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Abstract: 

The synthesis of two thioether systems, Methyl 2-(tert-butylthio)-2-methylpropanoate and endo-6-

(Methylthio)bicyclo[2.2.1] heptan-2-one, has been investigated. These systems will be used to help 

develop simple models that elucidate some of the mechanisms by which sulfur oxidation in biological 

systems can occur. 
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Goals: 

The goal of this project is to synthesize and characterize compounds in two, biologically-relevant 

sulfide systems. The final synthetic preparations will be used in electrochemical studies. For both sets of 

experiments, synthetic routes will be taken from the literature. Compound 10 is a new compound, will 

be characterized, and upon purification, used for pulse radiolysis studies with collaborators. Purification 

will be accomplished by column chromatography, recrystallization, and distillation. Characterization will 

consist of melting point, GC-MS, high-resolution mass spectroscopy and 
1
H and 

13
C NMR analysis. Data 

from cyclic voltammetry and pulse radiolysis will be analyzed. 

The following two syntheses will be investigated: 

 

 

 These thioether systems will be used to help develop simple models that elucidate some of the 

mechanisms by which sulfur oxidation in biological systems can occur. 
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Introduction 

Experiment A: Synthetic preparations to study hydroxyl radical adduct stabilization 

         Hydroxyl radicals can react with sulfides to form sulfoxides. From pulse radiolysis studies, it has 

been proposed that the intermediate in this reaction is a short-lived hydroxyl adduct SOH (half-life  < 1 

μs), which quickly converts to a sulfur-radical cation (Bobrowski, 1993). 

The synthesis of methyl 2-(tert-butylthio)-2-methylpropanoate (10) will be performed.  

 

The goal of this synthetic endeavor is to provide a starting material for a complex with a hydroxyl 

radical. Pulse radiolysis will be performed to determine if increased substitution of the sulfide increases 

the stability of the hydroxyl adduct intermediate. In the methyl 2-(tert-butylthio)-2-methylpropanoate 

system, we expect an increase in the stability of the intermediate due to increased substitution around 

the sulfide and intramolecular hydogen bonding to the ester group as shown: 

 

Sulfur Radical Cations 

 Sulfur radical cations are novel and interesting molecules that are neither perfectly described as 

radical nor cationic. These species have been proposed as possible intermediates in biological redox 

reactions. Hence, they are interesting compounds to study and characterize.  This research project aims 

to increase the current knowledge of and developed expanded biological models for sulfur radical 

cations. It is our current goal to synthesize designed substituted sulfides that can facilitate 

understanding of the characteristics and properties of the corresponding sulfur radical cations and 

related species.  
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 It is well known that the one-electron oxidation of sulfides by hydroxyl radicals leads to sulfur 

radical cations. Before time-resolved detection methods became available, the short lifetimes of these 

species made it difficult to unambiguously identify them as possible intermediates. Spectroscopic 

studies confirmed their integral role in the one-electron oxidation process (Bonifacic, 1975). Sulfur 

radical cations derived from sulfides are characterized by the following formula (a): 

 

However, these species are capable of aggregation with other sulfides. This aggregate form of the 

radical cation with its parent sulfide is described by structure (b) in which there is a two center, three 

electron bond between the sulfur atoms: 

 

2c, 3e- Bonds 

 Two center, three electron (2c, 3e) bonds in general are also relevant species to this course of 

study. These bonds are characterized as having two bonding and one antibonding electron between 

Group V-VII elements. These unique bonds typically have one-third to one-half the bond energy of a 

corresponding two electron bond; however, the bond strength is greatly affected by the substituents 

and structural parameters (i.e. sterics) dictated by the molecule. This research project aims to focus on S

S and S O containing compounds as model systems, as these species may have important roles in 

both free radical and redox chemistry in biological contexts (Glass, 1984). 

  



6 

 

Pulse Radiolysis 

 The aforementioned sulfur radical cations and the 2c, 3e-species that often result from them are 

transient in nature, with documented half lives in the microsecond (10
-6

 s) range. Therefore, it is 

necessary that the generation and detection of these species is done on a very fast time scale. It is also 

known that sulfur containing compounds have strong optical absorptions in the near UV and visible 

range (Gobl, 1984). A method that provides this time-resolved process, coupled with spectroscopic 

detection, is pulse radiolysis. 

 

Figure 1: Schematic of Pulse Radiolysis Apparatus. 

 In a typical pulse radiolysis experiment, a high energy beam of electrons is generated from an 

accelerator (i.e. LINAC, Febetron, van de Graaf generator). This incident beam strikes an aqueous 

solution containing the compound to be studied in sub millimolar amounts. The radiation generates 

short-lived ions, radicals and excited states which can be detected and analyzed either by spectroscopy 

or conductivity. This powerful technique has yielded tremendous insight into the nature of sulfur radical 

cations and helped to provide mechanisms for one-electron oxidations by hydroxyl radical. 

 The primary events listed below occur with water molecules because they are the species 

present in highest concentration.  The aqueous solution is saturated with nitrous oxide to trap the 

solvated electrons as shown below. The following mechanisms provide insight into the process of 

generating the reactive species of interest, namely hydroxyl radicals. 
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Figure 2: The primary events in a pulse radiolysis experiment. 

