the peroxido oxygen is a 

requirement for activity.91,96,97  Some of the various reactions in which an OPOV5 

complex has been used as a catalyst are reported below in Figure 3.3. 

 Unlike other systems, the vanadium center acts indirectly as a catalyst, it activates 

hydrogen peroxide for electrophilic attack. As the reactivity of these complexes is 

ultimately due to the bound peroxide group, the structural parameters of this bond are 

relevant. 

3.2.3 Vanadium(V) complexes with tripodal amine ligands 

 Both experimental and computational studies have revealed the most effective 

vanadium(V) 
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Scheme 3.3. A proposed mechanism for the generation of the active 

oxoperoxidovanadium(V) complex.97  
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Figure 3.3. The above figure reproduced from reference 85 illustrates the various uses 

of OPOV5 catalysts in organic transformations.85 
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catalysts contain a tripodal amine ligand.94,95 The following tripodal amine ligands in 

Chart 3.1 have been reported to form catalytically active complexes. Out of the ligands 

presented in Chart 3.1, the vanadium complexes with NTA and HEIDA ligands are the 

most active for sulfide oxidation. The  complex with H2-HEIDA is the most efficient 

vanadium catalyst reported for halide oxidation with a k1 of 1.3 M-1s-1 and the complex 

with H3-NTA is the second most efficient with a k1 of 0.33 M-1s-1.92  A comparison 

between the HEIDA complex and other systems for the oxidation of thioanisole is 

presented in Table 3.1. 

 These results demonstrate the effectiveness of the best tripodal amine 

vanadium(V) catalyst tested against both the natural enzymes and other accepted 

methodologies.  Although these ligands are excellent catalysts, they do not contain a 

pendant functional group which will allow for functionalization of AuNPs. 

Coincidentally, an analog of H3-NTA containing a pendant –NH2 group is already 

known and widely used in biochemistry to form Ni(II), Cu(II) and Co(II) complexes. 

The ligand is a nitrilotriacetic acid derivative of lysine and is abbreviates as LYS-

NTA. This ligand as well as the ideal target ligand is presented in Chart 3.2 

 The metal LYS-NTA complexes are used for binding to histidine tagged proteins 

and have also been used for attachment onto gold thus their synthesis, characterization, 

and thiol functionalization is well documented.98-100  The ideal ligand in Chart 3.2 can 

contain a thiol, which might work for capping a gold nanoparticle then adding a 

vanadium center, but in solution, vanadium complexes containing pendant thiols are 

known to oxidize to disulfides and reduction of the metal center to vanadium(IV).101  
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Chart 3.1. Various tripodal amine ligands and their abbreviated names, which are 

reported to form catalytically active vanadium(V) complexes. The following 

abbreviations are given: NTA = nitrilotriacetic acid; HEIDA = N-(2-

hydroxyethyl)iminodiacetic acid; ADA = N-(2-amidomethyl)iminodiacetic acid; TPA 

= N,N,N-tris(2-pyridylmethyl)amine.   
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Table 3.1. A comparison of various catalytic systems for the oxidation of thioanisole 

to the sulfoxide. H2O2 was used as the oxidant.93  

Catalyst 

Max 

turnover 

(time, h) 

Psuedo-first 

order k (s-1) 

Corrected or 

second order k 

(M-1 s-1) 

K[VO(O2)HEIDA] 950 (3) 2.00 x 10-3 8.1 

Vanadium Bromoperoxidase 

A. nodosum 520 (20)     

Vanadium Bromoperoxidase 

C. pilulifera 450 (20)     

Vanadium Chloroperoxidase 

recombinant 560 (20)     

Kagan-modified Sharpless 20 (3)     

VIVO(acac)2     2.9 

VO(OEt)3     6.1 x 10-3 
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Chart 3.2. The ideal ligand is presented on the left and the target ligand, LYS-NTA, 

on the right. 
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Therefore, an OPOV5 complex with ligand 16 should provide a catalyst which can be 

used in solution, and contains a pendant amine group for attachment to a support. The 

synthesis of 16 and subsequent vanadium insertion is presented in Scheme 3.4. 

 The synthesis of 16 performed in two steps starting from the commercially available 

N6-carbobenzyloxy-L-lysine. The alpha amine needs to be alkylated twice, and 

therefore the terminal amine needs to be protected. Bromoacetic acid is used as the 

alkylating agent, which is added dropwise at 0 °C followed by stirring at room 

temperature for 24 hours and finally for 2 hours at 70 °C. Once cooled, the solution is 

acidified using HCl to give 17 as a white precipitate. The terminal amine is deprotected 

using H2 and a Pd/C catalyst to yield 16 as a white solid which can be purified by 

crystallization from hot isopropanol.  

 Vanadium insertion into 16 has been attempted following literature methods for 

other tripodal amine ligands. OPOV5 complexes with NTA has been reported with the 

following counterions, NH4
+, K+, Sr2+, and Rb+, while the HEIDA OPOV5 complex has 

been reported as only the K+ salt.93,102 Despite the counterion used, the procedure for 

vanadium insertion into tripodal amine ligands remains similar. First, an aqueous 

solution of vanadate ions is prepared by using either a metavanadate salt, which is the 

source of the cation, or by formation of potassium metavanadate in situ by dissolving 

V2O5 and KOH. The tripodal amine complexes typically require the addition of a 

hydroxide base containing the appropriate cation in order to dissolve completely. A 

basic solution of the tripodal amine ligand is then added to the vanadate solution 

producing a yellow solution indicative of dioxovanadium(V) centers. An excess of 30%  
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Scheme 3.4 i) BrCH2COOH, NaOH H2O 0 °C 2 h, 89%; ii) H2, 5% Pd-C, MeOH/H2O 

RT 8 h, 72%, iii) KVO3, H2O2, H
+/H2O RT 1 hr.98,103 
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H2O2 is then added dropwise to the solution. Finally, the pH is adjusted to ~4 using 

either HCl or HClO4 which is accompanied by a change of solution color from yellow 

to red. The red color is indicative of oxovanadium(V) monoperoxide complexes, the 

diperoxo and triperoxo complexes are stable at basic pH and are yellow.104 Work-up 

involves the dropwise addition of ethanol until the first signs of a persisting turbidity. 

The reaction is then placed at ~5 °C, and red/orange crystals can be collected within 

24-48 hours. In order to compare the catalytic activity of 18 to similar complexes, the 

two best performing vanadium(V) tripodal amine catalysts will be synthesized 

according to published methods. The structures of these two complexes are presented  

in Chart 3.3. Compounds 19 and 20 are made from the ligands H2-HEIDA and H3-

NTA respectively.92 

3.2.4 Polymer supported vanadium complexes for catalysis 

 Attachment of a catalyst onto a solid support provides several advantages such as 

recyclability, easier recovery, stability and a wider scope of application. While there are 

thousands of citations and patents covering vanadium oxide catalysts supported on 

everything from silica to firebrick, there are only several reports of vanadium catalysts 

containing organic ligands which have been attached to solid supports.105 This is likely 

due to the difficulty in obtaining a complex which contains a functional group for 

attachment to a solid support but still retains catalytic activity.  

 Published examples all include a Schiff base vanadium complex, which has been 

shown to be an inferior catalyst compared to the tripodal amine complexes. In 2009,  
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Chart 3.3. The structures of the two best performing vanadium catalysts for  

sulfide oxidation. 
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Jain reported the attachment of a vanadium complex onto mesoporous silica using click 

chemistry and used the system for the oxidation of sulfides.106 Maurya has spent the  

past 10 years producing a variety of vanadium Schiff base catalysts attached to 

chloromethylated polystyrene beads for a variety of oxidation reactions.107-109 In order 

to attach 18 to a polymer support, a modification of the procedure used to immobilize a 

bidentate vanadium catalyst onto Merrfield’s Peptide Resin will be used.110 This 

reaction is presented in Scheme 3.5. The synthesis of 21 will be attempted in one step 

starting with 18. This method is superior to starting with 16 and then inserting vanadium 

after grafting, since the carboxylic acid groups may react with the chloromethyl groups. 

Using 18 leaves only the free pendant amine available for attachment.   

3.2.5  Functionalization of gold nanoparticles with transition metal complexes 

 The emergence of nanoparticle research during the past fifteen years has led to many 

interesting discoveries about their properties and applications. Gold nanoparticles 

(AuNPs) in particular offer many advantages such as relative stability, tunable optical 

properties, and biological tolerance. Additionally the bond between sulfur and gold 

allows a wide variety of molecules to be used as stabilizing capping agents.111 Gold 

nanoparticles have also been used as catalysts or as supports for catalysts, the advantage 

being possible modulation of the catalytic activity through plasmon excitation.  

 The electronic properties of metal nanoparticles give rise to a phenomenon called 

surface plasmon resonance (SPR). A certain wavelength of light is absorbed by the 

nanoparticle, which results in the oscillation of conductive electrons on the surface and  

the in this interaction has a mathematical foundation in Mie Theory.112 The SPR has 
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Scheme 3.5 i) 18, Et3N, DMF 90 °C 48 h.113 The cation for 21 is omitted for clarity. 

