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Abstract 

Synthetic methods were developed to produce chiral thioredoxin (Trx) inhibitor, 

1-methylpropyl 2-imidazolyl disulfide (IV-2), in either enantiomerically enriched or 

radiolabeled forms. The enantiomerically enriched products underwent further biological 

evaluation in EMT6 cells in vitro to test cytotoxicity, as well as being subjected to 

reaction kinetics experiments with the protein, Trx. 

The synthesis of radiolabeled IV-2 was carried out from basic building blocks to 

facilitate the incorporation of a "C-label in the alkyl portion of the molecule. Utilizing a 

Grignard reaction, 2-butanol was initially produced from iodomethane and 

propanaldehyde, both commercially available entities. Further reaction of this alcohol 

with p-toluenesulfonyl chloride and thiourea provided 2-butanethiol in a yield of — 57 %. 

This thiol was used as a starting material in the synthesis of IV-2, with a final overall 

yield of 13 %. This synthetic method provides a route to produce a "C-labeled starting 

material for the ultimate production of the desired radiolabeled IV-2 for subsequent 

pharmacokinetic studies of this anticancer agent in vivo. 

The chiral separation of simple thiol or disulfide mixtures proved ineffective 

leaving the utilization of enantiomerically pure (98 % e.e.) (R)- and (S)-2-butanol as the 

most efficient route to produce the enantiomerically enriched analogues of IV-2. Each 

enantiomer was tosylated to give the (R)- and (S)-1-methylpropyl tosylate with 98 % 

enantiomeric excess (ee). The tosylates were converted to the (R)- and (S)-2-butanethiol 

by reaction with thiourea. The enantiomerically enriched 2-butanethiol was then used to 

produce the enantiomerically enriched (R)- and (S)-IV-2 analogues, while maintaining 

optical purity with the previously developed methodology. Each reaction, manipulated to 

i 
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optimize yield, was monitored by thin layer chromatography and structurally identified 

by nuclear magnetic resonance (NMR) and infra red (IR) spectroscopy. 

The specific rotation of (R)- and (S)-IV-2 was measured and compared to rac-IV - 

2. Enantiomerically enriched (R)-IV-2 and (S)-IV-2 exhibited an [a]20D value of - 9.8 

(c = 0.2 EtOH) and + 9.4 (c = 0.2 EtOH), respectively. Optical purity was determined to 

be > 95 % e.e. 

The biological activity, to determine the contribution of each enantiomeric form 

of IV-2, was assessed with two different assays that measure the cytotoxic potential of 

the IV-2 enantiomers. Evaluation using the MTr assay indicated no difference between 

rac-IV-2 and its enantiomerically enriched forms. Inhibitory concentrations that reduced 

the survival of EMT6 cells in culture to 50 % (IC50) were determined for a 48 hour. The 

IC50 values were consistent for all preparations of the drug: rac-IV-2 of 16.0 µM ± 

0.2 µM, (R)-IV-2 of 18.0 µM ± 0.1 µM and (S)-IV-2 of 17.0 µM ± 0.1 µM. The 

clonogenic assay also employed EMT6 cells, and determines the survival fraction after a 

48-hour exposure to the drug. The IC50 values of (R)-IV-2 and (S)-IV-2 were consistent 

with rac-IV -2 IC50 of 3 µM; (R)-IV-2 IC50 of 6 µM and (S)-IV-2 IC50 of 6 µM. 

Enzyme kinetic assays were used to determine whether there was any reactivity 

differences of the pure enantiomers of IV-2 with thioredoxin within a short time frame. 

Initial rates of reactivity of the rac-, (R)- and (S)-IV-2 were determined using a model 

thiol system, L-cysteine, and the full length reduced protein, thioredoxin. The results 

indicated that there were no in vitro biological differences between the racemic and the 

enantiomerically enriched forms of IV-2. 
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1. Introduction 

1.1 Cancer: The Disease 

The term "cancer" refers to a family of diseases characterized by the loss of 

regulation and abnormal cellular growth,' resulting in aberrant cellular proliferation and 

potential metastases throughout the body.2 A variety of environmental factors such as 

viruses, chemicals, ionizing and UV radiation may cause damage or alterations of cellular 

DNA, resulting in cancer.3 In some rare cases, cancers are hereditary and occur in 

individuals who lack the ability to repair lesions in DNA, who possess chromosomal 

aberrations or those that have an existing oncogene.3 Most cancers are progressive in 

nature,3 taking years for a tumour to develop and grow from cancerous cells.' 

Cancer cells do not respond normally to the body's regular control mechanism to 

eliminate unhealthy or damaged cells and, therefore, do not heed the natural signals that 

stop cell growth.2 A close relationship exists between growth factor production and 

tumour growth,' and a number of different growth factors have been identified. These 

growth factors are widely distributed, having many different functions and many act in 

combination with other growth factors.' Tumour growth factor-a (TGF-a), for example, 

under different conditions may act as a growth stimulator, growth inhibitor, or as a 

regulator of gene activity in different cell types.' 

Growth factors responsible for the stimulation or inhibition of proliferation of 

cancer cells are important targets in the development of cancer therapies. Identification of 

proteins responsible for a number of cellular processes can lead to the development of 

drug targets. Tumour specific or tumour-associated proteins may be identified by direct 

measurement or by the development of specific antibodies to these proteins.' Thioredoxin 
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(Trx), for example, is a small ubiquitous redox protein that undergoes NADPH reduction 

by the enzyme thioredoxin reductase (TR) and is involved in cellular processes such as 

DNA synthesis,4 regulation of gene expression,5 post-translational modification,6 as well 

as protein folding.6 Although Inc is not tumour specific, the Trx/TR system is involved in 

many cellular processes and is over-expressed in cancer cells,' which makes it an 

attractive system for anticancer drug development and future research. I

1.2 Cancer Treatment 

1.2.1 Methods of Cancer Treatment 

The ideal cancer treatment is one that removes or destroys all damaged cells 

involved in tumour development, while normal cells are preserved. There are many 

different methods used to treat cancer, including surgery, laser treatment, radiation 

therapy, chemotherapy and gene therapy. Surgery is a preferred method for removing a 

primary tumour, regardless of whether the tumour is malignant or benign.2 The local 

surgical removal of the primary tumour may be effective, but the onset of secondary 

tumours by metastasis can occur at early stages in malignant cancers.' 

Laser induced energy and cryosurgery will coagulate tumour cells in situ.' Laser 

surgery involves the use of photosensitive drugs that concentrate in the tumour and are 

activated by the application of an appropriate wavelength of laser energy.' Laser therapy, 

as with radiation therapy, destroys tumour cells; however, high doses of radiation will 

also destroy surrounding normal tissue.I Some tumour cells are also resistant to the 
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radiation induced damage,' and therefore this method will not provide a complete 

removal of the cancerous tissue. 

Failure to locate or remove the entire mass of the primary tumour may result in 

the growth of secondary tumours and metastases.2 Localized cancer treatments will be 

unsuccessful if the secondary tumours go undetected and untreated.3 Malignant tumours 

usually require secondary methods of treatment due to associated metastases. Secondary 

methods, such as chemotherapy and gene therapy, affect the whole body, as opposed to a 

localized treatment of the primary tumour via surgery or laser therapy. Cytotoxic drugs 

and the stimulation of the body's immune system have been successful as secondary 

methods, and have aided in the destruction of metastasized cancer cells.' 

Cancer chemotherapy has been developed and used to treat this disease for many 

years and every known cytotoxic drug has an associated harmful adverse effect.8 The 

most frequently used cancer-therapeutic agents were discovered over 40 years ago to 

attack rapidly dividing cells, with no knowledge of their biochemical mechanism of 

action.' As the cytotoxic drug attacks proliferating cells, healthy cells that carry out the 

process of cell repair and replacement, as well as tumour cells are affected and therefore 

result in various adverse effects. Adverse effects are due to the drug's inability to 

distinguish between normal and abnormal cells, and the development of more effective 

drugs requires an awareness of how tumour cells differ genetically from normal cells.10

As there are adverse effects associated with the drugs, few safe and effective anticancer 

drugs are available due to fundamental difficulties associated with drug development.°

More recently, rational drug design has been utilized, focusing on molecular targets 
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responsible for cell transformation9 and this process allows new drugs to be developed to 

specifically target the product of an aberrant gene in a cancer cell. 

A recent approach to cancer treatment is gene therapy, which incorporates normal 

genes or inhibitors to abnormal genes.' Abnormal genes or genetic mutations are 

responsible for tumour growth, via promotion of growth or inhibition of cell death.' Gene 

therapy involves the replacement of defective genes in a biochemical pathway, such as a 

tumour-suppressor gene (i.e. p53), or insertions of genes that are thought to control cell 

death or apoptosis in normal cells.' Insertion of a gene responsible for controlling cell 

death would signal the cell to undergo apoptosis, whereas insertion of a gene responsible 

for controlling cell adhesion would prevent metastasis of tumour cells in the body.' Gene 

therapy may be a satisfactory method for cellular control; however, gene therapy isn't 

problem free. As with chemotherapy and immunotherapy, targeting the specific delivery 

of therapeutic agents to tumours remains a problem.' Therefore, other methods to 

increase tumour specificity have been explored, including targeting drugs to affect cell-

signaling proteins over-expressed in tumour cells. 

1.2.2 Cell Signaling 

Cancer cells are genetically unstable as they undergo several mutations.") This 

genetic instability may also create a vulnerability to cytotoxic agents.10 Many of the 

genetic alterations in tumours are loss-of-function mutations in tumour-suppressor 

genes.1° However, these loss-of-function mutations do not constitute drug targets, as 

correction requires the restoration of the function of a missing or altered protein.19

Alternatively, mutations can inhibit the activity of a protein that acts downstream of the 
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missing tumour suppressor gene within the signaling pathway (i.e. apoptosis),I° and these 

are known as second site mutations. 