Water can be excited by the incident radiation and give off an electron. This electron can aggregate with 

other water molecules and upon contact with N2O, produce the hydroxyl radical in a very efficient 

reaction. The ionized state of water can also lead to the production of hydroxyl radicals through 

collisions with water. It is important to note that in an N2O saturated solution, the major oxidizing 

species present is the hydroxyl radical. This effectively reduces the proportion of reducing species 

available, namely the free electron. Therefore, the high energy beam of electrons that excites the 

solvent is capable of producing a highly reactive oxidizing agent that can then react with the molecule of 

interest. 

 In the solution, it is possible that the incident radiation will excite our solute and not water, 

interfering with the results and altering our interpretations. This problem is circumvented by using dilute 

conditions so that the excitation or ionization of the solute is statistically less likely than that of water. 

 

Previous Research 

 There has been a renewed interest in studying these radical cations since the advent of time-

resolved technologies such as pulse radiolysis. Specifically, using conductivity and absorption data, 

researchers have elucidated the mechanisms for the one-electron oxidation of sulfides. The kinetics of 

reactions with various sulfides has been studied. Continual work is being done to synthesize molecules 

with molecular and chemical architectures that will favor the stability of the first oxidation intermediate, 

the hydroxyl radical adduct.  



 

 Bonifacic et al. proposed a series of events that occur to a substituted sulfide in a pulse 

radiolysis experiment.  

R2

R2SO

(R

Figure 3: 

Based on conductivity data which implied charged intermediates, a simple displacement mechanism was 

rejected and the above mechanism proposed. Reaction of the sulfide with the hydroxyl radical yields a 

hydroxyl radical adduct, which can dehydrate 

parent sulfide to form a hydroxyl radical complex. The authors suggest that the formation of the 2c, 3e 

bond arises from the decomposition of this complex (Bonifacic, 1975).

 Another significant area of research, performed by Glass et al

of the S O containing species.  Conformationally constrained compounds were synthesized that 

facilitated or disallowed S O formation on

groups. These compounds were then spectroscopically analyzed using pulse radiolysis. It is evident that 

in these conformations, the neighboring carbo

a characteristic absorption pattern around 400 nm.

Figure 4: Conformationally constrained thioethers form 2c, 3e bonds with neighboring oxygen functionalities.

Bonifacic et al. proposed a series of events that occur to a substituted sulfide in a pulse 
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: Secondary events in a pulse radiolysis experiment. 

Based on conductivity data which implied charged intermediates, a simple displacement mechanism was 

rejected and the above mechanism proposed. Reaction of the sulfide with the hydroxyl radical yields a 

hydroxyl radical adduct, which can dehydrate to form a sulfur-stabilized  carbon radical or react with the 

parent sulfide to form a hydroxyl radical complex. The authors suggest that the formation of the 2c, 3e 

bond arises from the decomposition of this complex (Bonifacic, 1975). 

area of research, performed by Glass et al., provided insight into the nature 

O containing species.  Conformationally constrained compounds were synthesized that 

O formation on oxidation of the sulfide with neighboring oxygen functional 

groups. These compounds were then spectroscopically analyzed using pulse radiolysis. It is evident that 

in these conformations, the neighboring carboxylate and tertiary alcohol complex to give a species with 

a characteristic absorption pattern around 400 nm. 

 

Conformationally constrained thioethers form 2c, 3e bonds with neighboring oxygen functionalities.
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Bonifacic et al. proposed a series of events that occur to a substituted sulfide in a pulse 

Based on conductivity data which implied charged intermediates, a simple displacement mechanism was 

rejected and the above mechanism proposed. Reaction of the sulfide with the hydroxyl radical yields a 

stabilized  carbon radical or react with the 

parent sulfide to form a hydroxyl radical complex. The authors suggest that the formation of the 2c, 3e 

, provided insight into the nature 

O containing species.  Conformationally constrained compounds were synthesized that 

neighboring oxygen functional 

groups. These compounds were then spectroscopically analyzed using pulse radiolysis. It is evident that 

xylate and tertiary alcohol complex to give a species with 

Conformationally constrained thioethers form 2c, 3e bonds with neighboring oxygen functionalities. 
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 Additional studies show that these species do not form when the geometry disfavors or 

disallows S-O bond formation on oxidation. In the following species, S-O 2c, 3e bonds were not 

observed. 

 

 

Figure 5: Participation by neighboring alcohols on oxidation is disfavored. 

It becomes clear that participation by neighboring oxygen-containing functionalities on oxidation of 

sulfides occurs when the molecular geometry is fixed so that the oxygen is in close proximity to the 

sulfur. In the tertiary alcohol in Figure 4, the methyl groups provide the steric bulk that forces the 

alcohol towards sulfur. This is absent in the alcohols in Figure 5, which are geometrically precluded from 

interacting with the neighboring sulfide.  