 

 

 

 

 

 

 

 



 
83 

been known to enhance the sensitivity of various analytical using nanoparticles such as 

surface-enhanced Raman spectroscopy (SERS) and Forster resonance energy transfer 

(FRET).114  

 The absorption wavelength of the SPR band is dependent on the size, shape and 

surface chemistry of the AuNP, and can be tuned accordingly.114  The use of different 

capping ligands can also slightly change the location of the SPR band and this can be 

used as an indication of surface ligand exchange. Using 10 nm AuNPs in water, this 

SPR band appears near 520 nm, which is near the wavelength of a typical green laser, 

532 nm, thus allowing a laser to be used to stimulate SPR phenomena.115   

 The several proposed pathways for how the plasmon resonance can influence a 

chemical reaction include localized heating, oxidation/reduction pathways generated 

from holes and electrons, and the formation of excited states due to energy transfer and 

the antenna effect.116 Recently, the activation energies of plasmon catalyzed reactions 

have been calculated to show the activation enthalpy of the reaction is reduced through 

laser induced plasmon resonance.117 One of the obstacles to gaining a greater 

understanding of plasmonics and catalysis is the difficulty in making nanoparticles 

functionalized with working catalysts.  

 There are very few published reports of gold nanoparticle conjugated transition 

metal complexes containing organic ligands.  A recent paper by Gil-Tomas et al., 

describes the attachment of a light activated antibacterial tin-chlorin e6 to glutathione 

capped gold nanoparticles using EDC coupling. The new tin-chlorin 86 nanoparticle 

conjugate was 100 times more effective than the unconjugated complex at killing S. 
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aureus.118 In determining the number of complexes attached to a nanoparticle, Gil-

Tomas reports using elemental analysis and TEM data on the core size to determine 

the molecular weight of each nanoparticle.  They report 25% efficiency in amide 

coupling and report 250 tin-chlorin e6 molecules per nanoparticle.118 The new tin-

chlorin e6 nanoparticle conjugate was 100 times more effective than the unconjugated 

complex at killing S. aureus.118 

 Several metal complexes have been attached to the surface of AuNPs in order 

to exploit their fluorescent or luminescent properties. A luminescent rhenium complex 

has been capped to 3.6 nm gold nanoparticles and was found to retain its light emitting 

properties.119 A luminescent polypyridyl ruthenium complex containing a terminal 

thiol was used to cap 15 nm gold nanoparticles and used for cell imaging.120  

 In 2010, Siemeling reported the synthesis of 2.7 nm diameter gold 

nanoparticles functionalized with a fluorescent platinum complex.121 They use a 

tridentate platinum complex containing a 4-aminopyridine group used for amide 

coupling to thioctic acid. Thus the entire thioctic acid functionalized metal complex is 

first made and then added to the nanoparticles made using the Brust method. They do 

not report the coverage or number of metal complexes per nanoparticle.  

 In 2016, Holbrook published a report of two different gadolinium capped gold 

nanoparticles for MRI imaging.122 A gadolinium complex was first made, amide 

coupled to thioctic acid, and then added to 17 nm diameter gold nanoparticles. ICP-

MS was used and it was determined that the two systems contained 2,375 Gd 

complexes with a packing density of 2.54 chelates/nm2 and 1,477 Gd complexes with 
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a packing density of 1.58 chelates/nm2. Their findings show a vast improvement in the 

packing density of previously reported Gd functionalized gold nanostars.123 

  Previous research in our group involved attaching both cobalt and copper 

complexes to the surface of 10 nm gold nanoparticles.124,125 Gold nanoparticles 

functionalized with a copper complex as well as bare gold nanoparticles were found to 

be active for phosphate ester hydrolysis and the rates could be modulated using laser 

induced plasmon resonance.126,127 To date, there have been no reports of AuNPs 

functionalized with vanadium complexes, but two groups have created similar 

systems.98,99 Using a similar ligand to the one proposed, Abad and coworkers were able 

to synthesize 3.1 nm diameter gold nanoparticles functionalized with a lysine-NTA 

cobalt complex for the immobilization of histidine tagged proteins.128 First, thioctic acid 

capped gold nanoparticles were synthesized using the Brust method, followed by 

EDC/NHS coupling to the lysine-NTA cobalt complex.  Although metal coverage is not 

reported, thiolate coverage was calculated as 6.2 x 10-10 mol cm-2. In 2011, Kitai 

reported 4.3 nm diameter AuNPs that were first functionalized with 22 (See Scheme 

3.5) and then reacted with nickel(II) ions.129 These were then used for binding to 

histidine tagged proteins. Instead of undertaking the synthesis of 22, the group 

purchased a commercial oxidized version of 22 consisting of the disulfide dimer which 

was then reduced to the thiol during capping.129 The Kitai protocol is superior because 

after the capping, different metal ions can simply be added to solution to chelate with 

the NTA group.  
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 In order to tether 16 to a gold nanoparticle surface, it either must be amide coupled 

to a carboxylic acid functionalized surface layer on the gold, or the thiol 

functionalization of 16 can be performed first then used as a capping agent. Thiol 

functionalization of 16 has been reported in literature, and the reaction is presented in 

Scheme 3.6. To obtain a thiol functional group, 16 is reacted with 4-butyrothiolactone 

in a ring opening reaction to give 22 which can then be used to cap gold nanoparticles 

followed by vanadium insertion. In regards to the vanadium capped gold 

nanoparticles, 23, there are several potential synthetic routes available. Inserting the 

vanadium center into 22 prior to capping can cause reduction of the vanadium center 

and disulfide formation. Additionally, having carboxylic acid functionalized AuNPs 

and then performing EDC coupling with either 16 followed by vanadium insertion, or 

with 18, does not only involve more steps, but the presence of the vanadium center can 

influence the EDC coupling chemistry.125 If successful, this would represent the first 

instance of gold nanoparticles functionalized with a vanadium complex. 

3.2.6 Analysis of oxoperixodo vanadium(V) complexes  

 The O-O bond length determines the relative reactivity between the different 

vanadium complexes. The more reactive complexes have higher energy LMCT 

transitions in UV-Vis spectra, longer O-O bonds, lower ν(O-O) vibrations, and more 

shielding around the peroxo group.95 The relationship between O-O bond length and 

reactivity as well as the various analytical methods available to investigate the O-O 

bond provide useful opportunities for judging reactivity and comparing complexes. 

The O-O  
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Scheme 3.6 i) NaHCO3, H2O 72 °C 15 h 70%; ii) 10 nm citrate stabilized AuNPs, 

KVO3, pH 7.5 MOPS buffered H2O, RT 24 hours.130  
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Bond length is also inversely proportional to the energy of the LMCT transition which 

can be observed as the lone visible peak in the UV-Vis spectra of 

vanadium(V)oxoperoxido complexes which can appear between 416 - 500 nm.89,95 In 

addition, the use of 51V NMR can be used to confirm the reactivity of these complexes 

as it has already been determined that a Ramsey-type correlation exists between the 

chemical shift and the LMCT wavelength.95  

 51V NMR spectroscopy is a powerful tool which can reveal detailed information 

about vanadium(V) complexes and is capable of detecting speciation in solution which 

cannot be determined using x-ray diffraction.131 The technique is highly sensitive; 51V 

is 99.76% naturally abundant, with a nuclear spin of 7/2.  These factors give 51V NMR 

a sensitivity of 0.38 relative to 1H NMR which in addition to short T2 relaxation times 

allow for a large number of scans to be performed in a short time. Chemical shifts are 

reported relative to neat VOCl3 and the chemical shift window extends from 4000 ppm 

to -2000 ppm, with dioxovanadium(V) complexes usually appearing between -300 to -

700 ppm.132 Not only will 51V NMR be used to obtain information on the O-O bond, 

but it will also confirm the stability of the active form of the catalyst. An upfield shift 

of approximately 100 ppm is observed upon formation of the peroxido complexes 

from the dioxo complexes.58 Additionally, a reference scale has also been published, 

and can be used to confirm the coordination environment in solution.133 

 The catalytic activity of the free vanadium complex, 18, as well the polymer and 

gold supported systems, 21 and 23, will be tested using two methods, both adapted 

from literature. The first will test the compounds for the oxidation of thioanisole, a 
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reaction that is monitored using UV-Vis. This is due to the fact that the difference in 

extinction coefficient between the sulfide and sulfoxide is Δε = -0.44 mM-1 cm-1, or an 

absorbance difference of about 0.12 AU per equivalent of sulfide consumed.92 A 

second test will be performed using the sulfur half mustard, 2-CEES as a substrate. 

This reaction will be monitored by the disappearance of the substrate peak using GC-

MS. Using GC-MS will also allow the oxidation products to be determined and to 

verify the lack of over-oxidation to the sulfone.  

3.3 Results and Discussion 

3.3.1 Synthesis and characterization of K[VO(O2)LYSNTA] (18). 

 First, the synthesis of 16 was completed following the published procedure 

presented in Scheme 3.1. NMR and LC-MS values matched literature values, but the  

assignments from the literature are ambiguous, and exact assignments are needed in 

order to confirm the synthesis of the capping ligand as well as the chelation induced 

chemical shifts.  The NMR assignments of 16 were made using 1H, 13C, HMQC, 

HMBC, COSY, and 13C-APT NMR experiments, with the results reported in Figure 

3.4. The assignments are straightforward except for a multiplet in the 1H NMR 

spectrum at 4.02 – 3.93 ppm which contains overlapping signals of protons which is 

confirmed by integration. Resolving these two signals was confirmed using HMQC, 

HMBC and COSY NMR experiments. The analyses for 16 all indicate a high level of 

purity, although without elemental analysis, a definite statement cannot be made.  