Second site mutations are not as lethal as a single mutation, but are lethal in 

combination with the primary defect.1° Two mutations may share an additive negative 

effect on a single biological pathway, resulting in a synthetic lethality."' Lethality also 

occurs when these mutations inactivate two different but functionally overlapping 

pathways. i° The gene products of these second site mutations, i.e. proteins, may yield a 

therapeutic advantage as a drug target. The use of inhibitors directed toward these 

secondary targets, such as antibodies and small molecule inhibitors, have begun to 

emerge as novel cancer therapies and limited successes have been realized.9

1.2.3 Control of Growth 

Recognizing and regulating the difference between tumour cells and normal cells 

plays a unique role in selecting a molecular target for drug development.9 Phenotypic 

differences in tumours versus normal tissue can include elevated cell surface protease 

activity or an increased expression of receptors or cell surface antigens.9 The most 

rational and successful drug approaches promote tumour cell localization of the drug 

through the conjugation of specific cancer cell surface ligands (e.g. monoclonal 

antibodies, peptide hormones, or small molecules) with cancer therapeutics, radioactive 

isotopes, or biological toxins.9 In addition to specificity, an attractive feature of a 

molecular target is that it may be located in a signaling pathway and, therefore, would be 

responsible for the initiation of apoptosis in the tumour cells.9
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1.3 Apoptotic Pathways 

1.3.1 Apoptosis 

Apoptosis, or programmed cell death, is regulated cell destruction." This process 

of programmed cell death controls normal cell turnover, hormone induced tissue atrophy 

and cell-mediated killing, and ultimately controls cell proliferation and 

differentiation. I2' 13 The morphological changes that accompany apoptosis are caused by 

cysteine (Cys) proteases, known as caspases, which are activated in the apoptotic cells." 

During the process of apoptosis, cells undergo characteristic visible changes caused by 

the caspases, such as cell shrinkage, membrane blebbing, chromatin condensation and 

nuclear fragmentation."' 13 As with any other developmental or metabolic regime, the 

genetic basis for apoptosis implies that cell death can be disrupted by mutation.I3

Mutation of caspases or their inhibition will slow down or prevent apoptosis." 

1.3.2 Regulation of Apoptosis 

Stimulation by growth factors, cytokines or damage to DNA will signal 

apoptosis. I3 A protein involved in cell cycle arrest following DNA damage is p53.I3

When p53 is over-expressed, it can induce apoptosis. The p53 mutation, one of the most 

prevalent mutations found in cancer cells, leads to the loss of the cells' ability to apoptose 

when damaged. 

Cellular damage promoting apoptosis may be linked to tissue hypoxia and 

mitogenic oncogenes and can be stimulus and tissue specific." The process of apoptosis 

is also regulated by cellular redox status.I4 Oxidative stresses on cells can elicit positive 
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responses such as proliferation and activation, as well as elicit negative responses such as 

growth inhibition or apoptosis." The adult T cell leukemia-derived factor (ADF), a 

human homologue of Trx, regulates lymphocyte function via redox control. Trx itself has 

been shown to inhibit the process of apoptosis, and increased levels of this protein have 

been found in many human cancers:2

1.4 Thioredoxin and the Thioredoxin Reductase System 

Trx is a ubiquitous redox protein responsible for maintaining proteins in their 

reduced state:5 Thioredoxin itself is maintained in a reduced state by the enzyme 

thioredoxin reductase. The Trx/TR system was first identified in the 1960's as a reductant 

of methionine sulfoxide and PAPS (3'-phosphoadenosine-5'-phosphosulfate) in yeast, as 

well as a reductant of ribonucleotides in Escherichia coli (E. coli).16 The Trx found in 

eukaryotes is of higher molecular weight than that found in prokaryotes and is related in 

structure and mechanism to glutathione reductase (GSH).16 Elevated levels of Trx are 

associated with a wide variety of diseases, including rheumatoid arthritis, HIV-AIDS and 

cancer. l6 

As well as inhibiting the spontaneous apoptosis of cancer cells, the Trx/TR 

system has been found to signal cancer cell growth. 7 Over-expression of Trx in a number 

of human primary cancers stimulates, through its redox mechanism, cell proliferation by 

enhancement of the activity of other growth factors:8. 19 Cancer cells in a number of 

different human tumours over-express Trx,7 making Trx an attractive target for the 

development of inhibitors as anticancer drugs.17 Inhibitors that will interact with the 
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active site of Trx, preventing its redox activity, were proposed to be able to control cell 

growth and stimulate apoptosis." 

1.4.1 Structure and Mechanism 

Thioredoxins found in E. coli and eukaryotes share a similar structure, displaying 

the same conformation of the single domain that has become to be known as the 

thioredoxin fold:6 The thioredoxin fold is the stable tertiary structure that forms the 

active site, and including amino acids Cys-Gly-Pro-Cys, that links the second (3-strand to 

the second a-helix and forms the first turn of the second helix:5' 2° The redox active site, 

Cys32 and Cys35, is a protrusion of the structure and is located 35 residues from the N-

terminus:6 The thioredoxin active site can undergo reversible oxidation to the cysteine 

disulfide (Trx-S2)2° that can be reduced back to the Cys-SH (Trx(SH)2) by the NADPH 

utilizing flavoenzyme, TR.2°

Human thioredoxin, hTrx (Figure 1.1) contains five Cys residues, three of which 

have known biological significance: Cys32, Cys35 and Cys73. The active site Cys32 has a 

low pKa (— 6.3) and has been suggested to be the attacking nucleophile in the 

thiol/disulfide exchange reaction between cellular disulfides and thioredoxin.15' 2' 
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Human thioredoxin, hTrx (Figure 1.1) contains five Cys residues, three of which 

have known biological significance: Cys32, Cys35 and Cys73. The active site Cys32 has a 

low pKa (~ 6.3) and has been suggested to be the attacking nucleophile in the 

thiol/disulfide exchange reaction between cellular disulfides and thioredoxin.15,21
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Figure 1.1 Ribbon structure of hTrx based on X-ray crystal structure (13-sheets: gray; a-

helices: black; random coil).21

The reaction mechanism involves a mixed disulfide intermediate and a fast thiol-

disulfide exchange under hydrophobic conditions (Scheme 1.1)." The reducing action of 

thioredoxin undergoes a mechanism in which the substrate RS-SR binds with the 

nucleophilic Cys32 to form a mixed disulfide Cys32-S-S-R.20 Attack on the newly formed 

disulfide bond by the deprotonated Cys35 residue releases RSH to form the Cys32S-SCys35

disulfide, which is then reduced by TR.2° This reaction is reversible and Trx may break or 

form disulfides depending upon the redox potential of the substrate." 
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Scheme 1.1 Proposed scheme for the thiol-disulfide exchange reaction between the 

disulfides and thioredoxin. (A) Rapid reaction of the disulfide with Cys32 of TR (1). The 

second reaction of the disulfide with Cys35 occurs slowly, and results in the inhibition of 

the enzyme, TR (2). (B) Rapid reaction of the disulfide with Cys32 and Cys35 of hTrx, 

followed by the thiol-disulfide exchange, resulting in the oxidized active site. The active 

site is subsequently reduced by TR to regenerate the reduced form of hTrx.17
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The Cys73 residue is located just outside of the active site and is involved in the 

homodimerization of Trx.I7 hTrx forms a covalently linked dimer (Figure 1.2) in the 

presence of an oxidant or at high concentration of hTrx." This homodimerization is 

facilitated by a hydrophobic face composed of 12 hydrophobic amino acids, 5 H-bonds 

and a Cys73-Cys73 disulfide bond that can form under strong oxidizing conditions, thereby 

locking the molecules together." The dimerization of hTrx produces a protein that is no 

longer a substrate for reduction by the enzyme TR. Consequently, dimerized hTrx is not 

able to stimulate cell proliferation." 

Figure 1.2 Ribbon drawing of hTrx homodimer.21
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1.4.2 Thioredoxin Apoptotic Inhibition 

Trx is produced by a variety of cells to act as a growth factor. When over-

produced in tumours, this protein may signal cancer cell growth through increasing 

autocrine activity of other growth factors,22 though not all growth factors are enhanced by 

Trx.23 Transcriptional regulation by Trx may also be important since hTrx has been 

shown to selectively activate the DNA binding of a number of transcription factors, such 

as NF-KB and p53.23 NF-icB is important for cellular response to oxidative stress, 

apoptosis and tumourigenesis, whereas p53 is a tumour suppressor gene that has been 

deleted in a number of human cancers.2°' 23

In addition to transcription factor regulation, Trx prevents the apoptosis of 

lymphoid cells and protects (3-type chronic lymphocytic leukemia cells against 

apoptosis.23 Apoptosis inhibition caused by Trx transfection is similar to the pattern of 

apoptotic inhibition caused by Bcl-2, the anti-apoptosis oncogene.2° Unlike Bc1-2, which 

requires other genetic changes for tumour growth stimulation, Trx offers survival and 

growth advantage to tumours in vivo.20 When over-expressed in cells, hTrx could inhibit 

induction of apoptosis by decreasing hydrogen peroxide levels and regulating apoptosis 

upstream that of Bc1-2.15

1.4.3 Redox Inactive Thioredoxin 

Mutant forms of Inc, in which the active site cysteine residues have been 

converted to serine (Ser) residues, are not redox active,22 and are unable to stimulate cell 

growth.18' 22 A redox inactive mutant hTrx, where the active site Cys residues have been 

converted to serine (Ser), Cys324Ser / Cys354Ser, partially blocks the p53 
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transactivation increase caused by cisplatin treatment of cells.23 The catalytic site mutant 