 The formation of these oxidation products is not governed by steric hindrance and molecular 

geometry alone. In 1993, Bobrowski et al. determined that the hydroxyl radical adduct could be 

stabilized by hydrogen bonding to a nearby ester.  Kinetic studies of the decomposition of the OH-

adducts of dimethyl sulfide and methyl methylthioacetate produced rate constants of and 1.6±0.2 x 10
6
 

s
-1 

and 6.5±0.5 x 10
4
 s

-1
, respectively. These data strongly suggest that the hydroxyl radical adduct 

obtained from methyl methylthioacetate is being significantly stabilized, resulting in a lower kd for the 

reaction, by intramolecular hydrogen bonding to either the carbonyl oxygen or the methoxy group of 

the ester. The OH adduct of dimethyl sulfide shows no such stabilization because of a lack of these 

groups. 

 

Figure 6: Neighboring oxygen-containing moieties may stabilize the hydroxyl radical adduct by internal hydrogen bonding. 

S

OH



10 

 

 Therefore, from previous research, we conclude that the unique spectroscopic properties of the 

oxidation intermediates are well characterized, which allowed study of the complex sulfide oxidation 

mechanisms. Furthermore, both the molecular (sterics) and chemical (nearby functional groups) 

constraints may lead to stable species that can be visualized using pulse radiolysis. 
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Experiment B: Alzheimer’s disease models for electron-transfer in β–amyloid peptides 

              In biological systems in which there is oxidative stress, methionine residues are subject to 

oxidation.  In processes such as aging, Parkinson’s disease, and Alzheimer’s disease, oxidation of 

methionine residues have been reported (Pan et al., 2006). Oxidation of the sulfide of a methionine 

residue to a sulfoxide has potential structural and enzymatic consequences for proteins, including 

misfolding, inactivation, and aggregation (Pan et al., 2006; Bure et al., 2008; Breydo et al., 2005).  

6-endo-Methylthio-2-norbornanone (4) will be synthesized from 2,5-norbornadiene (1). This 

ketone will be used as a starting material for the synthesis of various aryl derivatives (5). The geometric 

constraints inherent in these compounds will allow close proximity between the sulfide and neighboring 

aryl groups. This simple, norborane system is used to model the molecular architecture, especially in the 

close proximity resulting from the tertiary structure, of proteins containing methionine residues. In this 

chemically well-defined system, electrochemical studies can determine if neighboring arene groups 

facilitate sulfide oxidation to further develop a comprehensive model for the pathogenesis of 

Alzheimer’s disease. 

 

Figure 7: Synthetic preparations to produce ketone intermediate and various aryl derivitives. 

 A model for electron transfer in peptides will be derived from this synthetic system. We expect 

that through-space, S-π interactions facilitate sulfide oxidation; cyclic voltammetry data will show a less 

positive oxidation potential value for the 6-endo compound than for the corresponding 6-exo 

compound.  This will provide a comparison to show that the methionine residues in proteins, when 

juxtaposed with aryl moieties, are more easily oxidized.  
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Biological Relevance 

Peptide aggregation is a common feature of many neurodegenerative diseases, including 

Alzheimer’s, Parkinson’s and Huntington’s diseases and may be facilitated by peptide misfoldings (Irvine, 

2008). Furthermore, each neurodegenerative disease has a corresponding peptide or protein that is 

characteristically misfolded and/or aggregated. In Alzheimer’s Disease (AD), the distinguishing peptide is 

amyloid beta (Aβ); Aβ is found in both types of deposits characteristic of AD, namely senile plaques and 

neurofibrillary tangles (Selkoe, 2004). These peptides may associate and form dense aggregates held 

together by hydrogen bonding and other weak interactions. 

 AD has numerous physiological and biochemical pathologies in the central nervous system, 

especially in increased oxidative stress (in the form of increased lipid peroxidation, protein oxidation and 

decreased antioxidant levels), increased levels of redox-active transition metals (such as Cu and 

Fe),altered levels of intracellular Ca
2+

, loss of synapses and induced neuronal cell death (Varadarajan, 

1999). The following figure proposes the idea that central to the neurotoxicity exhibited in AD brains is 

the Aβ peptide itself. 



13 

 

 

Figure 8: Aβ has a central role in the pathogenesis of AD. Figure reproduced from Butterfield, D.A. Curr. Med. Chem., 2003, 

10, 24, 2651-2659. 



 

The pathogenesis of AD is clearly complex and not yet well understood. Some convin

theories present evidence that Aβ is not simply associated with AD, but also may be a causal factor in 

perpetuating the disease. Aβ is a peptide comprised of 40 or 42 amino acids with the following primary 

sequence: 

Interestingly, both the Aβ(1-40) and Aβ(1

likely to aggregate. Furthermore, Aβ(1

structures. As aforementioned, the Aβ peptides can aggregate in the form of senile plaques and in 

paired, intraneuronal helical filaments known as neurofibrillary tangles. Complicating the studies of 

senile plaques is the fact that the relative composition between Aβ(1

can vary widely between plaques. (Butterfield, 2003)

 What evidence is there that Aβ plays such a crucial role in the pathogenesis of AD? Early in vitro 

experiments showed the Aβ could cause neuronal membrane lipid peroxidation, pr

inhibition of key oxidatively-sensitive enzymes, Ca

that Aβ may play a role in living organisms. Later, EPR experiments suggested that Aβ itself was capable 

of producing free radicals. When combined with a PBN trap, Aβ(1

produced nitroxide spin-adducts (Butterfield, 1997)

Figure 10: Free radicals react with PBN to produce radical spin

The pathogenesis of AD is clearly complex and not yet well understood. Some convin

theories present evidence that Aβ is not simply associated with AD, but also may be a causal factor in 

perpetuating the disease. Aβ is a peptide comprised of 40 or 42 amino acids with the following primary 

Figure 9: Primary sequence of Aβ (1-42). 