 Initially, attempts were made to synthesize the dioxo equivalent of 18 as opposed 

to the oxoperoxido species and only form the active catalyst in situ. This follows the  
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Figure 3.4. The 1H and 13C NMR assignments of 16 are presented above. Chemical 

shifts are reported in ppm, taken in D2O, and referenced to external TMS.    
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same procedure as given in Scheme 3.1 reaction (iii), but without addition of hydrogen 

peroxide. This resulted in a yellow solution, which upon standing changed colors to 

green along with the deposition of blue crystals indicating a reduction of the vanadium 

center. These crystals were sent for X-ray analysis, and the solved structure is 

presented in Figure 3.5. 

 Dimer formation in other vanadium(V) tripodal amine complexes has been 

observed and is consistent with the above observations. The mechanism for this type 

of dimer formation was previously presented in equations 6-8. In the syntheses for the 

various salts of [VO2NTA]2- the products are precipitated from basic solutions, as this 

prevents the reduction to vanadium(IV).134,135 When the reaction was first performed, 

acidic conditions were chosen to try and keep the pendant amine group protonated, 

thus preventing unwanted chelation. The closest example to the structure in Figure 3.5 

the mixed valence dimer of the vanadium-NTA complex which also has a solved X-

ray structure and was given the formula (NH4)[V2O3(NTA)2] x 3H2O.136 One 

distinguishing feature between the two structures is the ability to differentiate the 

vanadium centers. In the published structure of (NH4)[V2O3(NTA)2] x 3H2O, the V=O 

bonds for the two centers are identical at 1.606 Å.136 Using the labels in Figure 3.5, the 

V=O bond length for V1-O5 is 1.625 Å and the V2-O9 bond length is 1.611 Å. 

Published values for V(V)=O and V(IV)=O bonds are 1.62-1.66 and 1.56-1.63 Å 

respectively which suggests that V1 is in the (V) oxidation state, while V2 is in the 

(IV) oxidations state.136 Attempted NMR analysis of the mixed valence dimer of 18  
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Figure 3.5. The solved crystal structure of a mixed valence dimer of 18, with the 

formula NH4[V2O3(LYS-NTA)2] x 4H2O. The water molecules and ammonium cation 

were removed for clarity.    
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failed due to a degraded signal obtained from the paramagnetic V(IV) center. A 51V 

spectrum was recorded showing a broad peak, FWHM ~2000 Hz, at -512 ppm, the 

closest literature reference is for the dioxovanadium analog, (NH4)2[VO2NTA] which 

has a chemical shift of -504 ppm.135 

 Dimer formation in solutions of dioxovanadium(V) complexes begins with the 

reduction to vanadium(IV) and it can be prevented by the formation of oxidoperoxido 

complexes or by avoiding acidic conditions. The addition of the peroxide ligand 

stabilizes these complexes from reduction in acidic conditions and dimer formation is 

avoided.137 When the reaction (iii) from Scheme 3.1 was repeated as written with the 

addition of H2O2, the synthesis of 18 was successful.  

3.3.2 Spectroscopic Analysis of K[VO(O2)LYSNTA] (18). 

 A full NMR chemical shift assignment was performed for 18 and the results 

are given in Figure 3.6. The chemical shifts were assigned using several NMR 

experiments, as overlapping protons, splitting of the CH2COO- protons into axial and 

equatorial signals due to chelate ring formation and the presence of a chiral center, all 

contributed to a complicated spectrum. The 13C assignments are straightforward 

requiring only a short comment on the carboxylate and glycinate shifts. The free 

ligand 16 contains two equivalent carboxylate and glycinate signals and a second set 

of signals corresponding to the carboxylate and glycinate group containing the pendant 

aliphatic chain. In the complex, three signals are seen for the carboxylate peaks at 

177.8, 177.3, and 174.6 ppm. This indicates three non-equivalent carboxylate peaks 

which is only possible if the two which are initially non-equivalent in 16 coordinate  
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Figure 3.6. The NMR assignment given in ppm for 18 are shown above. Spectra were 

collected in D2O.  
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cis and trans relative to the axial V=O bond. The third carboxylate is also cis to the 

V=O bond and contains the pendant group. The assignments are consistent with the 

full assignments given for the EDTA vanadate complex; the glycinate signals trans to 

the V=O bond were assigned as 65.03 and 179.72 ppm, and the glycinate group cis to 

the V=O bond were assigned as 66.64 and 181.25 ppm.135 In 18, one of the glycinate 

groups trans to the V=O has signals of 174.6 and 56.9 ppm, and the group cis to the 

V=O bond has signals of 177.3 and 64.1 ppm.  

 The 1H spectrum of 18 contained unexpected splitting patterns. The protons on the 

glycinate group are also split into two inequivalent signals, although this behavior is 

expected as after chelation, one proton must assume either an axial or equatorial 

configuration due to ring formation. No attempt was made in order to determine which 

signal corresponds to the axial or equatorial positions. The splitting was observed for 

the protons attached to the carbons on the aliphatic chain adjacent to the nitrilo group. 

The magnitude of the splitting between vicinal protons increases from 0.20 to 0.31 as 

the carbons approach the chiral center. The split protons are not observed in the free 

ligand, the most likely explanation is that after chelation the ligand becomes constrained 

and a previously available intramolecular rotation or exchange is no longer possible. 

This would result in the vicinal protons being in different chemical environments and 

would explain the split peaks. The multiplets at 4.84 and 1.78 ppm contained 

overlapping signals which required COSY, HMQC, and HMBC in order to differentiate 

and properly assign. After all the assignments had been made, it was possible to 

calculate the CIS for each atom and the data is presented in Figure 3.7.  
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Figure 3.7. CIS were calculated using the formula δcomplex – δfree ligand and are presented 

above for 18.  
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 The CIS data is consistent with literature values for similar complexes.138-140 For 

example, for the vanadium(V) EDTA complex it was observed that the carboxylate 

groups that coordinated with vanadium has CIS values of +5.1, while the pendant group 

had a value of -1.4, and the methylene groups had CIS values of +5.3 and +3.4.140  The 

same behavior including the negative shifts on the pendant group is observed for 18 

confirming the bonding modes to the vanadium center. One point of interest concerns 

the CIS for the methylene protons. The methylene protons from the glycinate arm that 

coordinated cis to the axial V=O bond had positive CIS values, while the methylene 

protons that coordinated trans had negative CIS values. This means that after 

coordination, the cis methylene protons are relatively deshielded, while the trans 

methylene protons have become more shielded.  

A potential explanation for this effect is the different electron density within the x-y 

plane of the vanadium center as opposed to the z plane. When reported, CIS values for 

vanadium complexes are normally given only for 13C nuclei, making a direct 

comparison difficult.  

 51V NMR analysis has become one of the most important tool when analyzing 

vanadium(V) compounds. High sensitivity and a short T1 relaxation allow for a fast scan 

rates and the high natural abundance of the 51V isotope, 99.76%, are just some of the 

advantages. This has resulted in a large database of 51V chemical shifts, correlations 

between shifts, coordination numbers and coordinating nuclei.80,132 Newer techniques 

include heteronuclear and homocoupling 2D experiments and the computational 

accuracy of theoretical shifts has increased.95 The V(V) oxidation state is d0 and 
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diamagnetic, but the V(IV) oxidation state is paramagnetic and not suitable for routine 

analysis. The 51V NMR spectrum of 18 is shown in Figure 3.8 and shows one peak with 

a chemical shift of -558.1 ppm. As a comparison, the literature values for the 51V NMR 

signals of K[VO(O2)HEIDA] 19, and K2[VO(O2)NTA] 20 are -565 and -544 ppm 

respectively.141 The spectrum in Figure 3.8 was obtained in less than 5 minutes of total 

scan time, which is a testament to the sensitivity of the 51V nucleus.  

 ATR-IR analysis was performed on crystals of 18 and an overlay of the results 

with the spectrum of the free ligand 16 is presented in Figure 3.9. The IR data also 

supports the proposed structure with the carboxylate vibrations deprotonated, as there 

are no bands in the 1700-1800 cm-1 region. The shift of the bands as well as the 

differences in their wavenumbers all suggest monodentate coordination with the 

carboxylate groups. The νasym(COO) peaks are at 1626 and 1585 cm-1, and the 

νsym(COO) vibrations are at 1404 and 1375 cm-1. The relevant metal center vibrations 

for the complex are assigned as:  ν(V=O) 942 cm-1, ν(O-O) 909 cm-1, and ν(V-Operoxo) 

558 cm-1. Other features are the broad ν(NH3) peak at 3941 cm-1, from the pendant 

amine group. For comparison, literature values for the K2[VO(O2)NTA] complex are 

assigned as: νasym(COO) 1665 1620 cm-1, νsym(COO) 1403 1380 cm-1, ν(V=O) 945  

cm-1, ν(O-O) 928 cm-1, and ν(V-Operoxo) 580 cm-1.102 

 While MS analysis of vanadium complexes is not yet widespread, the results 

above indicate the suitability of this technique. The topmost signal in Figure 3.8 is the 

UV-Vis trace at a detection wavelength of 250 nm, the middle signal is the MS 

detector trace running in negative mode. 
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Figure 3.8. The 51V NMR spectrum of 18. The spectrum was acquired in D2O and 

was referenced to an external sealed capillary of neat VOCl3. The FWHM for the peak 

is approximately 1,600 Hz. 
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Figure 3.9. An overlay of the IR spectra for both the free ligand 16 and the complex 

18 is presented above. 
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 LC-MS analysis was performed on 18 and the results are presented in Figure 3.10. 