Cys32-4Ser / Cys354Ser Trx is unable to stimulate cell growth at a concentration 50-fold 

higher than hTrx, a similar result found with non-human E. coli Trx.2° Mutation of the 

active site Cys residues to Ser residues results in the loss of chemotactic activity - the 

orientation of a cell in relation to a chemical agent,I5 and loss of reactivity of the active 

site with the disulfides. Without this redox activity, Inc does not remain a substrate of 

TR,I7 nor presumably are other redox partners. In addition, the mutant Trx Cys73-*Ser 

does not exhibit dimerization," therefore, the proposed mechanism involving the 

irreversible thiolalkylation of Cys73 by the disulfide blocks hTrx dimerization and results 

in the inactivation of hTrx as a substrate for TR reduction.I7

1.4.4 Small Molecules for Inhibition 

New classes of inhibitors for TR and Trx are useful as pharmacological probes for 

studying roles of enzymes in signal transduction.22 These new compounds can be used 

as leads for the optimization of structures or structural features required for inhibition.22

1.5 Disulfides: Redox Regulators for Thioredoxin / Thioredoxin Reductase 

The growth stimulating and transforming effects of redox active thioredoxin and 

its over-expression in a number of human primary tumours are factors leading to 

aggressive tumour growth." Over-expression of Trx could also be one cause of resistance 

to chemotherapy.23 Consequently, hTrx is an attractive target for cancer drug 
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development, and the identification of small molecules that act as hTrx inhibitors that 

inhibit hTrx redox activity should lead to relevant cancer therapy. 

Asymmetric disulfides have been of interest as redox regulators and inhibitors of 

hTrx." A group of asymmetrical disulfides have been evaluated for their effects on the 

Trx/TR system, their ability to inhibit cell growth, stimulate apoptosis and inhibit tumour 

growth in animal models.7' 12' 17' 22 One agent, 1-methylpropyl 2-imidazolyl disulfide (IV-

2), has been found to thioalkylate Trx in vitro, to stimulate apoptosis in tumour cells and 

to inhibit tumour growth in severely compromised immunodeficient (scid) mice.7' 12. 17'
 22 

This agent has been chosen for pre-clinical drug development and is currently undergoing 

evaluation in a Phase 1 clinical trial against advanced cancers in humans.24

1.5.1 1-Methylpropyl 2-imidazolyl disulfide, IV-2 

IV-2 is a chiral, branched disulfide with selectivity for human primary myeloma, 

cervical and breast cancers in tissue culture." IV-2 was designed to be and has been 

identified as a hTrx inhibitor, and its mechanism for growth inhibition is thought to 

involve thioalkylation of the cysteine residues at the redox active site of hTrx, as well as 

alkylation of Cys73.17 The disulfide inhibitor undergoes a direct displacement reaction 

with the reduced hTrx Cys32 residue, thereby releasing 2-mercaptoimidazole." Oxidized 

hTrx in the presence of IV-2 does not result in 2-mercaptoimidazole formation and, 

therefore, suggests that the initial reactions occur at the catalytic active site." IV-2 also 

binds irreversibly to the Cys73 residue on hTrx, and is thought to cause inhibition of the 

thioredoxin homodimer formation. In this thioalkylated form, hTrx loses the ability to be 

reduced by TR, thus losing its growth promoting and anti-apoptotic effects." 
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12 22 and hasIV-2 has been extensively examined for its biological activity • • 17 , 

undergone pre-clinical development for the treatment of cancer. Evaluation of the 

pharmacokinetic properties of the agent revealed that it is rapidly distributed or cleared 

from the circulation upon intravenous administration.24 Consequently, it is difficult to 

determine the drug concentration versus time profile in biological systems by monitoring 

the intact drug in the circulation. This limitation reduces the usefulness of this 

information to determine optimal scheduling of drug administration for clinical use. 

Drug administration and the toxicological evaluation of drugs are events that are 

often based on the pharmacokinetic properties of new drugs. Scheduling contributes to a 

drug's biological properties. Toxicity may result from inappropriate timing of drug 

delivery if it is given too frequently, or lack of a therapeutic effect may be observed if the 

drug is provided too infrequently or at too low of a dose. Therefore, pharmacokinetic data 

is critical to provide optimal drug activity. To aid evaluation of pharmacokinetic 

properties, a radiolabeled derivative is often employed in animal studies. 

1.5.2 Chiral Drugs 

The chiral center in IV-2 is biologically significant, since many chiral compounds 

react uniquely with important receptors in biological systems.25 Enantiomers may react at 

different rates with other chiral molecules,25 such as protein or nucleic acid 

macromolecules. Bioactivities of these compounds may differ as a function of the 

3-dimensional arrangement of the molecule interacting at the receptor site.25 One 

enantiomer may react at a more rapid rate, whereas the other enantiomer may not react at 

all or may contribute to the toxic effects of the molecules.25 Therefore, it is critical in 
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drug development to understand the biological activity of each enantiomer and the 

contribution of each enantiomer to the desired biological effect. 

When racemic mixtures are administered as a 'single agent', depending on the 

pharmacological effect of each enantiomer and the disposition of the enantiomers in the 

body, several different pharmacological outcomes are possible.26 When racemates are 

administered, single isomer activity may be portrayed if all the activity resides in one 

isomer and not the antipode. Both isomers may be equal in activity or both isomers may 

have the same activity but different potencies.26 Administration of the drug agents in 

enantiomerically pure forms would avoid the administration of an antipode, which could 

initiate unwanted activity or toxicity.26

There are many examples of chiral drugs. Generic ibuprofen is marketed solely as 

the S-enantiomer. The S-enantiomer of ibuprofen exhibits the analgesic effect, where as 

the R-enantiomer exhibits no effect at al1.27 In fact, the R-enantiomer of ibuprofen slows 

down the effect of the S-enantiomer,27 possibly by acting as a competitive inhibitor of the 

S-enantiomer. In contrast, trade name products such as Motrin, Advil and Nuprin are all 

marketed as the racemic mixture, having equivalent amounts of R- and S-enantiomers,27

and this may result in reduced activity. 

Thalidomide is another example of a chiral drug — one with devastating effects. In 

1958, Thalidomide was introduced as a pharmaceutical and administered to pregnant 

women suffering from morning sickness. In 1961, the drug was removed from 

distribution, as it was associated with rare birth defects, termed phocomelia, in which 

limbs were not developed.25 For this racemic drug, it was believed that the (R)-(+) isomer 
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exhibited the desired relief from morning sickness, whereas the (S)-(-) isomer caused 

gross deformity through teratogenesis. 

1.6 Purpose of Project 

IV-2, a thioredoxin inhibitor, is a promising anticancer agent undergoing clinical 

evaluation in a human trial and, therefore, understanding the pharmacodynamic 

properties of this drug is clinically important. This research program involved two 

synthetic projects, undertaken to facilitate the understanding of some of the biological 

properties of IV-2. Firstly, a synthetic route to produce a radiolabeled starting material 

for the synthesis of IV-2 was elucidated. Using this synthetic route, it will be possible to 

produce radioactive IV-2, which could then be used for future animal studies to provide 

information on the pharmacokinetics of IV-2. 

Secondly, the synthesis of the enantiomerically enriched (R)- and (5)- forms of 

IV-2 was undertaken. These enantiomers were then evaluated for their contribution to the 

biological activity of N-2 by examining two biological properties: cytotoxicity and 

reactivity with the cysteine residues of its target protein, thioredoxin. 

Both of these synthetic projects, one devising a scheme to synthesize a labeled 

analogue of IV-2 and a second devising a scheme to resolve its enantiomers, will 

contribute to a better understanding of the biological effects for this novel anticancer 

agent. 
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1.6.1 Radiolabeling IV-2 

Understanding the factors that influence rates of delivery and distribution, as well 

as metabolism and excretion of a drug is important from a clinical standpoint. It is 

desirable to understand the mechanism of action of the drug and to determine its lifetime 

at the site of action. Radiolabeling enables the drug and/or its metabolites to be followed 

throughout the body from the point of administration to the point of excretion. A 

radiolabeled analogue assists in determining the length of time the drug is bound to the 

active site, its duration in the blood stream, and any metabolites that may be produced 

before excretion. This is due to the fact that the radiolabel can be detected at extremely 

low levels and readily tracked in body fluids and, therefore, provides insight into the 

metabolic pathways and possible organ distribution. Synthesizing a 14C analogue of IV-2 

could assist in determining its concentration versus time curve (AUC) in the body to give 

an idea of its pharmacokinetic profiles. 

The original synthesis of IV-2 involved the oxidation of 2-butanethiol with 2-

mercaptoimidazole to form the asymmetrical disulfide. As 14C-labeled thiol-starting 

materials were not readily available, a synthetic route to synthesize radiolabeled N-2 was 

devised (Scheme 1.2), starting with primary building blocks to synthesize the 

radiolabeled 2-butanethiol. It was of interest to have the label on the alkyl side chain, as 

previous studies had shown that 2-mercaptoimidazole was released to the medium when 

biological material reacted with IV-2.24 The synthesis of 2-butanethiol, leading to the 

synthesis of IV-2, was carried out using a number of different procedures found in the 

literature. Optimization of the synthesis was undertaken once a promising scheme was 

identified. 
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1.6.2 Chemical Approaches Involving Chiral Centers 

There are a number of methods that may be used to provide enantiomerically pure 

chemical derivatives. Specifically, one may synthesize the enantiomers using the 

appropriate chiral starting material or one may attempt to separate the enantiomers once 

the racemic chemical has been produced. Attempts were made in this project to produce 

enantiomerically pure (R)-IV-2 and (S)-IV-2 using both avenues. 
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1.6.2.1 Chiral Synthesis 

Formation of the enantiomerically pure compound IV-2 was initiated utilizing 

optically pure starting material. Use of (R)-2-butanol and (S)-2-butanol enabled the 

synthesis of enantiomerically enriched IV-2. In the quest to produce enantiomerically 

pure compounds, the chiral starting materials undergo reactions at the stereogenic center. 