40) and Aβ(1-42) forms exist in the AD brain, with the Aβ(1

likely to aggregate. Furthermore, Aβ(1-40) and Aβ(1-42) assemble as β-sheets in their secondary 

tioned, the Aβ peptides can aggregate in the form of senile plaques and in 

paired, intraneuronal helical filaments known as neurofibrillary tangles. Complicating the studies of 

senile plaques is the fact that the relative composition between Aβ(1-42) and the more diffuse Aβ(1

can vary widely between plaques. (Butterfield, 2003) 

What evidence is there that Aβ plays such a crucial role in the pathogenesis of AD? Early in vitro 

experiments showed the Aβ could cause neuronal membrane lipid peroxidation, protein oxidation, 

sensitive enzymes, Ca
2+

 accumulation, and ultimately cell death, suggesting 

that Aβ may play a role in living organisms. Later, EPR experiments suggested that Aβ itself was capable 

When combined with a PBN trap, Aβ(1-40), Aβ(1-42) and Aβ(25

adducts (Butterfield, 1997), as shown below. 

N

O

N

O

R

R

 

: Free radicals react with PBN to produce radical spin-adducts. Adapted from Butterfield, D.A. 

1997, 10, 495-506. 
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The pathogenesis of AD is clearly complex and not yet well understood. Some convincing 

theories present evidence that Aβ is not simply associated with AD, but also may be a causal factor in 

perpetuating the disease. Aβ is a peptide comprised of 40 or 42 amino acids with the following primary 

 

42) forms exist in the AD brain, with the Aβ(1-42) forms more 

sheets in their secondary 

tioned, the Aβ peptides can aggregate in the form of senile plaques and in 

paired, intraneuronal helical filaments known as neurofibrillary tangles. Complicating the studies of 

he more diffuse Aβ(1-40) 

What evidence is there that Aβ plays such a crucial role in the pathogenesis of AD? Early in vitro 

otein oxidation, 

accumulation, and ultimately cell death, suggesting 

that Aβ may play a role in living organisms. Later, EPR experiments suggested that Aβ itself was capable 

42) and Aβ(25-35) all 

adducts. Adapted from Butterfield, D.A. Chem.Res.Toxicol., 
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Therefore, the evidence suggests that the Aβ peptide may be a source of oxidative stress in the 

production of free radical species (Huang, 1999) 

 That free radicals are implied in AD progression is consistent with the oxidative stress in AD 

patients, notably in free protein carbonyls, lipid peroxidation adducts, protein nitration and DNA 

oxidation adducts. These oxidation products strongly suggest that unusually high levels of reactive 

oxygen species, a specific class of free radicals, may be behind the brain damage characteristic of AD 

(Sayre, 1997). Oxidative stress is also consistent with the observations of the effects of antioxidants and 

the age-dependence of AD. Although there is no known cure for AD, patients who take Vitamin E show a 

slowing in the disease progression due to lesser neurotoxicity. In addition, AD is largely limited to the 

elderly. Together, these observations suggest that lower levels of antioxidant levels and progressive 

environmental insults can prime the brain for the reactive oxygen species that may lead to AD. 

(Butterfield,2003) 

The ROS Hypothesis 

 Because the evidence suggests that both ROS and Aβ are defining hallmarks of the disease, a 

hypothesis connecting these elements was proposed. The ROS hypothesis argues that Aβ itself may be 

the source of oxidative stress, notably in the generation of free radicals that eventually lead to cell 

death. The argument that directly links Aβ to ROS arises from the single methionine residue at position 

35 in both Aβ(1-40) and Aβ(1-42). 

 Methionine has long been known to be one of the most easily oxidized amino acids. If the 

sulfide of Met35 could be oxidized to a reactive species, for example, a sulfur radical cation, Met35 

could act as a consistent source of oxidative damage. 
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Figure 11: Hypothesized involvement of Met35. 

 Therefore, a possible link between the Aβ peptide and free radical damage has been proposed. 

This hypothesis presents a unification between two elements known to be associated with AD. The 

theory is further supported by mutation and EPR experiments concerning Met35. The single point amino 

acid mutation in C. elegans of Met35 to a cysteine residue results in decreased toxicity, fewer amyloid 

deposits and decreased protein oxidation. Interestingly, the single amino acid mutation of Met35 to a 

variety of non-sulfur containing amino acids (norleucine, leucine, lysine and tyrosine) results in total lack 

of both peptide aggregation and neurotoxicity. (Varadarajan, 1999) Finally, EPR experiments show that 

Aβ(24-34) produce no nitroxide spin-adducts (though Aβ(25-35) do). Together, the in vitro and in vivo 

mutant peptides and truncated peptides lacking Met35 show unambiguously that the Met35 residue of 

Aβ is necessary for neurotoxicity. 