The detector was set to negative mode with electrospray ionization, and the extracted 

chromatograms show one peak at m/z 359.1 and the calculated value for 18 [M-K+] = 

359.1. 

 Bright orange crystals were obtained of 18 by the addition of ethanol to an 

aqueous solution of 18 until turbidity followed by placement at 5 °C for 24-48 hours. 

A sample was sent for X-ray analysis but the solved structure was missing a cation. A 

second sample was sent but the resulting crystals were twinned and not suitable and 

new larger crystals were grown and recently sent out for analysis. The size of the 

crystals can be increased by adding less ethanol, although the time required for crystal 

formation is increased. Until the recently sent samples are analyzed, the original 

structure obtained from Bruker is presented in Figure 3.11. The closest crystal 

structure in literature is that of K2[VO(O2)NTA] 20. A comparison of the two 

structures is presented in Table 3.2 

 A series of recently completed computational studies determined the transition 

state energies of various tripodal amine vanadium complexes and also found a 

correlation between reactivity, O-O bond length, 51V chemical shift, LMCT 

wavelength, and ν(O-O).95,142 Their findings that the vanadium complex with HEDIA, 

19, has the lowest computed transition state activation energy at 8.0 kcal mol-1 confirm 

the earlier experimental work showing 19 was the most effective vanadium oxidation 

catalyst in terms of rate, turnover and selectivity.93,95,141 A summary of the relevant 

values for complexes 18, 19, and 20 is given below in Table 3.2. 
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Figure 3.10. The UV-Vis, MS signal, and averaged chromatogram from the LC-MS 

analysis of 18. 
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Figure 3.11. The incompletely solved crystal structure of 18. To be updated when the 

re-analyzed data arrives.  
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Table 3.2. A summary of the calculated and experimental results for analysis of the 

peroxide bond in vanadium catalysts. 

Compound 

Oxidatio

n rate k 

(M-1 s-1)a 

Ea 

(kcal 

mol-1)b 

LMCT 

(nm)c 

51V 

(ppm)d 

ν(O-O) 

(cm-1) 

O-O 

Bond 

Length 

(Å) 

K[VO(O2)HEIDA] 

(19) Calculated95,142  7.9 

422 

416 -585 963 1.421 

K[VO(O2)HEIDA] 

(19) Experimental92 280 ± 40  

429 

(330) -565 920 1.432 

K2[VO(O2)NTA] 

(20) Calculated95,142  10.7 463    
K2[VO(O2)NTA] 

(20) Experimental92 170 ± 30  

428 

(350) -544 928 1.433 

K[VO(O2)LYSNTA] 

(18) Experimental   

427 

(300) -558 909 1.438 
a Rates are for oxidative bromination, a common use for vanadium catalysts.92 
b Calculated activation energy of the transition state.95 
c When available, extinction coefficients are given in parenthesis (L mol-1 cm-1). 
d All experimental values were obtained in D2O and referenced to VOCl3. 
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3.3.3 Synthesis and Characterization of a polymer supported catalyst (21). 

 Synthesis of the polymer supported catalyst was performed following Scheme 3.2 

using 1% Cross-Linked Merrifield’s Peptide Resin, which is a chloromethylated 

polystyrene. Each bead is approximately 100 μm in diameter. The beads became a 

light orange color after the reaction. The grafting of vanadium complexes onto this 

type of polymer support has been reported several times, although the previous 

instances used Schiff base type ligands which are known to be inferior to tripodal 

amine ligands.108,110,143-145 In all reported cases, elemental analysis and TGA were used 

to characterize the product. These analytical techniques are not available, but EDX 

could be used to show the presence of vanadium. While this might appear as an 

inferior analytical technique, the synthesis of 21 was undertaken as a proof of concept 

towards possible applications of the catalyst 18. The resulting SEM and EDX results 

are presented in Figure 3.12. 

 The results from the SEM imaging show the beads were not destroyed during the 

synthesis and the EDX results show the presence of vanadium. The resin beads will be 

used for future catalytic studies. Additional proof of functionalization comes from 

visual observation. The color of the polymer beads changes from light beige to olive 

during the reaction. When the olive colored 21 is added to a catalysis reaction, the 

color of the beads changes to bright orange after the addition of H2O2 and acid. The 

observations suggest that during capping, the vanadium centers might have undergone  

a partial reduction. The color change back to orange when under catalytic conditions, 

is indicative of the VVO(O2)
+ core, a color change that would not occur unless 18 were 
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Figure 3.12. The EDX spectrum and capture area of the polymer supported catalyst 

21.  
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grafted onto the surface of the polymer beads. 

3.3.4 Synthesis and analysis of vanadium capped AuNPs (23). 

  The first attempt at synthesizing gold nanoparticles following the Turkevich 

method succeeded, but after spin concentrating the sample through a 50,000 MWCO 

filter and diluting back with water, only a small amount of concentrated AuNP 

solution was obtained.  The following attempt used a higher concentration of gold 

stock solution, but this caused aggregation during the synthesis.  A literature search 

was performed, and an improved method was identified. 

 The method published by Li et al. uses NaOH and is performed at 85 °C, 

which resulted in 20 mL of citrate stabilized gold nanoparticles requiring a 10x 

dilution to obtain an optical density of ~1.146 This method was then followed 

successfully and the gold nanoparticles were spin concentrated using a 50,000 MWCO 

filter and diluted to 10 mL using 18 MΩ water. 

 Once AuNPs were obtained, the next step was to perform reaction (i) from 

Scheme 3.6 to obtain the thiol functionalized LYS-NTA 22. The literature procedure 

calls for dissolving 16 into DI water, and then adding NaHCO3 followed by               

4-butyrothiolactone. The reaction is then heated for 15 h at 72 °C, then cooled and 

acidified to pH 3 with acetic acid, then concentrated under reduced pressure to give 22 

as a pale orange paste. This was then crystallized from absolute ethanol as a light 

beige hydroscopic solid.130  

 This reaction was unsuccessfully attempted several times. An orange paste was 

never obtained after reduction of the reaction and NMR analysis of the isolated 



 
108 

product indicated a mixture of products based on non-consistent integration values. An 

LC-MS was then run in order to determine what the products were and the results are 

presented in Figure 3.13. The results indicate there are several species present and 

poor separation was achieved on the column. The main peak at 363.2 m/z corresponds 

to 22 with a calculated [M-H]- = 363.1. The peak at 261.1 m/z corresponds to 16 

which has a calculated [M-H]- = 261.1 and the remaining two peaks are unassigned. 

 The results suggest that although 22 was successfully made, there were minor 

impurities that prevented successful work-up. The structure of 22 contains three 

carboxylic acid groups, one basic tertiary amine, and a thiol that is prone to oxidation. 

The presence of the three carboxylic acid groups in particular make purification 

difficult as normal column chromatography will not work. In order to overcome this 

obstacle, a modification was made to the reaction, and the changes are presented in 

Scheme 3.7. Reaction (ii) from Scheme 3.6 was removed, and the synthesis of 23 was 

carried out in one step without isolation of 22. Instead of performing the work-up on 

reaction (i), an aliquot of the reaction solution was added to a concentrated solution of 

citrate stabilized AuNPs and allowed to coordinate on the surface for 24 hours. Then, 

an aqueous solution of KVO3 is added to allow the vanadium to chelate into the 

available NTA groups. After 3 hours, work up is performed by spin filtering the 

solution three times through a 50,000 MWCO filter, each time washing with of 18 MΩ 

water. After the first filtration, the filtrate tested negative for the presence of vanadium 

ions. The concentrated nanoparticle solution was then diluted using pH 7.75 MOPS 

buffer for storage.  
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Figure 3.13. The LC-MS results of the crude reaction to synthesize 22. The topmost 

signal is the UV-Vis trace at 250 nm, the middle signal is the MS detector trace in 

negative detection mode with ES+APCI ionization, and the bottom signal is the 

extracted chromatogram averaged over the single peak.  
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Scheme 3.6. i) NaHCO3, H2O 72 °C 15 h 70%; ii) crude product added to 10 

nm AuNPs, pH 7.75 MOPS buffer water 25 °C 3 h; iii) KVO3. 
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3.3.5 Characterization and analysis of vanadium capped AuNPs (23). 

 The first analysis that was performed was UV-Vis spectroscopy comparing the 

citrate stabilized gold nanoparticles with 23. The results are presented as an overlay in 

Figure 3.14. The surface plasmon band is located at 518 nm for the citrate stabilized 

AuNPs and at 522 nm in the vanadium capped AuNPs. The 4 nm shift in the location 

of the surface plasmon band is within the range of expected values for the formation of 

a thiol monolayer on the surface.147 The lack of a significant red-shift suggests 

stability as aggregation of AuNP solutions results in a red-shift and eventual 

disappearance of the plasmon band. Although the size of the gold nanoparticles can be 

estimated from the UV-Vis spectrum, TEM imaging is the most accurate method to 

determine particle size.148 The TEM images are presented in Figure 3.15. Direct 

measurements were performed on at least 65 nanoparticles from the TEM images and 

the results indicate a diameter of 18.85 ± 0.16 nm and 19.45 ± 0.13 nm for the citrate 

stabilized AuNPs and 23 respectively. The TEM images also confirm the visual 

observations on the lack of aggregation for 23.  