Nucleophilic substitutions that occur at the chiral center can proceed via SN1 and SN2 

mechanisms and, therefore, may result in an altered absolute stereochemistry. 

An SN 1 reaction is a first order process in which the leaving group departs to give 

a carbocation intermediate. An SN1 reaction of an optically active compound usually 

leads to racemization of the product.27 However, not all SN 1 reactions lead to complete 

racemization.27 Winstein proposed the involvement of a tight ion pair, in which 

dissociation of the substrate produces a protective carbocation complex.27 Thus, the 

carbocation is protected from the nucleophile on one side of its planar configuration by 

the dissociated ion, and if substitution occurs before the tight ion pair dissociates, a net 

inversion of configuration can be observed.27

The SN2 mechanism proceeds with an inversion of configuration at the 

stereogenic center and takes place in a single step with no intermediates. The nucleophile 

exerts a backside attack of the stereogenic center and inverts the absolute 

stereochemistry.27 The synthetic process of this project was therefore planned to reduce 

the potential racemization of the optically active intermediate to form optically active 2-

butanethiol, by optimizing reaction conditions for an SN2 mechanism. 
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1.6.2.2 Methods of Enantioseparation of Chiral Compounds 

Separation of the enantiomers of a racemic chiral compound can be performed 

using several different methods. Some approaches include chiral columns in combination 

with high performance liquid chromatography (HPLC) and gas chromatography (GC), as 

well as chiral solvents in capillary electrophoresis (CE). The most commonly used 

method for the separation of enantiomers is diastereomer formation and subsequent 

separation by fractional crystallization.25

Diastereomers have been used to resolve chiral compounds, since enantiomers 

exhibit different properties such as melting point, boiling point, and compound 

solubility? Fractional crystallization to resolve racemic chiral compounds dates back to 

Louis Pasteur and his separation of tartaric acid enantiomers.25' 27 The most commonly 

used method of resolution utilizes acid-base reactions of carboxylic acids and amines.27

Currently, there are many different agents which may be used for the resolution of chiral 

compounds. Such agents include (S)-l-phenylethyl amine, which has been used for the 

resolution of chiral carboxylic acids, and (S)-methoxyphenylacetic acid, used to separate 

chiral amines.25 If the chiral reagent has, for example, an S configuration, the 

diastereomer will yield a mixture of diastereomeric salts; (R,S) (11a) and (S,S) (11b) 

(Scheme 1.3). These diastereomeric salts have different properties from each other, as 

well as having different properties from the enantiomers. Therefore, preferential 

crystallization of one diastereomer over the other in different solvent systems may be 

possible due to solubility differences. However, fractional crystallization is not an exact 

method of separation25 and usually must be repeated several times, making it a tedious 

and time-consuming method for the separation of enantiomers. 
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Other methods of enantioseparation, some of which have been used historically, 

include mechanical separation, differential adsorption, biochemical processes and 

differential reactivity.25 Mechanical separation is the method by which Louis Pasteur 

proved that racemic tartaric acid was a mixture of (+) and (-)-tartaric acids, using a lens 

and tweezers to separate the enantiomers.25 However, very few compounds crystallize 

differentially; therefore, this is an impractical method of resolution.25 Differential 

adsorption is carried out on a chiral chromatographic column and separates the 

enantiomers based on their rate of movement along the column.25 Paper, column, thin 

layer and GC, as well as HPLC and CE have been used as tools in differential adsorption, 

a method which does not depend on the formation of diastereomers that is required for 

fractional crystallization.25

Differential reactivity involves stopping a reaction from proceeding to 

completion, preventing the formation of one of the enantiomers.25 Biochemical processes 
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and tweezers to separate the enantiomers.25 However, very few compounds crystallize 

differentially; therefore, this is an impractical method of resolution.25 Differential 

adsorption is carried out on a chiral chromatographic column and separates the 

enantiomers based on their rate of movement along the column.25 Paper, column, thin 

layer and GC, as well as HPLC and CE have been used as tools in differential adsorption, 

a method which does not depend on the formation of diastereomers that is required for 
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completion, preventing the formation of one of the enantiomers.25 Biochemical processes
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have also been employed for enantioseparation; receptor sites in living organisms are 

stereoselective and one enantiomer, for example, is generally metabolized preferentially 

over the other enantiomer by the organism.25 This method leads to the destruction of one 

enantiomer; for example, bacteria may digest one enantiomer and not the other. 

1.6.3 Polarimetry and Optical Rotation 

Chiral compounds can be distinguished from achiral or racemic compounds by 

the fact that they rotate plane-polarized light. Since there is no net rotation of a racemic 

mixture of an optically active substance, enantiomeric purity can also be determined 

using polarimetry and optical rotation as diagnostic tools.25' 28

The observed angle of rotation of plane-polarized light is denoted by the symbol, 

41.28 The angle of rotation can either be negative (-) or positive (+) and is denoted one of 

two ways. The rotation to the right is dextrorotatory and is given the symbol, d or (+). 

The rotation of light to the left is levorotatory and is given the symbol, 1 or (-). 

Optical rotation is proportional to concentration (Equation 1.1). Changes in 

specific rotation resulting from the solvent are common due to solvation and association 

phenomena, however, sign reversal is less frequent.28 Most contaminants in the chiral 

solution decrease the optical rotation of the compound; however, some contaminants can 

enhance the rotary power.29 Interference from sample impurity can lead to erroneous 

readings of the optical rotation and, therefore, incorrect measurement of chiral purity.29
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[a]D = a
/ x C 

where [a] D= specific rotation 

a= observed rotation (degrees) 

I = path length (dm) 

C = concentration of sample (g / mL) 

Measuring the specific rotation of a compound can help to determine the optical 

purity of the compound. If the [a]c, for the pure compound is known, then the measured 

rotation of the sample can be used to calculate optical purity (Equation 1.2).25

Percent optical purity = [ail- x100 
[a]. 

(1.2) 

Optical purity is equivalent to the percent excess of one enantiomer over the other 

enantiomer (Equation 1.3), assuming that there is a linear relationship between 

concentration and [4 25

[R]— [S] 
Optical purity = % enantiomeric excess = [R]+[s]x100 = % R .. % s  (13)
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1.6.4 Biological Evaluation 

As enantiomers can interact differently with other optically active entities, such as 

enzyme receptors, biological evaluation is an important tool for evaluating the 

contribution of each enantiomer. Racemic P/-2 has desirable biological activity as it is an 

inhibitor of thioredoxin through reactivity with cysteine residues on the protein, and that 

it is cytotoxic to tumour cells in culture. It was of interest to investigate the potential 

differences in biological activity of the two enantiomeric forms of IV-2. This was 

undertaken utilizing in vitro cell viability assays and reaction kinetics to determine if, in 

fact, there were differences between racemic, (R)- and (S)- forms of INT-2. 

The cytotoxicity of racemic, (R)- and (S)-IV-2 was evaluated using EMT6 cells in 

culture. Employing in vitro assays to evaluate cell viability following exposure to drugs 

enables modification of exposure conditions such as drug concentration and exposure 

times. One method to compare the differences between agents employs IC50 data, which 

is defined as the concentration of compound that kills 50 % of the cell population. Two in 

vitro viability assays that were utilized include the clonogenic assay and the 3-(4,5-

dimethylthiazol)-2,5-diphenyltetrazolium bromide assay (MTT), also known as the 

tetrazolium derivative reduction assay, each measuring a different property of the cells 

after a drug treatment regimen. 

Traditional assays (i.e. clonogenic assays) to evaluate drug effectiveness in cancer 

research has involved counting viable cells that form colonies through cell division 

following drug exposure.3° The clonogenic assay allows cell proliferation over a period 

of time to ensure the cell has the ability to survive more than a few cell divisions, thus 

providing a measure of potential for the recurrence of the cancer.3I Clonogenic assays 
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have been applied in cancer diagnosis and are used to predict response of cytotoxic 

agents in cancer biology, cellular interaction and tumour immunology, cytogenetics and 

pre-clinical drug development.31 Although clonogenic assays are used routinely for the 

assessment of chemosensitivity, problems with this procedure such as low plating 

efficiencies, cellular clumping and the two-week time period required for completion, 

detract from its utility.32 To overcome these limitations, shorter assays have been 

developed, such as the MU assay. 

The MTT assay, an enzyme based assay described by Mossman in 1983, has been 

determined to give comparable results to the clonogenic assay32 and has been established 

as an attractive alternative.33 Rather than measure the clonogenic potential of surviving 

cells, the MTT assay measures a surviving cell's metabolic potential. This rapid 

colourimetric assay utilizes soluble yellow MIT dye, a tetrazolium salt, which is 

metabolized by reducing enzymes in a surviving cell to form a blue, insoluble Formazan 

product. 30, 34, 
35' 36 When used with tumour cells, the MU assay has been primarily used 

to evaluate cytotoxicities of chemotherapeutic agents and to provide a rapid estimation of 

the agent's antitumour potential.35 The assay is carried out on a 96-well plate and the UV 

absorbances of the resulting violet solution are measured using a microtitre plate reader, 

enabling a large number of samples to be processed in a short period of time.36 Therefore, 

the MTT assay is much less time consuming than the traditional clonogenic assay. 