 Though these data are convincing, they do not prove that Met35 is sufficient for neurotoxicity or 

AD. Crucial experiments showed that the neurotoxic properties and oxidative stress of Aβ are due both 

to the chemistry of Met35 and the unique secondary structure. If the sulfide of Met35 is oxidized to a 

sulfoxide, a conformation change from a random coil to the characteristic β-sheet is hindered, resulting 
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in the slower formation of fibrils and decreased neuronal cell death (Varadarajan, 1999). In addition, the 

single mutation of Ile31 to proline, a known helix-breaking amino acid, results in no protein oxidation, 

no aggregation and no neurotoxicity (Schöneich, 2002). Presumably, both of these experiments show 

that the specific three-dimensional conformation of the Aβ peptide is also crucial for neurotoxicity. 

Therefore, it is necessary to define the exact interactions that make this peptide toxic. 

Aβ is also defined as a metalloprotein, known to bind Fe(III), Zn(II) and Cu(II). Recent 

experimental evidence shows that Aβ directly produces H2O2, presumably through reduction of Cu(II) to 

Cu(I) with Met35 followed by trapping of molecular oxygen(Schöneich, 2002). The H2O2 produced may 

then undergo a Fenton-type reaction to generate hydroxyl radicals (Huang, 1999). 

It was hypothesized that the Met35 residue was oxidized to a sulfur radical cation as Cu(II) was 

reduced; however, calculations show that this process using the free amino acid to reduce Cu(II) is a 

thermodynamically unfavorable process, suggesting that this pathway is unlikely (Schöneich, 2002). 

However, if the Met35 were significantly different than a free Met, this hypothesis may still be valid. 

Furthermore, if this pathway holds true, the aforementioned hypothesis that a sulfur radical cation 

could be a source of oxidative damage would be strengthened. If Met35 easily reduces Cu(II) to Met
+.

, 

Met35 could act as the catalyst that leads to elevated levels of oxidative species in the AD brain. 

Met35 may be significantly different from free methionine because of effects of the peptide’s 

environment, especially because of nearby groups that may alter the properties of the thioether side 

chain (Glass, 2009). In neighboring group participation, a substituent forms a bond with a neighboring 

reactive center and affects the reactivity of the neighboring group. Recently, Glass et al. reported that 

neighboring group participation by amides not only stabilizes sulfur radical cations that result from 

thioether moieties, but also lower the oxidation potential of the thioethers themselves.  Neighboring 

group participation may thus be implied in the pathogenesis of AD. 

Neighboring Group Participation 
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 Neighboring group participation has been implicated in both sulfur-nitrogen and sulfur-arene 

interactions and may play a role in stabilizing reactive species and entire proteins. For example, the 

amine at the terminus of the following compound is primed to stabilize the sulfur radical cation that is 

generated upon the one electron oxidation of the sulfide in pulse radiolysis. 

 

Figure 12: Neighboring amines can stabilize the one-electron product of sulfide oxidation. 

The 2c, 3e-bond that results because of this one-electron oxidation is a stable adduct, 

presumably because of the formation of the five-membered ring. Additionally, a high number of S-π 

interactions in the tertiary structures of proteins suggests that this type of neighboring group 

participation is not random and may in fact be a stabilizing force (Ringer, 2007). Finally, amides and 

arenes have also been shown to not only stabilize the one-electron oxidation product but also decrease 

the oxidation potential of the sulfide (Glass, 2009; Chung, 2008).  

 

Figure 13: A conformationally restricted thioether system. Neighboring arene groups have been shown to lower the 

oxidation potential of the sulfide by through-space interactions. 

 These findings may be significant in the pathogenesis of AD. Nearby nitrogen or arene 

functionalities may be able to interact with the sulfur of Met35 by through space interactions and both 

stabilize the radical adduct produced from the metal-mediated production of reactive oxygen species 

like H2O2 and lower the oxidation potential of the thioether side chain, facilitating the production of 

ROS. For example, it has been hypothesized that the aromatic residues Phe19, Phe20 and Tyr10 interact 
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with Met35. The aromatic side chains may prime the sulfide for the oxidation reactions previously 

discussed. It is our goal to further develop simple, conformationally-constrained systems that model 

these sulfur-arene interactions. Syntheses have been developed to produce both systems in which 

neighboring group participation is both favored and precluded.  
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Spectral Data:

 

Figure 14: 250 MHz 
1
H NMR spectrum for exo-5-Chloro-2-norbornene (2). 
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Figure 15: 400 MHz 
1
H NMR spectrum of exo-6-Chlorobicyclo[2,2,1]heptan-2-one (3). 
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Figure 16: IR spectrum (neat) of exo-6-Chlorobicyclo[2,2,1]heptan-2-one (2). 
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Figure 17: 250 MHz 
1
H NMR spectrum of α-Xanthogenate isobutyic acid (7). 
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Figure 18: 250 MHz 
1
H NMR spectrum of α-Mercaptoisobutyic acid (8). 
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Figure 19: 250 MHz 
1
H NMR spectrum of α-(t-butylthio)-Isobutyric acid (9). 
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Figure 20: 250 MHz 
1
H NMR spectrum of Methyl-2-(t-butylthio)-2-methyl-propanoate (10). 
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Figure 21: 
13