 One additional analysis was performed to determine the size and charge of the 

AuNPs and the results from DLS analysis are presented in Figure 3.16. The DLS data 

gives diameters of 18.9 nm for citrate stabilized AuNPs and 62.1 nm for 23. The large 

value obtained for 23 is due to the fact that DLS measures the hydrodynamic diameter 

of the particles as opposed to their physical diameter. The Zeta Potential for the 

vanadium capped gold nanoparticles is -54.7 mV, and the large negative value is 

consistent with gold nanoparticles capped with a negatively charged species such 
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Figure 3.14. UV-Vis spectra of both citrate and vanadium capped gold nanoparticles 

23.  
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Vanadium capped AuNPs 23 

Figure 3.15.  TEM images of the vanadium functionalized gold nanoaparticles.  
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Figure 3.16. The size histograms from DLS analysis are presented above as well as 

the Zeta Potential for 23.  
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as the vanadium ligand and also indicative of their stability towards aggregation. The 

results of the various size analyses for 23 and citrate stabilized AuNPs are summarized 

below in Table 3.3 

 Confirming that the intended complex is present on the surface of an AuNP is not 

trivial and almost all analytical techniques require indirect methods of analysis. The 

most accurate method is a quantitative metal analysis performed using either 

inductively charged plasma ionization, followed by an spectroscopic analysis. Samples 

were sent to collaborators in France for ICP-AES and the results were 0.332 ppm for 

vanadium and 246.7 ppm for gold. In order to estimate the total number of vanadium 

atoms per gold nanoparticle the equations 9-12 were used. The sample size was 1 mL 

with an optical density of 1.0 at 450 nm and it is assumed that 1 mL of solution is 

equal to 1 g.  

 Nsolution = Na((ppm*10-6)/atomic weight)  (9) 

 Ngold atoms per NP = Rnanoparticle
3/rgold atom

3    (10) 

 Ngold atoms on surface = 4(Ngold atoms per NP
2/3)   (11) 

 Ngold nanoparticles = Na((A450/ε)/1000)    (12) 

First, the number of atoms in 1 mL of solution was calculated by converting ppm to 

g/mL and then dividing by the atomic weight to obtain the number of moles of that 

atom. Multiplying by Avogadro’s number then yields the number of atoms in solution. 

The total number of gold atoms per nanoparticle and the number of surface gold atoms 

was calculated using the Spherical Cluster Approximation method with the given 

value of 0.144 nm for the radius of a gold atom.149 Lastly, the number of gold  
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Table 3.3. A comparison of the methods used for analysis of AuNPs capped 

with [VO(O)2HSC4-LYSNTA] (23). 

Sample 

Size from 

TEM 

(nm) 

Size from 

DLS (nm) 

Size from UV-Vis 

(nm)a 

Citrate 

Stabilized 

AuNPs 18.85 18.9 16.0 

Vanadium 

Capped AuNPs 

23 19.45 62.1 13.5 
  .      a Calculated using the equation from Haiss based on Aspr/A450.
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nanoparticles in 1 mL of solution was determined using the published extinction 

coefficient for 19 nm diameter gold nanoparticles and then multiplying by Avogadro’s 

number.148 The ICP-AES results indicate that in 1 mL there are a total of 3.943 x 1015 

vanadium atoms and 7.545 x 1017 gold atoms. The Spherical Cluster Approximation 

gives 287,133 gold atoms per 19 nm diameter nanoparticle. Dividing the total number 

of gold atoms by the number of gold atoms per nanoparticle gives 2.628 x 1012 

nanoparticles present. The total number of vanadium atoms divided by the total 

number of nanoparticles gives a value of 3,630 vanadium ions per nanoparticle. Using 

equation (6), a total of 17,409 gold surface atoms are present on each nanoparticle. 

Assuming each gold atom is capable of bonding to one thiol, this represents a 20.8% 

loading efficiency. This represents a lower limit as the real value is likely much higher 

as due to steric constraints, it is not likely that each gold atom is capable of bonding to 

exactly one thiol. For verification, the theoretical number of gold nanoparticles in 1 

mL of solution was calculated using the extinction coefficient given by Haiss.148 This 

results in 1.310 x 1012 nanoparticles, compared to 2.628 x 1012 nanoparticles based on 

the ICP-AES results. Even though there is an approximately 50% difference between 

the two values, they can be interpreted as consistent as the theoretical calculation uses 

the extinction coefficient for citrate stabilized gold nanoparticles, and the extinction 

coefficient is expected to change for a different nanoparticle system.148   

 In order to confirm the presence of vanadium EDX analysis was performed. The 

resulting X-ray emission spectrum of 23 is presented in Figure 3.17. The sample was 

prepared as a  



 
118 

 

 

 

 

 

Figure 3.17. The EDX spectrum of vanadium capped gold nanoparticles 23.  
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film by repeated evaporation of 20 μL volumes of a concentrated aqueous of 23. 

Although using EDX analysis for quantitative analysis is notoriously difficult, it is a 

useful tool for qualitative results. The small peak at approximately 5 KeV signifies the 

presence of vanadium in the sample. This represents the first time a vanadium 

complex has been attached to a gold nanoparticle support. A versatile one-pot 

approach was chosen for the synthesis of 23, and if necessary, the procedure can be 

modified in order to insert other metals.  

3.3.6 Catalytic oxidation of thioanisole 

   Before being tested for the degradation of a chemical weapon analog, the 

compounds will be tested for the oxidation of thioanisole. The oxidation of thioanisole 

is a common test used to screen compounds for sulfide oxidation since the reaction 

can be monitored using UV-Vis. This is the protocol that was used to establish the 

superiority of 19 and will allow a direct comparison with the new catalysts.93 The 

reaction takes place in acetonitrile under the following conditions: 1:100:2:1 for 

catalyst, oxidant, substrate, and acid. The above ratios were optimized in a previous 

study and by varying the proportion of substrate, kinetic data can be obtained.93 The 

reaction is followed at 290 nm, as there is a difference Δε = -0.44 mM-1 cm-1 between 

the sulfide and the sulfoxide product. It has also already been determined through 

several studies that under ideal conditions, these reactions follow first a first order rate 

law for sulfide oxidation which was reported as equation 13 below.93 

     rate = k[substrate]     (13) 

While the rate law for halide oxidation was reported as equation 14 below.92 
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    rate = k[substrate][oxidizing species]   (14) 

The difference in the rate laws is due to the experimental set up. The rate law for 

sulfide oxidation was performed with a 100x excess of hydrogen peroxide so that 

formation of the oxidizing species occurs more rapidly than oxidation of the substrate. 

The rate law for bromide oxidation was calculated without addition of any extra 

hydrogen peroxide and this explains why the extra term is required in equation (9).  

Figure 3.18 contains an example of the raw catalysis data. Common practice is to fit 

the data to the integrated rate law for first order reactions which is equal to ln[A] = 

ln[A0] – kt.  It is also possible to fit the raw data to [A] = [A0] e
-kt.   Following 

literature procedure, the spectrum of the activated complex without substrate was 

subtracted from the sample spectra.93  The data was then fit to the integrated rate law 

and the graph is presented below Figure 3.19.  

 When creating the graphs to obtain k, only the initial rates of the absorbance trace 

are used in order to obtain a linear correlation. The results are summarized in Table 

3.4. The results show the same trend in data which is seen for sulfide and bromide 

oxidation using tripodal amine based vanadium catalysts where the HEDIA complex 

19 performs the best followed by the NTA complex 20. Compared to 20, the value of 

k for 18 is lower. This could be due to the difficulty in dissolving 18 into acetonitrile, 

which can be a source of error. The polymer supported catalyst 21 was also tested 

although this required centrifugation prior to analysis which can be a source of error. 

 The vanadium capped AuNPs, 23 were unable to be used for the catalysis 

experiments as they were found to be incompatible with the non-aqueous conditions.  
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Figure 3.18. The UV-Vis time trace for thioanisole oxidation by 18.  
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Figure 3.19. The data is fitted to the integrated first order rate law and a linear 

regression was performed.  
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Table 3.4. Kinetic parameters obtained for oxidation the oxidation of thioanisole. 