Finally, to determine whether one enantiomer reacted preferentially with the 

target protein over the other, two sets of reaction kinetics were investigated in this thesis 

using two different methods. The first set of kinetic experiments employed L-cysteine as 

a simple model that should represent the first reaction of the agents at the 32 position of 
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the active site of the target protein, Trx. The second set of reaction kinetics was 

investigated using the entire protein, Trx. Both sets of kinetic runs were investigated 

using the same reaction conditions over similar time periods. 
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2. Results and Discussion 

2.1 Radiolabeling of IV-2 

To facilitate the incorporation of a it -label in the alkyl portion of IV-2, it was 

necessary to develop a synthesis that could utilize commercially available radiolabeled 

materials. As the desired thiol was not commercially available in a radiolabeled form, a 

radiolabeled thiol was synthesized from a radiolabeled alcohol. The synthesis of 

radiolabeled IV-2 in this project was initiated using primary building blocks, which 

would potentially contain a "C-radiolabel in a future synthesis (Scheme 1.2). The initial 

steps of synthesis involved the production of 2-butanol 3 which was further converted to 

2-butanethiol 5. The thiol 5 was finally utilized in the synthesis of the asymmetrical 

- disulfide, IV-2, using previously reported methodology.36 42 This synthetic method will 

now allow the synthesis of IV-2, It -labeled in the CI -methyl position, starting with 

commercially available radiolabeled bromomethane. 

2.1.1 Alcohol Synthesis 

The preparation of 2-butanol was carried out with a Grignard reaction, as reported 

in the literature.37 Available radiolabeled starting material included ethyl bromide la and 

iodomethane lb. Aldehydes used in the reaction were acetaldehyde 2a and 

propanaldehyde 2b. 
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The Grignard reaction, employing la and 2a as starting materials, was carried out 

and resulted in a yield of 21 %. Different attempts using slow addition of 2a with a 

dropping funnel and cannula failed to significantly increase the yield. Maintaining the 

temperature of the reaction at 0 °C also resulted in a low yield (36 %), possibly resulting 

from starting material volatility during the addition of 2a. The reaction was quenched 

with HC1, and by altering the acid molarity from 6M to 1M, the reaction yield was 

increased to 42 % of purified 2-butanol (bp 98 — 99 °C). A possible explanation for this 

result being a decreased amount of elimination products produced. Low yield could also 

be attributed to the loss of product in the reaction work-up as well as in the final 

purification. 

Method B: 

0 
Mg 

Mel + H 3 

2 
./. ./ OH 

4 

lb 2b 3 
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The first synthesis of 2-butanol resulted in a poor yield, and therefore the second 

synthesis involved the use of less volatile starting materials (lb and 2b), and anhydrous 

ether under a static argon atmosphere. A cannula was employed to add aldehyde 2b to the 

Grignard reagent (0 °C). In this synthetic process, the reaction was quenched using 2M 

HCl rather than 6M HCl in hopes of preventing elimination by-products. Extraction and 

concentration in vacuo at reduced temperature (0°C - 4°C) facilitated an increase in the 

yield of 2-butanol (59 %) (bp 98 — 99 °C). 

2.1.2 Alkyl Halide Synthesis 

An alkyl halide intermediate, 2-bromobutane, was investigated for the conversion 

of 2-butanol to 2-butanethiol. 

OH HBr 

H2SO4 

3 

2 
Br 

4 
3 4a 

The synthesis of 2-bromobutane was performed according to a procedure in the 

literature38 that used HBr (48 %) and concentrated H2SO4 under reflwc. Reaction 

optimization yielded 24 % 2-bromobutane (bp 91 — 93 °C), compared to 92 % yield cited 

in the literature. 
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2.1.3 1-Methylpropyl tosylate Synthesis 

OH 
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Py 
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4b 

3 
CH3

Due to the low yield of 2-bromobutane, a method was investigated for the 

tosylation of 2-butanol to give 1-methylpropyl tosylate, 4b. The tosylate 4b was prepared 

from known procedures.39 The first tosylation reaction used a 1:1:1 molar ratio (alcohol : 

pyridine : p-TsC1), and yielded crude tosylate (59 %). The reaction also resulted in excess 

pyridine and p-toluenesulfonic acid that hindered purification. Introducing alumina 

filtered CHC13 as the solvent and altering the molar ratios of the reactants to 1:2:3 

(alcohol : p-TsC1 : pyridine) resulted in fewer side products as observed by thin layer 

chromatography (TLC). Increasing the reaction time from 6 hours to 36 hours produced a 

polar impurity, which was easily removed by column chromatography. This method 

provided tosylate 4b as yellow oil (79 %) and was used for the subsequent synthesis of the 

desired thiol. 

2.1.4 Thiol Synthesis 

Synthesis of 2-butanethiol was carried out using several different literature 

methods,4° using the alkyl halide, tosylate and thioester intermediates. 
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Due to the low yield of 2-bromobutane, a method was investigated for the 

tosylation of 2-butanol to give 1-methylpropyl tosylate, 4b. The tosylate 4b was prepared

pyridine : /?-TsCl), and yielded crude tosylate (59 %). The reaction also resulted in excess 

pyridine and p-toluenesulfonic acid that hindered purification. Introducing alumina 

filtered CHCI3 as the solvent and altering the molar ratios of the reactants to 1:2:3 

(alcohol : /?-TsCl : pyridine) resulted in fewer side products as observed by thin layer 

chromatography (TLC). Increasing the reaction time from 6  hours to 36 hours produced a 

polar impurity, which was easily removed by column chromatography. This method 

provided tosylate 4b as yellow oil (79 %) and was used for the subsequent synthesis o f the 

desired thiol.

2.1.4 Thiol Synthesis

Synthesis of 2-butanethiol was carried out using several different literature 

methods,40 using the alkyl halide, tosylate and thioester intermediates.

from known procedures. 39 The first tosylation reaction used a 1:1:1 molar ratio (alcohol :
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The first synthesis of 2-butanethiol utilized tosylate 4b as starting material. This 

reaction was initially carried out using ethanol as a solvent, however, there was difficulty 

in the isolation of 2-butanethiol from the solvent system. The crude material was used 

without further purification for the final step in the synthesis. Changing the reaction 

solvent from ethanol to n-butanol enabled distillation of 2-butanethiol (52 — 63 %). 

Poor yields of the thiol may be attributed to the oxidation of product in the 

alkaline medium;25 side products, such as 2-butyl disulfide would reduce the yield. 

Reduction of the disulfide may give the desired results, but this certain preparation was 

not attempted. 
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without further purification for the final step in the synthesis. Changing the reaction 

solvent from ethanol to /i-butanol enabled distillation o f 2-butanethiol (52 -  63 %).
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alkaline medium;25 side products, such as 2 -butyl disulfide would reduce the yield. 

Reduction of the disulfide may give the desired results, but this certain preparation was 
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The second synthesis of 2-butanethiol involved a method that forms and cleaves 

thioesters.41. 42 2-Butanol was reacted with NaH, CS2 and MeI in THE to produce the 

ester 4c. The reaction was quenched with water, extracted with hexane and was subjected 

to column chromatography to yield the ester 4c (93 %). Further treatment of the ester 4c 

with TFA at room temperature yielded dithiocarbonate 4d. TFA was later removed by 

distillation, and the resulting brown oil was subjected to column chromatography to yield 

4d (56 %). Glacial acetic acid was used as an alternative to TFA, however, after 36 hours 

no reaction resulted. Treatment of 4d with 2-aminoethanol under reflux, followed by 

distillation (84 — 85 °C) yielded 2-butanethiol (6 %). Increasing reaction temperature 

(70 °C to 90 °C), reaction time (10 minutes to 30 minutes) and 4d : 2-aminoethanol ratio 

(1 : 1.5 to 1 : 30) failed to improve the final yield. 
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The second synthesis o f 2-butanethiol involved a method that forms and cleaves 

thioesters.4 1 ,42 2-Butanol was reacted with NaH, CS2 and Mel in THF to produce the 

ester 4c. The reaction was quenched with water, extracted with hexane and was subjected 

to column chromatography to yield the ester 4c (93 %). Further treatment o f the ester 4c 

with TFA at room temperature yielded dithiocarbonate 4d. TFA was later removed by 

distillation, and the resulting brown oil was subjected to column chromatography to yield 

4d (56 %). Glacial acetic acid was used as an alternative to TFA, however, after 36 hours 

no reaction resulted. Treatment of 4d with 2-aminoethanol under reflux, followed by 

distillation (84 -  85 °C) yielded 2-butanethiol ( 6  %). Increasing reaction temperature 

(70 °C to 90 °C), reaction time (10 minutes to 30 minutes) and 4d : 2-aminoethanol ratio 

(1 : 1.5 to 1 : 30) failed to improve the final yield.
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A third method to produce 2-butanethiol involved reacting 2-bromobutane 4a 

with sodium thiophosphate dodecahydrate in DMF under acidic conditions at room 

temperature. Optimization of reaction yield involved an increase in reaction time 

(11 hours to 24 hours) and a change in solvent (DMF to Me0H). Reaction temperature 

was also increased (room temperature to 65 °C), and the Na3SPO3 concentration was 

increased (1.5 to 2 molar equivalent). Although these reaction variables were altered, 

these attempts to optimize reaction yield resulted in the recovery of 2-bromobutane. 