C NMR spectrum of Methyl-2-(t-butylthio)-2-methyl-propanoate (10) 
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Figure 22: Gas chromatogram of 10, with retention time of 6.43 minutes. Two major impurities present (RT = 4.95 and 6.74 

minutes). 
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Figure 23: Mass spectrum of 10 (RT = 6.43 minutes) and contained impurities. 
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Results and Discussion: 

Experiment A 

 

Figure 24: Synthetic scheme for production of Methyl 2-(tert-butylthio)-2-methylpropanoate. 

For these experiments, synthetic procedures from Biilmann, Allenmark, and an Aldrichimica 

Acta Technical Bulletin were used. First, 7 was synthesized using starting material 6 and potassium 

xanthate in a nucleophilic substitution reaction. After three days of stirring in the dark, the mixture was 

isolated using an acid extraction and recrystallized with water. The product was confirmed by 
1
H NMR 

and melting point analysis. Compound 8 was then produced by hydrolysis of the xanthate to the thiol. 

Ammonium hydroxide was used to cleave the xanthate group. Vigorous heating was used to reduce the 

solution volume. Based on the mass spectrum for the final product, one possible impurity in this 

synthesis may be the corresponding amide, which may have resulted in this second step when the 

ammonium hydroxide was heated to 115°C for over one hour. This heating may have allowed 

conversion between the carboxylic acid to the corresponding amide. The thiol was isolated using an acid 

extraction and purified by Kugelrohr distillation to yield white crystals. 

To produce 9, the thiol was alkylated using two equivalents of tertiary-butyl alcohol under acidic 

conditions. In all experiments, starting material was apparent by NMR. In one experiment, the reaction 
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was allowed to continue for 12 hours using a total of six equivalents of tertiary-butyl alcohol. The 

product contained approximately 75% desired sulfide and 25% starting material. After recrystallization 

in isopropyl alcohol, the product had a melting point near the literature value. Recrystallization will be 

performed again to decrease the melting point range and show an increase in purity. 

Compound 10 was synthesized using generic procedures for methylation using diazomethane 

and crude 9.  The mechanism of diazomethane generation from Diazald is shown below.  

Rearrangement, followed by deprotonation, results in p-toluenesulfonate and diazomethane. 

 

Figure 25: Diazomethane generation. 

The resulting mixture was separated using a preparatory TLC plate and the top spot collected. 
1
H 

NMR confirms the presence of the methyl ester (δ 3.74, 3H) and the integration closely corresponds to 

the ratio of protons (3:6:9) in the desired product. The high resolution mass spectrum also confirms that 

the compound was synthesized (calculated m/z 190.120, found m/z 190.1208). However, the 
13

C NMR 

showed unexpected peaks. In conjunction with the GC spectrum, the crude product was shown to 

contain at least two impurities. The GC-MS does confirm the presence of the desired methyl ester, but 

also shows that further purification is necessary. Separation of this sample using various solvent systems 

on analytical TLC plates was attempted but not successful. Because of this, recrystallization procedures 

for 9 were developed. 

In the near future, 10 will be synthesized from a pure sample of compound 9. If necessary, 

another preparatory plate will be run, and a new GC-MS will be obtained and analyzed. When a highly 

pure compound is obtained, the material will be sent for pulse radiolysis studies. 



32 

 

Experiment B 

 

Figure 26: Synthetic scheme for production of endo-6-(methylthio)bicyclo[2.2.1]heptan-2-one (4). 

 Norbornadiene was hydrohalogenated using HCl gas, then oxidized to the ketone by 

hydroboration and subsequent oxidation. After purification, the desired ketone will be produced by 

substituting a thioether functionality for the chlorine atom. This ketone can be used as a starting 

material for various aryl and amide derivatives that may support the previously stated hypotheses that 

these electron rich groups facilitate the oxidiation of neighboring thioethers. 

The production of the desired endo-6-(methylthio)bicyclo[2.2.1]heptan-2-one  has proved 

challenging. Compound 2 was successfully synthesized from commercially available norbornadiene (1). 

Generation of HCl gas by addition of H2SO4 to reagent grade NaCl, as well as the use of commercially 

available HCl gas, led to the desired exo-5-chloro-2-nobornene. When generating the HCl gas from the 

acid and salt, a 30-fold excess of each reagent was used.  The system was continually flushed with 

nitrogen during the generation of HCl gas as well as overnight. When using an HCl tank, HCl was allowed 

to flow through the reaction mixture between 30 and 40 minutes. Empty traps were used to prevent 

suckbacks, from the reaction vessel back to the tank and from the base bath to the reaction vessel.  In 

both set-ups, a KOH bubbler was placed at the end of the set-up to neutralize any unreacted HCl gas. 