Catalyst k (s-1)  
Calculated half-

life (min) 

K[VO(O2)HEIDA] (19) 

Experimental 
(2.40 ± 0.31) x 10-3 4.8  

K[VO(O2)HEIDA] (19) 

Literature 
(2.00 ± 0.29) x 10-3 4.2a 

K2[VO(O2)NTA] (20)     (1.53 ± 0.24) x 10-3 7.6  

K[VO(O2)LYSNTA] (18) (1.27 ± 0.27) x 10-3 9.1 

Resin supported catalyst (21) (1.01 ± 0.09) x 10-4   110 
            a The literature value for the reaction half-life was obtained from the graph, not  

           calculated using k.  
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This is likely due to their high negative charge as revealed by zeta potential 

measurements to be -54.7 mV. When adding 23 to the catalysis solution, they 

immediately aggregate and fall out of solution as a fine black powder. Attempts to 

stabilize 23 in organic solvents by the addition of a surfactant such as 

cetyltrimethylammonium bromide were also unsuccessful. Unfortunately, the catalytic 

cycle is dependent upon the protonation of the bound peroxide group as the rate 

limiting step for sulfide oxidation.93 In acetonitrile, the pKa of the bound peroxide is 

estimated to be approximately 6.8. This is also near the pKa of hydrogen peroxide in 

acetonitrile which is why the equivalents of oxidant must be in at least a 25:1 ratio 

with the catalyst so that the active species formation is faster than the oxidation 

reaction.93  For the same reason, the presence of water in the reaction acts as a buffer 

and prevents formation of the active species. An attempt was made at grafting 23 onto 

TiO2 nanoparticles, but TiO2 is itself a catalyst for sulfide degradation, and the control 

experiments did not produce the desired sulfoxide product so the approach was 

abandoned.  

3.3.7 Degradation of the chemical weapon analog 2-CEES. 

 The degradation of 2-CEES was monitored using GC-MS in order to obtain kinetic 

data and to identify degradation products. First a calibration curve for 2-CEES was 

made and analyzed. Since the instrument is not equipped with an autosampler, error 

introduced from different injection amounts can be significant. In order to increase the 

precision per injection, an internal standard was used and a Hamilton Chaney adapter 

was purchased and attached to the injection syringe. The Chaney adapter allows the 
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user to set a repeatable injection volume, and a photograph of the system is presented 

below in Figure 3.20. The Chaney adapter allows a collar with a set screw to be used 

to limit the travel of the plunger. After filling past the required volume, a button is 

depressed which creates a physical stop for the plunger and after depressing the 

plunger to the stop, the same volume of solution is inside the syringe for each 

injection. Releasing the button then allows the plunger to be freely move and the 

sample volume can be injected into the instrument.  

 Mesitylene was chosen as an internal standard because its elution time appears 

near the peak for 2-CEES and also because it inert towards any of the species present. 

As opposed to a normal quantitative method where concentration is calculated based 

on the integrated area of a curve, when using an internal standard the ratio of the 

internal standard and analyte peak ratios is used to calculate the concentration. This 

approach also helps increase precision between injections if there is variability in the 

volume injected. A method was developed to provide separation between the target 

peaks, while also having a short total run time in order to obtain shorter time periods 

between data points. This involved adjusting the gas flow for the split injection, the 

temperatures of the injection port and oven, the carrier gas flow rate, and the 

temperature ramp. An example of a chromatogram obtained using the developed 

method is presented in Figure 3.21. Figure 3.21 shows a chromatogram obtained 

during method development. The first peak to elute at 5.02 minutes is 2-CEES and its 

mass spectrum is given below in Figure 3.22. The second peak at 5.92 minutes is the 

peak for the internal standard, mesitylene. Using the developed method, the calibration 
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Figure 3.20. A photograph of a Chaney adapter used to increase the precision of the 

injection volume.  
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Figure 3.21. A GC-MS chromatogram showing the 2-CEES and the mesitylene. 
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Figure 3.22. The extracted mass spectrum of 2-CEES is presented.  
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curve in Figure 3.23 was obtained. The resulting calibration curve in Figure 3.23 is 

suitable for quantitative analysis. The R2 value is close to 1 which indicates a good 

degree of linearity between the data points. During a catalysis trial, the concentration 

of 2-CEES can be obtained by integrating the peaks for 2-CEES and mesitylene and 

obtaining the ratio. The ratio is then inserted into the linear regression from Figure 

3.23 and the concentration of 2-CEES can be calculated.  

 The catalysis method used was similar to the method used for the UV-Vis 

experiments with thioanisole. The measurement intervals used were limited by the 

length of the GC-MS method, the time required for temperature equilibrium and 

method initialization. Under the best circumstances, an injection could be performed 

approximately every 10 minutes, although longer runs were necessary to ascertain the 

identity of the products. As a control, an experiment was run without catalyst, there 

was less than 2 ppm change in the substrate concentration after 24 hours. The control 

and experimental chromatograms using longer runs and slower ramps to try and 

identify products are presented in Figure 3.24. The control chromatogram, taken after 

24 hours, shows the peak for 2-CEES at 7.71 minutes, and the peak for mesitylene at 

8.89 minutes, while in the completed reaction the substrate peak has disappeared and 

the peak appearing at 16.14 has been assigned as the sulfoxide oxidation product and 

its mass spectrogram is presented in Figure 3.25. The mass chromatogram contains the 

molecular ion peak at 139.87 m/z while the value of [M+H]+ for the sulfoxide 

oxidation product of 2-CEES is 139.62 m/z. In order to obtain kinetic data that could 

be compared to literature values, the same ratio of reactants were used. At specified  
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Figure 3.23. The GC-MS calibration curve for 2-CEES.  
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Figure 3.24. GC-MS chromatograms showing degradation of 2-CEES. 
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Figure 3.25. The mass chromatogram of the product peak, 2-chloroethyl ethyl 

sulfoxide. 
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intervals, the reaction was centrifuged if necessary, and an aliquot was injected for 

analysis. The substrate concentration was then plotted against reaction time to obtain 

graphs similar to the one presented below in Figure 3.26. Figure 3.26 represents the 

types of curves obtained during the course of the catalysis experiments. The graph was 

obtained using a 0.01% ratio of catalyst 18 to substrate in order to ascertain the 

turnover number, which is at least 100 over 2 hours. When the ratio of catalyst to 

substrate was adjusted to 1:2 for the kinetic experiments, the substrate had normally 

been consumed by the third data point. Therefore, kinetic data was obtained directly 

from the graphs as opposed to fitting the data to the integrated rate law. Time values 

were converted to seconds and then the data was fitted to the exponential decay 

function y = a*e-kt using PSI-PLOT and the resulting 95% confidence error values 

were obtained. The data is summarized in Table 3.5 and the half-life values were 

calculated using the exponential decay function. Table 3.5 presents the kinetic values 

for 2-CEES oxidation. No kinetic data could be obtained for complex 19 as the 

substrate had been consumed prior to the second sampling interval. No over-oxidation 

to the sulfone was seen for any of the catalysts tested. 

 The results are consistent with the order of reactivity given for bromide oxidation 

that shows complex 19 as the most effective catalyst followed by 20. An additional 

comparison can be made to the results presented in Table 3.4 for the oxidation of 

thioanisole which are slightly lower than those for 2-CEES. There are several possible 

explanations for the discrepancy between the rates obtained for the oxidation of 

thioanisole and 2-CEES. The first problem when comparing values is that they were 
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 Figure 3.26. Graph of [2CEES] versus time. 
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Table 3.5. A summary of the kinetic parameters obtained for the oxidation of 

  2-CEES. 

Catalyst k (s-1) 

Calculated half- 

life (min) 

K[VO(O2)HEIDA] (19)a - <2 

K2[VO(O2)NTA] (20) (8.08 ± 0.01) x 10-2 2.9 

K[VO(O2)LYSNTA] 

(18) (1.58 ± 0.31) x 10-3 6.9  

Resin supported catalyst 

(21) (1.34 ± 0.14)  10-4 97  
             a The sampling intervals were not short enough to obtain enough data. 
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obtained using different analytical methods. GC-MS is considered a more accurate 

technique, although in this case UV-Vis was able to gather data at smaller intervals. It 

has already been reported using 19, that phenyl ethyl sulfide reacts slower as a 

substrate than thioanisole, implying steric effects contribute to k.93 Another factor 

could involve the structure of the substrate 2-CEES which contains the electronegative 

chlorine atom which could show electrostatic attraction to the positively charged 

protonated peroxo group of the activated species. 

3.4 Conclusion 

 Vanadium(V) complexes with tripodal amine ligands are the most effective 

vanadium complexes known for the halide and sulfide oxidation. A vanadium(V) 

complex containing a tripodal amine head and a pendant amine tail was synthesized, 

allowing this complex to be attached to solid supports. The ligand 16 was prepared in 

a two-step reaction starting from carboxybenzoyl protected L-lysine following 

literature methods. Vanadium chelation was performed following the published 

methods for the synthesis of other vanadium complexes with tripodal amine ligands in 

order to obtain 18. Full characterization was performed including 1H, 13C, and 51V 

NMR spectroscopy, IR spectroscopy, UV-Vis, LC-MS, X-ray diffraction and 

elemental analysis.   

 Complex 18 was successfully attached to the surface of 19.5 nm diameter gold 23, 

which is the first example of a vanadium functionalized gold nanoparticle. These were 

analyzed using UV-Vis, DLS, TEM, EDX, and ICP-AES for characterization. 

Additionally, 18 was attached to a polymer support via nucleophilic attack of the 
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pendant amine to chloromethylated polystyrene groups. EDX confirmed the presence 

of vanadium, and the beads display the expected color change to orange when exposed 

to acid and hydrogen peroxide indicating the formation of the vanadium active 

species. Additionally, two tripodal amine catalysts from literature were prepared and 

the catalysts were tested first for thioanisole oxidation and then for oxidation of the 

chemical weapon analog 2-CEES.  