Method D: 

Br 
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H2N NH2

3 

4a 5 

2 
SH 

i 

4 

The fourth synthesis of 2-butanethiol involved the reaction of alkyl halide 4a with 

thiourea under reflux.43 The addition of 10 % NaOH to the reaction mixture produced an 

urea by-product. The thiol separated from the alkaline medium and was removed from 

the reaction mixture. The reaction mixture was quenched with 2M HC1 to protonate any 
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sulfide anions and 2-butanethiol was then extracted from the aqueous phase with ether. 

Distillation of 2-butanethiol (84 — 85 °C) from the combined ether fractions yielded 2-

butanethiol (5 %). 

2.1.5 Disulfide Synthesis 

. .SH 

+ 

H2N 

NH 
2 

S 
A HCI 

3 S NH2 + 

NH2 

HCl 

H202 

NH NaHCO3 

SH 
4 4 

2 
S 

3 S 

6 7 8 

The desired disulfide 8, 1-methylpropyl 2-imidazolyl disulfide (IV-2) was 

prepared following the synthesis of Sirakawa et al," after producing alkyl isothiourea salt 

6 (74 %) from purified 2-butanethiol. 

A 1.1 molar equivalent of 2-mercaptoimidazole to purified alkyl isothiourea salt 6 

was used for the final step in the synthesis of 1-methylpropyl 2-imidazolyl disulfide 

(IV-2). White N-2 crystals were recrystallized in an ethanol/water (1:1) mixture, and 

washed with hexane to yield IV-2 (65 %) (mp 90 — 91 °C). 

The overall method for optimized yield involved the use of lb and 2b to produce 

2-butanol (59 %). The 2-butanol was then treated with TsC1 in pyridine and CHC13 to 
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The desired disulfide 8 , 1-methylpropyl 2-imidazolyl disulfide (IV-2) was

6  (74 %) from purified 2-butanethiol.

A 1.1 molar equivalent o f 2-mercaptoimidazole to purified alkyl isothiourea salt 6  

was used for the final step in the synthesis o f 1-methylpropyl 2 -imidazolyl disulfide 

(IV-2). White FV-2 crystals were recrystallized in an ethanol/water (1:1) mixture, and 

washed with hexane to yield IV-2 (65 %) (mp 9 0 -9 1  °C).

The overall method for optimized yield involved the use o f lb  and 2b to produce 

2-butanol (59 %). The 2-butanol was then treated with TsCl in pyridine and CHCI3 to

prepared following the synthesis of Sirakawa et a / , 44 after producing alkyl isothiourea salt
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form 1-methylpropyl tosylate (79 %). The tosylate 4b was then treated with thiourea in n-

butanol to yield 2-butanethiol (57 %). Reaction of the thiol 5 with thiourea produced the 

alkyl isothiourea hydrochloride salt 6 (74 %). Finally, salt 6 was reacted with 

2-mercaptoimidazole to yield purified IV-2 (65 %). The overall synthetic yield was 13 % 

of purified N-2 (Scheme 2.1). 

0 Mg 
MeBr + 
* Et ) H 59 % 

1 2 

Thiourea / SH Thiourea 

57 % * 
HCl, H202

74% 

NaHCO3

65 V0 
8 

ND 
S N 

H 

* denotes location of 14C-radiolabel 

* 

OH 

79% 
4 

A HC1 
S NH2 + 

6 7 

Scheme 2.1 Overall scheme for the proposed synthesis of "C-radiolabeled IV-2. 

OTs 

SH 

2.2 Enantioseparation of IV-2 

Although chiral HPLC columns for the separation of chiral alcohols and thiols are 

commercially available, columns for the separation of chiral disulfide compounds are not. 
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commercially available, columns for the separation of chiral disulfide compounds are not.
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Alternative methods were explored for the synthesis of enantiomerically enriched (R)-

and (S)-IV-2 using commercially available optically pure starting materials, such as (R)-

and (S)-2-butanol (98 % e.e.). 

2.2.1 Synthetic Methods 

2.2.1.1 Optically Pure Starting Materials 

Commercially available (R)-2-butanol and (S)-2-butanol were used to produce 

thiol analogues, for the ultimate synthesis of IV-2 enantiomers. The conversion of (R)-2-

butanol and (S)-2-butanol to the respective tosylates 4b (79 %), as described in Section 

2.1, followed an SN2 mechanism and resulted in no change in the absolute 

stereochemistry. The resultant oils were found to have optical rotations of — 11.2 and 

+ 10.4, respectively. This reaction does not occur at the chiral center, and therefore 

enantiopurity was maintained (98 % e.e.). 

The synthesis of optically pure 2-butanethiol from the tosylate 4b followed an 

SN2 reaction mechanism. The reaction was initially carried out in DMSO. It was 

determined during the reaction that DMSO underwent reduction to dimethyl sulfide 

(bp 37 °C) and the thiol products were oxidized as they were produced, resulting in 

symmetrical disulfide by-products. Further investigation revealed that polar aprotic 

solvents, such as HMPA, DMF and DMSO cause oxidation of small thiols (smaller than 

C5) in alkaline medium.45, 46, 47, 48 To prevent the loss of product through oxidation, a 

polar protic solvent, n-butanol, was studied as an alternative. 
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A second synthesis to produce enantiomerically pure thiols, using n-butanol as the 

solvent and the same methodology, enabled the reaction to proceed without oxidization 

of the product. Since the boiling point of n-butanol was 30 °C higher than that of 2-

butanethiol (bp 84 — 85 °C), the thiol was distilled from the solvent to provide (R)- and 

(S)-2-butanethiol (63 % and 52 %, respectively). The specific optical rotation of the 

purified samples (R)-2-butanethiol and (S)-2-butanethiol was — 14.00 and + 16.25, 

respectively. These values were found to differ from literature values of — 17.35 and 

+ 15.71,49 respectively, possibly due to a temperature difference, sources of error in the 

optical polarimeter, or a slight impurity present in the sample. 

2.2.1.2 Synthesis of (R)-IV-2 and (S)-IV-2 

The overall method for the synthesis of optically enriched IV-2 involved the use 

of optically pure (R)- and (S)-2-butanol treated with TsC1 in pyridine and CHC13 to form 

(R)- and (S)-1-methylpropyl tosylate (79 %). The respective tosylate 4b was then treated 

with thiourea in n-butanol to form (R)- and (S)-2-butanethiol 5 (63 % and 52 %, 

respectively). Reaction of the enantiomerically enriched thiol 5 with thiourea produced 

the alkyl isothiourea hydrochloride salt 6 (74 %). Finally, the alkyl isothiourea salt 6 was 

reacted with 2-mercaptoimidazole to yield purified N-2 (65 %). The overall synthetic 

yield was 24 % and 20 % for purified (R)- and (S)-IV-2, respectively. 

The specific rotation values, [a].., for 2-butanol and 2-butanethiol were known. 

The specific rotation (observed) of a compound, [a]obs, was calculated by measuring a on 

the optical polarimeter (Equation 1.1). Percent optical purity of the synthesized thiol 5 

was calculated from [a]°b and [a]max (Equation 1.2). Using the percent optical purity 
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allowed for calculation of the enantiomeric excess. Optically enriched (R)- and (S)-2-

butanethiol were calculated to be of 95 % and 98 % e.e. No further reactions should have 

taken place at the chiral center, and so it was assumed that the final IV-2 enantiomers 

were also 95 % and 98 % e.e. The specific rotation of (R)-IV-2 and (S)-IV-2 were 

determined to be — 9.8 and + 9.4 (20 °C, c = 0.2 EtOH), respectively. 

2.2.1.3 Diastereomer Synthesis 

Diastereomeric derivatives of IV-2, and/or precursors to IV-2 were synthesized, to 

allow the physical separation of the resultant products and the subsequent recovery of the 

optically pure IV-2 or 2-butanethiol starting material. Three methods were used, as 

described below, however, each method proved to be unsuccessful. 
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The first diastereomer synthesis utilized tartaric acid in the formation of tartrate 

13.5° 'H NMR of the reaction mixture showed no chemical shifts of the diagnostic peaks 

of the starting materials, or peak splitting that would indicate diastereomer 13 formation. 
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The first diastereomer synthesis utilized tartaric acid in the formation of tartrate 

13.50 'H NMR of the reaction mixture showed no chemical shifts of the diagnostic peaks 
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The second synthesis of a diastereomer involved synthesis of camphanic 

thioesters.51' 52 Camphanic acid was treated with thionyl chloride to produce the acid 

chloride 15 (75 %) and was then combined with activated zinc dust in toluene.53 Addition 

of racemic 2-butanethiol to 15 resulted in the formation of the thioester 16 as white 

crystal (21 %). The diastereomers could not be separated by thin layer chromatography 

using different solvent systems. 11-1 NMR spectra indicated the formation of the thioester 

16, however, there was no peak splitting or chemical shift observed that could be 

attributed to diastereomer formation. 
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The second synthesis o f a diastereomer involved synthesis of camphanic 

thioesters.51, 52 Camphanic acid was treated with thionyl chloride to produce the acid 

chloride 15 (75 %) and was then combined with activated zinc dust in toluene.53 Addition 

o f racemic 2-butanethiol to 15 resulted in the formation o f the thioester 16 as white 

crystal (21 %). The diastereomers could not be separated by thin layer chromatography 

using different solvent systems. 'H NMR spectra indicated the formation of the thioester 

16, however, there was no peak splitting or chemical shift observed that could be 

attributed to diastereomer formation.
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Method C: 