While the use of the HCl tank required special precautions, the reaction was much cleaner and no 

starting material remained. It is the preferred synthetic method but is more costly and dangerous 

because of the use of high-pressure tanks. 
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1
H NMR confirms the desired chlorinated product was produced but also shows a minor 

product, 3-chloronortricyclene. Comparison of the spectra produced by both methods to literature 

spectra (produced by Dr. Woo Jin Chung) prove that both the exo-chloro and the nortricyclene products 

were made. The nortricyclene product may be formed by the following mechanism: 

H Cl

H

Cl

Cl
-

 

Figure 27: Mechanism of 3-chloro-nortricyclene formation from norbornadiene. 

However, the spectra do not show that the di-halogenated compound was obtained. This 

suggests that the reactivity of the diene is much greater than that of the substituted alkene, since only 

one double bond in the starting material is reacting with HCl. 

 Hydroboration and oxidation has been performed on 2 to produce compound 3, but until 

recently, experiments have been largely unsuccessful. After analysis of the first trial, multiple 

experiments were performed to determine the reactivity of the BH3 solution. Hydroboration followed by 

Jones’ oxidation of 1-octene resulted in an 
1
H NMR spectrum that showed a mixture of starting material 

and very little desired alcohol. The environment in subsequent experiments was therefore carefully 

controlled. For example, the BH3 solution was added dropwise by addition funnel, and all flasks were 

oven dried and thoroughly degassed. However, the results from later experiments showed similar data 

to the previous ones, confirming that the synthetic method was failing. 

 Because little progress was being made with this oxidation step, the solution of BH3 was titrated 

with acetic acid to determine if the problem was the borane. Surprisingly, no hydrogen was evolved, 
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signaling that the BH3 had decomposed. A new solution of BH3·THF was obtained and subsequent 

reactions have proved more successful. The purification has also proved troublesome. 

 The crude product that resulted was shown to be a mixture of 5-exo and 6-exo 

chlorobicyclo[2.2.1]heptan-2-one , but purification has been difficult. A pure sample has been isolated 

from a preparatory plate using a solvent mixture of hexanes: ethyl acetate (9:1). A larger sample will be 

purified using column chromatography to obtain the desired 6-exo chloro compound. After purification, 

3 will undergo simple nucleophilic substitution using sodium methanethiolate to afford the desired 

ketone 4,endo-6- (methylthio)bicyclo[2.2.1]heptan-2-one . 
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Experimental: 

Experiment A: Synthesis of methyl-2-(t-butylthio)-2-methyl-propanoate 

α-Xanthogenate isobutyric acid (7). 2-bromo-2-methyl-propionic acid (5.01 g, 30 mmol) and 

potassium ethyl xanthogenate (10.8 g, 60 mmol) were added to a degassed 100 mL round bottom flask 

equipped for magnetic stirring. Deionized water (15 mL) was added by syringe. The flask was stirred in 

the dark for 3 days under an argon balloon. The solution was washed with ether and the yellow aqueous 

layer was collected and acidified with aqueous HCl. The desired product was then extracted with ether, 

dried over Na2SO4, filtered, and concentrated under reduced pressure. Recrystallization in deionized 

water afforded α-xanthogenate isobutyric acid in an isolated yield of 58% with a melting point of 102-

103°C (lit. mp 102-103°C). 
1
H NMR (CDCl3, 250 MHz): δ 4.60 (q, 2H), 1.65 (s, 6H ); 1.39 (t, 3H). (Adapted 

from Biilmann, 1906) 

α-Mercaptoisobutyric acid (8). The previously synthesized α-Xanthogenate isobutyric  acid (1.3 

g, 6.25 mmol) was added to a 50 mL pear bottom flask and degassed for 30 minutes. Absolute ethanol (5 

mL) and ammonium hydroxide (2.6 mL) were added by syringe. The resulting solution was stirred for 3 

days at room temperature under an argon balloon. The solution was then heated in an oil bath to 

reduce the volume to approximately 2 mL (1 hour at 115°C) then basified with ammonium hydroxide. 

Ether was added and the aqueous layer collected and acidified with aqueous HCl. The desired thiol was 

extracted with ether, dried over Na2SO4, filtered and concentrated under reduced pressure. The crude 

product was then purified by Kugelrohr distillation. 
1
H NMR (CDCl3, 250 MHz): δ 2.53 (s, 1H); 1.64 (s, 6H). 

lit. mp 47°C. (Biilmann, 1906). Sample number SS131. 

α-(t-butylthio)-Isobutyric acid (9). The previously synthesized α-mercaptoisobutyric acid (360 

mg, 3 mmol) and tertiary-butyl alcohol (444 mg, 6 mmol) were added to flask equipped with a reflux 

condenser. 3 M HCl (1.2 mL) was added and the solution brought to gentle reflux for four hours. The 

product was extracted with ether, dried over Na2SO4, filtered and concentrated under reduced pressure 
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to give a mixture of product and starting material (60/40) in 80% yield. The product was recrystallized 

using isopropyl alcohol. 
1
H NMR (CDCl3): δ 1.62 (s, 6H); 1.41 (s, 9H). Crude MP: 55 – 58°C (lit. mp 56.2-

58.2°C). Sample number SS 149. (Allenmark, 1963) 

Methyl-2-(t-butylthio)-2-methyl-propanoate (10) was prepared from 9 using a scaled down 

procedure from Aldrichimica Acta to generate diazomethane gas using a Mini Diazald® kit. The 

condenser was filled with dry ice and acetone was slowly added. Ethanol (1 mL, 95%) was added to a 

solution of KOH (0.5 g) in water (0.8 mL) in the reaction vessel. A 100 mL receiving flask with a Clear seal 

joint containing 100 mg of starting material was attached to the condenser and cooled in an ice bath. 