 The results from the catalytic experiments indicate that the addition of the pendant 

tail to the NTA moiety does not inhibit catalysis although the rate constants were 

slightly diminished. Complex 18 had rate constant and reaction half-life values 

slightly lower than the NTA complex 20. The polymer supported catalyst 21, had rate 

constants approximately an order of magnitude lower than the homogenous free 

catalyst. A direct comparison between the resin supported catalyst 21 and the free 

catalyst 18 is not possible as the amount of catalyst present on the polymer support 

cannot be quantified without elemental analysis or ICP-MS. The vanadium capped 

AuNPs, 23, were unable to be used for catalysis, as all attempts to solvate them in 

acetonitrile resulted in aggregation.  

 Although the vanadium capped AuNPs, 23, were unable to be used for catalysis, 

the procedure used allows other metals to be chelated to the surface, and thus has a 

wide scope of application. Furthermore the system may be suitable for other 

applications other than catalysis. The results for the free and polymer supported 

complex indicate a potential for real-world application either in organic synthesis for 

oxidation reactions, or as a decontaminant for sulfur mustard.  
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3.5 Experimental Section 

3.4.1 General Data 

 All reactions were conducted under atmospheric conditions. IR spectra were 

recorded on a Nicolet iS5 ATR-IR spectrometer. UV-Vis spectra were recorded on a 

Hewlett Packard 8453 diode array UV-Vis spectrometer equipped with an 8-cell cuvette 

holder and thermostatted at 25 °C. Spectra were collected over the range 190-1100 nm, 

in 1 cm path length quartz cuvettes.  All 1H, 13C, and 51V spectra were recorded on a 

Bruker Avance 400 MHz NMR spectrometer and were referenced to either internal 

tetramethylsilane or trimethylsilyl propanoic acid (TSP) or to external neat VOCl3 

which was sealed in a capillary tube. Elemental analysis was performed by Atlantic 

Microlab, Norcross, GA.  The separations for the LC-MS analyses were run on an 

Agilent 1260 chromatography module using a 3.0 x 50 mm 2.7 micron Poroshell 120 

EC-C18 column. An Agilent 6120 quadropole mass spectrometer using simultaneous 

APCI and ESI multimode ion sources were used as the detectors operating in the 

negative or positive detection mode.  The eluent gradients were isocratic and used 5% 

HPLC grade methanol and 95% HPLC grade deionized water.  Spray chamber settings 

used were 5 L/min dyring gas, 40 psi nebulizer pressure, 250 °C drying gas temperature, 

and a vaporizer temperature of 275 °C. The capillary settings used were charging 

voltage 2000 V, corona current 1-2 μA, and capillary voltage 2000 V. Samples for TEM 

were prepared by adding 5 μL of nanoparticle solution of Ted Pella 200 mesh Formvar 

coated copper grids and drying overnight under ambient conditions.  TEM images were 

obtained using a Zeiss EM900 Transmission Electron Microscope with a beam power 
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of 80 kV. Particle diameter size was measured using the Zeiss instrument software. 

Energy-Dispersive X-Ray Spectroscopy data was collected using a JEOL SEM Model 

JSM-6380LV and an EDX EDS detector with a -750V detector bias and a 4.4 cm 

detector to centerline distance. EDX spectra were recorded with a SUTW-Sapphire 

detector using a 15 kV beam giving a resolution of 131.11 eV and a take-off angle of 

36.03°.  DLS data was collected on Horiba SZ-100 nanoparticle analyzer and Zeta 

Potential measurements were done using Horiba measurement cells with carbon 

electrodes. X-ray diffraction analysis was performed by Dr. Jeffery Deschamps at the 

Naval Research Laboratory in Washington, DC. ICP-AES analysis was performed by 

Dr. Clémence Queffelec at the Université de Nantes 

Chemicals 

     Solvents were used as received: absolute ethanol (Acros), 1-butanol (Acros), DMF 

(Acros), n-heptane (Fisher), methanol (Acros), D2O and DMSO-d6 (Cambridge 

Isotope Labs). Water was purified using a Millipore Direct-Q purification system. 

Reagents were obtained as follows and used without further purification: potassium 

hydroxide pellets (Fischer), gold(III) chloride trihydrate (Sigma Aldrich), sodium 

citrate dehydrate (Sigma Aldrich), sodium hydroxide micropearls (Acros), Cbz-Lysine 

(Chem-Impex), bromoacetic acid (Sigma), 2-chloroethyl ethyl sulfide 98% (Sigma 

Aldrich), mesitylene (Sigma Aldrich), γ-thiobutyrolactone (Sigma Aldrich), N-(2-

hydroxyethyl)iminodiacetic acid (TCI), potassium metavanadate (Alfa Aesar), 

thioanisole 99% (Acros), hydrogen peroxide 30% in water (Fisher), nitrilotriacetic 

acid (Alfa Aesar), trifluoromethane sulfonic acid (Sigma), Merrifield’s Peptide Resin 
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1% cross-linked, 2-2.5 MEQ Cl/G, 200-400 mesh (Acros), palladium on activated 

carbon 5% (Acros). Compounds 16, 17, 19, and 20, were synthesized according to 

literature procedures.93,103 Citrate stabilized 19.5 diameter gold nanoparticles were 

synthesized according to a literature procedure.146  

 Kinetics 

 All reactions were performed in acetonitrile. Dissolution of the catalysts required 

the addition of 2 equivalents of 18-crown-6 per potassium atom.92 Aliquots of stock 

solutions were added to a quartz cuvette in the following order: catalyst, H2O2, 

substrate, and acid. The concentration of the hydrogen peroxide solution was 

determined using permanganometric titration.93  

 For the oxidation of thioanisole reactions were performed in thermostated quartz 

cuvettes at 25 °C with 1 cm pathlength. UV-Vis spectra were recorded on a Hewlett 

Packard 8453 diode array UV-Vis spectrometer equipped with an 8-cell cuvette 

holder. Reactions were brought to a final volume of 3000 μL, and the absorbance was 

monitored at 290 nm, with data collection at 30 second intervals. Background 

subtraction was performed using the values between 700 and 750 nm and the rate of 

formation of the activated complex was subtracted from the rates of the reactions. The 

initial 6 minutes of the reaction data was fitted to the equation ln[A] = ln[A0] – kt 

using Excel. The values obtained at different vanadium:substrate ratios were averaged 

to obtained k and the uncertainty was calculated by dividing the standard deviation by 

the square root of the sample size. 
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 Reactions for the oxidation of 2-CEES were monitored using GC/MS. Analyses 

were performed on a Perkin Elmer Clarus 500 GC attached to a Clarus 560D Mass 

Spectrometer. The GC was equipped with a HP-5 (5 %)-diphenyl-(95 %)-

dimethylpolysiloxane capillary column (30 m, 0.25 mm). At timed intervals, 50 μL of 

the reaction was added to 940 μL of heptane and 10 μL of the internal standard stock 

solution. A 10 μL syringe equipped with a Chaney Adapter was used to manually 

inject 2 μL of the heptane solution. The inlet temperature was set to 250 °C and the 

source temperature was 275 °C. The injection port was kept at 250 °C and the split 

injection ratio was set to 30:1. The oven was set to an initial temperature of 70 °C 

which was held for 2 minutes, and then ramped at a rate of 5 °C/min for 6 minutes and 

then held at 100 °C for the remainder of the run. The method was developed to keep 

the runs as short as possible to minimize the time between sampling intervals, but 

longer runs were used once the reaction was complete to identify the oxidation 

products. Kinetic parameters were obtained from a plot of substrate concentration 

versus time. Since only several data points were able to be obtained before the reaction 

was complete, the values of k were determined not determined using the integrated 

first order rate law. The data of [2-CEES] versus time was fit to the equation to [A] = 

[A0]e
-kt using the software PSI-Plot in order to obtain the values for k as well as the 

95% standard errors.  

3.4.3. Synthetic Details 

Potassium(+1) triaqua Nα,Nα-bis(iminodiacetate)-L-lysine-oxoperoxidovandate(-

1) K[VO(O2)LYSNTA] x 3H2O (18). 
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To a 25 mL round-bottom flask with a small Teflon covered magnetic stir bar was added 

10 mL of DI water followed by 0.1171 g of KVO3  (0.8483 mmol). To this suspension 

was added a solution of 0.2120 g of 16 (0.8084 mmol), which had been dissolved in 5 

mL DI water with the addition of 0.1294 g of KOH (2.306 mmol). After several minutes 

of stirring, this resulted in a yellow solution. This was then cooled in an ice bath, and 

1.25 mL of 30% H2O2 was added to the reaction resulting in a deepening of the yellow 

color. 1.2 M HCl was then added dropwise while stirring which resulted in a color 

change from orange to red. Addition was stopped when the solution was acidic to methyl 

red indicator strips, ~ pH 4. The solution was allowed to stir for 20 minutes, then brought 

to room temperature. 95% ethanol was added dropwise until the first signs of turbidity, 

then placed in the fridge at 5 °C for 24-72 hours. The deposited orange crystals were 

filtered through a coarse Fritted funnel, washed with 95% ethanol (2 x 20 mL), and air 

dried.  Yield = 0.2011 g (55%).Anal. Calcd. for C10H22KN2O12V: C, 26.55; H, 4.90; N, 