OMe 

17 

Zn* 

2 
OMe 
7i. 

SOLI, 3 7 SH 
OH CI ÷ 7"--..../ 

6 
OMe 
= 

18 

10 5 

The final diastereomer formation used (S)-methoxyphenylacetic acid in the 

synthesis of a thioester.51  52 (5)-Methoxyphenylacetic acid was treated with thionyl 

chloride to produce (S)-methoxyphenylacetyl chloride (80 %) and was then combined 

with activated zinc in toluene.53 Racemic 2-butanethiol was added to the reaction flask to 

yield thioester 18 as white crystal (55 %). The diastereomers could not be separated by 

thin layer chromatography using a variety of solvent systems. 'H NMR spectrometry 

showed slight peak splitting, however, no significant peak shifts were observed to enable 

measurement of the diastereomeric ratios. 
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The final diastereomer formation used (5)-methoxyphenylacetic acid in the 

synthesis o f  a thioester.51, 52 (S)-Methoxyphenylacetic acid was treated with thionyl 

chloride to produce (5)-methoxyphenylacetyl chloride (80 %) and was then combined 

with activated zinc in toluene.53 Racemic 2-butanethiol was added to the reaction flask to 

yield thioester 18 as white crystal (55 %). The diastereomers could not be separated by 

thin layer chromatography using a variety o f solvent systems. lH NMR spectrometry 

showed slight peak splitting, however, no significant peak shifts were observed to enable 

measurement of the diastereomeric ratios.
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2.3 Biological Evaluation of IV-2 Enantiomers 

2.3.1 Cytotoxicity Studies 

Two assays were chosen to investigate the inhibitory effects of rac-IV-2, (R)-IV-2 

and (S)-IV-2 disulfide drugs on EMT6 cells in culture. The MTT assay was primarily 

used to determine cytotoxicity of the enantiomeric agents at specific drug concentrations. 

The clonogenic assay was employed to evaluate cell response to cytotoxic agents by 

determination of their ability to continue growth after drug exposure. Both assays provide 

IC50 data after an exposure period of 48 hours. The clonogenic assay was also used to 

investigate cellular inhibitory response to rac-IV-2, (R)-IV-2 and (S)-IV-2 at time 

intervals of 10 minutes to 120 minutes. 

2.3.1.1 MTT Assay 

The MTT assay was performed on EMT6 cells in culture exposed to each 

analogue for 48 hours at 37 °C / 5 % CO2. The IC50 value graphically determined for 

rac-IV-2 was 16.0 I.LM ± 0.2 µM, (R)-IV-2 was 18.0 µM ± 0.1 1AM and (S)-IV-2 was 

17.0 1.1M ± 0.1 ;AM (Figure 2.1). No differences were observed, either visually or by a 

student t-test, between the activity of the racemic drug and individual enantiomers over 

an exposure period of 48 hours. These results prompted further study into the drug effects 

on EMT6 cells over shortened time intervals. 
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Percent Survival of EMT6 Cells vs Drug Concentration (AM) 
Following 48 Hour Exposure 
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Figure 2.1 Percent survival of EMT6 cells in culture versus drug concentration (AM) 

after a 48-hour exposure of rac-IV-2, (R)-IV-2 and (S)-IV-2 using the MTT assay. 
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2.3.1.2 Clonogenic Assay 

The clonogenic assay was performed on EMT6 cells in culture exposed to rac-IV-

2, (R)-IV-2 and (S)-IV-2 for 48 hours at 37 °C / 5 % CO2. The IC50 value graphically 

determined for rac-IV-2 was 3.0 µM ± 0.0 AM, (R)-IV-2 was 6.0 AM ± 0.0 AM and (S)-

1V-2 was 6.0 AM ± 0.0 AM (Figure 2.2). No differences were observed, either visually or 

by a student t-test, between activity of racemic drug and individual enantiomers over an 

exposure period of 48 hours. This result prompted further study into drug effects over 

shorter time intervals. 
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Figure 2.2 Percent survival of EMT6 cells in culture versus drug concentration (µM) 

after a 48-hour exposure of rac-IV-2, (R)-IV-2 and (S)-IV-2 using the clonogenic assay. 
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2.3.1.3 Time-Concentration Clonogenic Assay 

Investigation of inhibitory concentration at different time periods resulted in the 

following IC50 values between rac-IV-2, (R)-IV-2 and (S)-IV-2 (Table 2.1): 

Table 2.1 Average IC50 Values for rac-IV-2, (R)-IV-2 and (S)-IV-2 at Time Intervals 
from 10 Minutes to 120 Minutes. 

Ave Ica (WM) Ave ICs (uM) hagICEQIIM 

rac-IV-2 (R)-IV-2 (S)-IV-2 

120 min 5.7 ± 1.7 11.2 ± 0.5 7.0 ± 1.7 

90 min 2.3 ± 0.8 7.0 ± 2.8 3.9 ± 1.4 

60 min 7.9 ± 1.3 8.4 ± 4.1 9.7 ± 1.4 

40 4.1 ± 1.9 5.8 ± 1.5 5.6 ± 1.3 min 

20 10.8± 1.4 13.8 ± 2.3 13.8 ± 2.0 min 

10 min 20.9 ± 2.0 19.7 ± 4.0 13.9 ± 1.2 

It was observed that as the drug incubation time increased, rac-IV-2, (R)-IV-2 and 

(S)-IV-2 IC50 values followed similar patterns. At 10 minutes, rac-IV-2 and (R)-IV-2 had 

similar IC50 values, whereas the data suggested that (S)-IV-2 at 10 minutes was different. 

This could suggest that the (S)-IV-2 reacted fastest, however, the effect was complete 

after 10 minutes. At 20, 40, and 60 minutes, all three drugs visually exhibited little 

difference in IC50 values. After 90 minutes, (R)-IV-2 had a higher IC50 value than rac-

and (S)-IV-2 drugs. A drug exposure of 120 minutes resulted in rac-IV-2 giving the 
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This could suggest that the (5)-IV-2 reacted fastest, however, the effect was complete 

after 10 minutes. At 20, 40, and 60 minutes, all three drugs visually exhibited little 

difference in IC50 values. After 90 minutes, (/?)-IV-2 had a higher IC50 value than rac- 

and (5)-IV-2 drugs. A drug exposure of 120 minutes resulted in rac-IV-2 giving the
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lowest ICso value, compared to (S)-IV-2 and (R)-IV-2 in the same time frame. Overall, 

there were no differences observed for the ICso values, as determined by a student t-test. 

This time exposure data also indicated that a 40-minute time frame was the 

critical time required for effective activity. After 40 minutes, there appeared to be little 

increase in cytotoxicity with increased exposure time. The results of this time-controlled 

experiment prompted an investigation into the examination of reaction rates of rac-IV-2, 

(R)-IV-2 and (S)-IV-2 using both the biological model and the target protein, thioredoxin. 

2.3.2 Kinetic Studies 

One study to determine the reaction kinetics of the IV-2 enantiomers involved 

using the simple amino acid cysteine as the model biological system; the L-cysteine 

represented the catalytic Cys32 residue. As no differences in rates of reactivity between 

the enantiomers and L-Cys were observed in the cysteine model system, it was 

questioned whether the full-length protein might be needed to demonstrate any 

differences between the enantiomers. Therefore, a second study involving use of the 

protein hTrx, also under physiological conditions, was conducted. hTrx was treated with 

dithiothreitol (DTT) to reduce the active site cysteine residues. DTI' was removed from 

reduced hTrx by column chromatography (Sephadex-G10) immediately before reaction 

with N-2. Both kinetic experiments were conducted using an UV spectrometer, 

measuring the increase in concentration of 2-mercaptoimidazole as a measure of 

biological reactivity. The initial reaction rates were calculated from the absorbance data. 
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2.3.2.1 L-Cysteine 

Reactions between L-cysteine and rac-IV-2, (R)-IV-2 and (S)-IV-2 were evaluated 

by monitoring the release of 2-mercaptoimidazole by the increase in absorbance at 252 

nm. The initial rates were determined from absorbance versus time curves of each 

reaction (4 separate trials), and then plotted versus concentration (Figure 2.3). The rate 

constants of rac-IV-2, (R)-IV-2 and (S)-IV-2 with L-cysteine did not differ (Table 2.2). 

The enantiomers did not act preferentially in a simple chiral environment, such as L-

cysteine, and so it was necessary to further investigate the reaction of the drug with the 

active site of hTrx itself. 
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Initial Rate of Reaction with L-Cysteine vs Concentration (01) of Drug 
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Figure 2.3 Initial reaction rate of rac-IV-2, (R)-IV-2 and (S)-IV-2 with L-cysteine versus 

concentration (µM) of drug. 
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Table 2.2 Rate Constant of rac-IV-2, (R)-IV-2 and (S)-IV-2 with L-Cysteine. 

Rate Constant (k) 

WWI s ' ) 

Intercept 

(s 1) 

rac-IV-2 2.26 x 104 7.58 x 10-3

(R)-IV-2 2.13 x 104 3.25 x 10.2

(S)-IV-2 2.34 x 104 7.68 x 10-3

2.3.2.2 Thioredoxin 

It was anticipated the spatial arrangement of active site amino acids would affect 

the ability of a drug to react, and this would be reflected in the initial reaction rates. 

Initial rates of the reaction between IV-2 analogues and reduced thioredoxin were 

determined in triplicate. There was no difference in initial reaction rates between the rac-

IV-2 and the enantiomerically enriched analogues (Table 2.3). 

Table 2.3 Initial Rates of Reactivity of rac-IV-2, (R)-IV-2 and (S)-IV-2 (100 µM) with 
Thioredoxin (1 µM). 