Tygon tubing was attached to the side arm leading to a dry ice/acetone cooled flask of ether. Diazald (N-

methyl-N-nitroso-p-toluenesulfonamide, 0.5 g) in ether (4.5 mL) was slowly added to the ethanolic KOH 

solution at 65°C using an addition funnel (also with a Clear seal joint). A yellow color persisted when the 

reaction was complete, indicating unreacted diazomethane. Acetic acid was added until the mixture was 

again colorless, indicating that the diazomethane had been quenched. A saturated solution of sodium 

bicarbonate was used to neutralize the solution, and the product was extracted with ether, dried with 

brine and over Na2SO4, filtered and concentrated. The crude mixture was purified using a preparatory 

TLC plate using a mixture of hexanes and ethyl acetate (80:20) as eluant.
1
H NMR (CDCl3, 250 MHz): δ 

3.74 (s, 3H); 1.56 (d, 6H); 1.36 (s, 9H). 
13

C NMR (CDCl3, 250 MHz): 104.0, 52.3, 31.9, 28.2. GC: RT 6.43 

min. EI MS: m/z 190. HRMS: Calculated for C9H18O2S: m/z 190.1028. Found m/z 190.1020. 
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Experiment B: Synthesis of endo-6-(methylthio)bicyclo[2.2.1]heptan-2-one  

exo-5-Chloro-2-norbornene (2) was prepared from commercially available 2,5-norbornadiene (10.2 

mL, 100 mmol) by the following two methods. 

Method 1: Hydrogen chloride gas was bubbled into a solution of norbornadiene in pentanes (7 mL) 

at -78°C for 45 minutes. The reaction was allowed to reach room temperature, then quenched by 

dropwise addition of saturated aqueous NaHCO3 solution. The product was extracted with ether, dried 

over MgSO4, filtered and concentrated.  

Glassware setup: An HCl lecture bottle was fitted with a needle valve, connected to a 3-way valve 

connected to an empty trap connected to a 50 mL Schlenk flask by a glass pipet through a rubber 

septum. The pipet should reach the bottom of the Schlenk flask. The outlet of the flask was connected 

to another empty trap which was connected to a KOH bubbler. All glassware was connected with tygon 

tubing secured with copper wire or secured metal clamps. The 3-way valve was connected to an argon 

tank. 

 

Figure 28: Hydrochlorination setup using HCl lecture bottle. 
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Method 2: Hydrogen chloride gas was generated as concentrated sulfuric acid (160 mL, 3 mol) 

was added dropwise to reagent grade sodium chloride (150 grams, 2.6 mol) over a period of 4 hours. 

Nitrogen gas was flowed through continuously to flush the gas into a solution of diene in pentanes (7 

mL) at -78°C. Nitrogen was flushed through the system overnight to remove residual HCl gas.  

Glassware Setup: A 250 mL addition funnel was fitted to a 2L 3-neck round bottom flask 

connected to the Schlenk flask as in (a). The nitrogen line was fitted with a needle and inserted into an 

arm of the 2L round bottom.  

 

Figure 29: Hydrochlorination by generation of HCl gas. 

exo-6-Chlorobicyclo[2.2.1]heptan-2-one (3) production was attempted using previously 

synthesized 2. The starting material (0.497 g, 2.5 mmol) was added to a 100 mL flask equipped with a 

magnetic stir bar and an condenser and degassed for 30 minutes. The system was cooled in an ice bath 

and distilled THF (0.5 mL) was added by syringe. A solution of commercial BH3·THF (1 M, 7 mL, 7 mmol) 

was slowly added to the reaction vessel to maintain the temperature at 0°C. The resulting colorless 

solution was then stirred at 0°C for 20 minutes. Deionized water (2.5 mL) was added to destroy excess 

BH3.The solution became cloudy white. At this time, the solution was exposed to air. Chromic acid 
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solution, prepared from Na2Cr2O7·2H2O (0.856 g, 1.15 eq), H2SO4 (0.65 mL) and H2O (3.5 mL), was added 

to the reaction mixture, resulting in a deep green color. This mixture was allowed to stir at room 

temperature for three hours. The reaction was quenched by addition of deionized water (5 mL) and the 

product extracted with ether (4 x 10 mL). The organic fraction was washed with water (2 x 10 mL) and 

brine (1 x 10 mL), then dried over Na2SO4, filtered and concentrated. 125 mg of a yellow oil was 

obtained and purified with a preparatory plate. 
1
H NMR (CDCl3, 400 MHz):  δ 4.11 (1H), 2.83 (s, 2H), 

1.62-2.40 (m, 6H). Procedures adapted from Rothwell, et al., 1985. 
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