6.19. Found: C, 26.78; H, 4.82; N, 6.22. IR (ATR): ν(NH3), 3941 cm-1; νasym(COO), 

1626, 1585 cm-1; νsym(COO), 1404, 1375 cm-1; ν(V=O), 942 cm-1; ν(O-O), 909 cm-1; 

and ν(V-Operoxo), 558 cm-1. UV-Vis (H2O): 427 nm, 300 L mol-1 cm-1. 51V NMR (400 

MHz; D2O): δ -558 ppm. 1H NMR (400 MHz; D2O): δ 4.51-4.46 (m, 2H), 4.02 (t, J = 

7.2 Hz, 2H), 2.13-2.05 (m, 1H), 1.85-1.72 (m, 4H), 1.63-1.54 (m, 1H). 13C NMR (400 

MHz; D2O): δ 177.8, 177.3, 174.6, 72.8, 64.1, 56.9, 36.5, 24.2, 24.0, 21.4. LC-MS ESI 

(negative ion mode):  found m/z = 359.1, [M-K]- = 359.1. 
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Capping 19.5 nm AuNPs with [VO(O2)LYSNTA]- (23) 

0.5036 g of 16 (1.920 mmol) was added to 10 mL of DI water in a 25 mL flask with a 

micro stir bar. To this was added 0.5255 g of NaHCO3 (6.255 mmol) resulting in 

effervescence. After 3 minutes of stirring, solvation was complete. The solution was 

purged with nitrogen gas for 10 minutes before proceeding. The flask was placed into a 

pre-warmed oil bath held at 78 °C, and 0.3246 g of γ-thiobutyrolactone (3.178 mmol) 

was added via syringe and the flask was sealed with a rubber septum and heated for 72 

hours. The flask was then cooled to room temperature. A 50 μL aliquot of the reaction 

mixture was taken and added to a 20 mL solution of 19.5 diameter citrate stabilized gold 

nanoparticles suspended in 0.02M MOPS Buffer pH = 7.75 (AuNP solution required 10 

fold dilution to obtain O.D. 1 at 450 nm, ~21.74 nM). The nanoparticle solution was 

placed on an orbital shaker and left at 320 RPM for 24 hours. Next, a 10 mM solution 

of KVO3 in DI water was prepared, and 50 uL was added to the nanoparticle solution. 

This was allowed to shake for an additional 3 hours. The nanoparticle solution was then 

was added to a 50,000 MWCO Millipore spin filtration tube and centrifuged at 3,400 

RPM for 15 minutes.  This was repeated three times, with the addition of 25 mL fresh 

DI water each cycle. After the first wash, the filtrate was negative for vanadate ions. 

After the final wash, the resulting concentrate was diluted to 20 mL with 20 mM MOPS 

buffer pH 7.75 for storage at 5 °C. TEM measurements indicate a mean particle diameter 

of 19.5 nm. DLS measurements of the Zeta Potential are -54.7 mV. ICP-AES was used 

to confirm the presence of vanadium, the results indicate a concentration of 246.7 ppm 

Au and 0.332 ppm V.  
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Grafting of [VO(O2)LYSNTA]- on resin beads (21) 

0.5012 g of Merrifield’s Peptide Resin was allowed to swell in 10 mL DMF overnight. 

To this was added 0.6589 g of 18 (1.456 mmol) and 600 μL of triethyl amine. The 

reaction mixture was heated at 50 °C overnight on an oil bath. After 24 hours, the 

reaction was allowed to cool, and the beads were filtered over a medium Fritted funnel 

and washed with warm DMF 2 x 10 mL, and then methanol 2 x 25 mL before being 

allowed to air dry. The olive colored beads were then collected and stored. Yield: 0.4890 

g. A silver chloride precipitation test confirmed the presence of chloride ions in the 

filtrate. The presence of vanadium was confirmed using EDX spectroscopy.  

Oxoperoxidovanadium capped gold nanoparticles (23) 

10 mL of thioctic acid capped gold nanoparticles in 20 mM MOPS buffer pH 7.50 of 

optical density 1.5 were placed in a new wide mouthed glass vial (27.5 mm diameter, 

57 mm tall) with a aqua regia cleaned micro stir bar (3.5 mm diameter, 13 mm long). 

While stirring, 330 μL of 30.51 mM vanadium ligand solution was added (0.01 mmol), 

followed by 50 μL of a 188.83 mM solution of sulfo-NHS (0.0094 mmol), and finally 

33 μL of a 313.51 mM methanolic solution of EDC HCl (0.0103 mmol). The vial was 

then covered with a septa lined screw capped, protected from light and placed on an 

orbital shaker at 4 Hz. After 24 h, the solution was added to a 50,000 MWCO Millipore 

spin filtration tube and centrifuged at 3,400 RPM for 15 minutes.  This was repeated, 

and the resulting concentrate was diluted to 10 mL with 20 mM MOPS buffer pH 7.50 
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Chapter 4 

SUMMARY 

 Work was performed on two different projects, both geared towards the 

degradation of chemical weapons. Due to the structural similarities between vanadates 

and phosphates, a vanadium based transition state mimic was synthesized in order to 

elicit catalytic antibodies capable of hydrolyzing organophosphate esters. A ONS 

tridentate vanadium(V) complex was synthesized containing a nitrated aromatic group 

similar to VX, and a benzyl protected thiol group (15). This new complex was 

characterized using NMR, UV-Vis, IR, LC-MS, and a crystal structure was obtained.  

 Initial biological testing revealed that the hypothesis that 15 would mimic the 

structure of a nerve agent transition state was confirmed. Surprisingly, 15 also 

revealed potent anti-bacterial properties against a potential biological weapon, and in 

some cases was almost as effective as the control antibiotic. Attempts at deprotection 

of the thiol group failed due to the harsh reaction conditions, and in addition funding 

for project was not approved. In order to consolidate the work with ongoing projects, 

gold nanoparticles functionalized with a vanadium complex were synthesized in order 

to investigate the effect of plasmon resonance on catalysis.  

 Vanadium complexes are known to be very efficient catalysts for the oxidation 

of sulfide, are stable, and avoid over-oxidation to the sulfone. These are all important 

properties for the degradation of the chemical weapon sulfur mustard as the sulfoxide 

product is no longer a vesicant, while the sulfone product is toxic. The best vanadium 

catalysts for sulfide and halide oxidation have tripodal amine ligands such as 
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K[VO(O2)HEIDA] 19 and K2[VO(O2)NTA] 20. Lysine-NTA 16 was chosen as a 

target ligand since it contains a tripodal amine head and a pendant amine tail available 

for functionalization. The LYSNTA ligand 16 was synthesized in two steps starting 

from Cbz-L-lysine. The vanadium complex K[VO(O2)LYSNTA] 18 was then made 

and fully characterized. Taking advantage of the pendant amine group, 

chloromethylated polystyrene resin beads were functionalized with 16. This was 

followed by vanadium chelation yielding the polymer anchored [VO(O2)LYSNTA] 

catalyst 21.  

 In order to obtain gold nanoparticles functionalized with the 

[VO(O2)LYSNTA] catalyst 23, a thiol terminated analog of 16 was needed. First, 

citrate stabilized 19.5 nm diameter gold nanoparticles were synthesized and analyzed 

using TEM, UV-Vis, and DLS. Initial attempts to synthesize 22, the thiol 

functionalized analog of 16, were successful but the product could not be isolated 

from the reaction. A one-pot synthesis of 23 was then successfully undertaken. The 

presence of vanadium was confirmed using ICP-AES and it was determined there 

approximately 3,600 vanadium atoms per gold nanoparticle. Unfortunately, the high 

negative surface charge of 23 precluded its use for catalysis, as all attempts to add 23 

to acetonitrile resulted in aggregation. Despite the setback, this represents the first 

instance of gold nanoparticles functionalized with a vanadium complex.  

 The vanadium complex 18, as well as the polymer anchored 21 were used for 

catalytic studies. In addition catalysts 19 and 20 from literature were synthesized for 

comparison. The complexes were first tested for the oxidation of phenyl methyl 
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sulfide which was monitored using UV-Vis spectroscopy. This method was used in 

literature and allowed a comparison to be mad between the new catalysts and existing 

systems. It was determined that the free complex 18 is catalytically active, with kinetic 

parameters close to 19 and 20. The polymer anchored analog 21 was also active, 

although the rate constant was an order of magnitude lower. A direct comparison will 

require further testing to ascertain the amount of catalyst present on the resin. 

 Next, the catalysts were used for the degradation of 2-CEES, a sulfur mustard 

analog which was followed using GC-MS. The tested catalysts were successfully used 

to degrade 2-CEES, and as hypothesized, the only oxidation product was the 

sulfoxide. The rate constant were slightly larger than those obtained for the oxidation 

of thioanisole, with half-lives under 10 minutes.  

 There has been an increasing amount of research performed on the chemistry 

of vanadium oxidation catalysts containing tripodal amine ligands, as well as the 

attachment of vanadium complexes onto polymer beads. Thus, the synthesized catalyst 

18 is likely to have further applications not covered in this project. Furthermore, since 

the ligand is chiral, it is possible that chiral sulfoxidation products may be obtained. 

Lastly, the gold nanoparticles functionalized with a vanadium complex 23 may not be 

able to be used for catalysis in organic solvents, but with the burgeoning interest in the 

biological properties of vanadium complexes, they could have other uses. Finally, the 

developed method allows any metal to be inserted into the well-known NTA chelating 

group, allowing a series of metal functionalized gold nanoparticles to be made.  
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