Initial Rate 
(µ111 i') 

Standard Deviation 
(1.01 s') 

rac-IV-2 5.250 x 1044 ± 4.150 x 104}4

(R)-IV-2 1.603 x 104" ± 8.670 x 10 04

(S)-IV-2 1.275x10 °3 ± 9.570 x 1044
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3. Conclusions 

The proposed synthesis, to incorporate a 14C-radiolabel in 1-methylpropyl 2-

imidazolyl disulfide (IV-2), was investigated utilizing iodomethane (potentially 14C-

radiolabeled) and propanaldehyde to produce 2-butanol (14C-radiolabel in the CI-methyl 

position) (59 %). The 2-butanol was then treated with TsC1 in pyridine and CHC13 to 

form 1-methylpropyl tosylate (79 %). The 1-methylpropyl tosylate was treated with 

thiourea in n-butanol to form 2-butanethiol (57 %). Reaction of the thiol with thiourea 

produced the alkyl isothiourea hydrochloride salt (74 %). Finally, N-2 (14C-labeled in the 

CI-methyl position) was produced (65 %). The overall synthetic yield was 13 % for pure 

IV-2. 

Enantiomerically enriched IV-2 was produced using optically pure (R)- and (S)-2-

butanol as starting materials. The overall method for the synthesis of optically enriched 

IV-2 involved the use of optically pure (R)- and (S)-2-butanol treated with TsC1 in 

pyridine and CHC13 to form (R)- and (S)-1-methylpropyl tosylate (79 %). The respective 

purified tosylate was then treated with thiourea in n-butanol to form (R)- and (S)-2-

butanethiol (63 % and 52 %, respectively). Reaction of the enantiomerically enriched 

thiol with thiourea produced the alkyl isothiourea hydrochloride salt (74 %). Finally, the 

optically enriched (R)- and (S)-IV-2 were produced (65 %). The overall synthetic yield 

was 24 % and 20 % for pure (R)- and (S)-IV-2, respectively. 

Optically enriched (R)- and (S)-2-butanethiol displayed 95 % and 98 % e.e. The 

measured optical rotation data of enantiomerically enriched (R)- and (S)-2-butanethiol 

were compared to literature values. Since no further reactions occurred at the chiral 

center, it was assumed that the final 11/-2 enantiomers were also 95 % and 98 % ee. (R)-
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IV-2 and (S)-IV-2 were found to have optical rotations of — 9.8 and + 9.4 (20 °C), 

respectively. From this data, the optical purity of IV-2 enantiomers were calculated, using 

the known rotational values of the 2-butanethiol enantiomers. As the optical rotations of 

each IV-2 enantiomer were of opposite sign and magnitude, it was assumed that enriched 

IV-2 enantiomers had been produced. 

Further investigation into enantiomeric purity used coupling of racemic thiol to an 

enantiomerically pure ligand, such as (S)-methoxyphenylacetyl chloride. The resulting 

diastereomeric thioesters exhibited no significant peak shifts in 11-1 NMR spectroscopy, 

nor were differences in thin layer chromatography observed, thus rendering separation by 

column chromatography impractical. 

Biological evaluation of the enantiomerically enriched (R)- and (S)-IV-2 

demonstrated no significant difference in biological activity from that of rac-IV-2; a 

significant finding, not only scientifically, but also clinically since FDA requirements 

will question the contribution of each enantiomeric analogue to activity and toxicity. 

Future work for this project would involve an asymmetric synthesis of 2-

butanethiol, utilizing Mitsonobu reaction. Other work for this project may involve 

biological assays utilizing a different cell line, such as the MCF-7 cell line. Further 

kinetic studies should be performed for the reaction of IV-2 and enantiomers with hTrx at 

different pH as well as at different reaction temperatures. 
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4. Methods and Materials 

4.1 Chemistry 

4.1.1 General Experimental 

All I ll NMR (200.00 MHz) spectra and 13C NMR (50.32 MHz) spectra were 

acquired at 297 K with a Bruker AC200 QNP spectrometer. Standard 5-mm NMR tubes 

were employed. CDC13 was used as NMR solvent, unless otherwise specified. All 

chemical shifts, measured in parts per million (ppm), were referenced to tetramethyl 

silane. Coupling constants were reported in Hertz (Hz). Multiplicities of Ili NMR 

spectra are reported as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad 

(br). 

Infrared spectra were recorded using a Perkin-Elmer 1600FT infrared 

spectrophotometer. Samples were run using KBr as matrix or as a neat liquid on NaC1 

plates. Only diagnostic signals in the IR spectra were reported (cm-1). 

Melting points were measured on an Electrothermal IA9100 digital melting point 

apparatus, and were uncorrected. Boiling points were carried out at atmospheric pressure, 

unless otherwise indicated. 

Optical rotations were measured using an Optical Activity (AA-5) polarimeter in 

a 1-mL or 10-mL optical polarimeter cell with quartz windows. Values reported were 

significant to ± 0.05. 

Thin layer chromatography was carried out on Merck® silica gel 60F254 pre-coated 

(0.25 mm) on aluminum-backed sheets. Flash chromatography was performed on Merck®

silica gel 60 (230-400 mesh). 
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silane. Coupling constants were reported in Hertz (Hz). Multiplicities o f *H NMR 

spectra are reported as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad 

(br).

Infrared spectra were recorded using a Perkin-Elmer 1600FT infrared 

spectrophotometer. Samples were run using KBr as matrix or as a neat liquid on NaCl 

plates. Only diagnostic signals in the IR spectra were reported (cm 1).

Melting points were measured on an Electrothermal LA9100 digital melting point 

apparatus, and were uncorrected. Boiling points were carried out at atmospheric pressure, 

unless otherwise indicated.

Optical rotations were measured using an Optical Activity (AA-5) polarimeter in 

a 1-mL or 10-mL optical polarimeter cell with quartz windows. Values reported were 

significant to ±0.05.

Thin layer chromatography was carried out on Merck® silica gel 6OF254 pre-coated

(Sb(0.25 mm) on aluminum-backed sheets. Flash chromatography was performed on Merck 

silica gel 60 (230-400 mesh).
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All chemicals used were of reagent grade and were obtained from common 

chemical suppliers. Petroleum ether used was the fraction with boiling point of 35 - 

60 °C. Diethyl ether was dried over sodium metal with benzophenone ketyl as indicator 

and refluxed until a deep purple colour was obtained. The ether was distilled at this point 

and used immediately. 2-Butanol was dried and distilled from Cal-12 and used 

immediately. Pyridine was left over KOH pellets overnight, decanted and distilled from 

Cal-I2 immediately before use. Tosyl chloride was recrystallized from chloroform and 

petroleum ether before use. All organic extracts were dried over anhydrous magnesium 

sulfate. All air and moisture sensitive reactions were performed under an argon 

atmosphere. 

4.1.2 Chemistry Syntheses 

2-Butanol (3); Method A 

2-Butanol was prepared from a known literature method.37 Ethyl bromide 

(5.3 mL, 7.7 g, 71 mmol) was reacted with fresh magnesium turnings (1.7 g, 71 mmol) in 

dry diethyl ether and purified acetaldehyde (3.4 mL, 2.7 g, 61 mmol) under argon to give 

2-butanol (42 %, 1.9 g) (bp 98 - 99 °C). 

IR (neat): 3347, 2969, 2933, 2879 cm-1. 

1H NMR 8(ppm): 0.92 (t, 3H, J=7, CH3-3); 1.19 (d, 3H, J= 7, CH3-4); 1.48 (m, 2H, 

CH2-2); 2.30 (br s, 1H, OH); 3.72 (q, 1H, J= 7, CH-1). 

"C NMR 8(ppm): 9.91, 22.79, 31.93, 69.33. 

TLC Solvent: ethyl acetate; Rf. 0.84. 

55 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

All chemicals used were of reagent grade and were obtained from common 

chemical suppliers. Petroleum ether used was the fraction with boiling point of 35 - 

60 °C. Diethyl ether was dried over sodium metal with benzophenone ketyl as indicator 

and refluxed until a deep purple colour was obtained. The ether was distilled at this point 

and used immediately. 2-Butanol was dried and distilled from CaH2 and used 

immediately. Pyridine was left over K.OH pellets overnight, decanted and distilled from 

CaH2 immediately before use. Tosyl chloride was recrystallized from chloroform and 

petroleum ether before use. All organic extracts were dried over anhydrous magnesium 

sulfate. All air and moisture sensitive reactions were performed under an argon 

atmosphere.

4.1.2 Chemistry Syntheses

2-Butanol (3); Method A

2-Butanol was prepared from a known literature method.37 Ethyl bromide 

(5.3 mL, 7.7 g, 71 mmol) was reacted with fresh magnesium turnings (1.7 g, 71 mmol) in 

dry diethyl ether and purified acetaldehyde (3.4 mL, 2.7 g, 61 mmol) under argon to give 

2-butanol (42 %, 1.9 g) (bp 98 - 99 °C).

IR (neat): 3347,2969,2933, 2879 cm'1.

'H NMR 6 (ppm): 0.92 (t, 3H, J =  7, CH3-3); 1.19 (d, 3H, J  = 7, CH3-4); 1.48 (m, 2H, 

CH2-2); 2.30 (br s, 1H, OH); 3.72 (q, 1H ,7= 7, CH-l).

,3C NMR 8 (ppm): 9.91,22.79,31.93, 69.33.

TLC Solvent: ethyl acetate; Rf: 0.84.
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2-Butanol (3); Method B 

Modifications to the literature procedure of Mayo et. a1.37 were made. Magnesium 

turnings (1.67 g, 68.7 mmol) were crushed, rinsed with dry ether and dried in an oven 

overnight before addition to the reaction flask. A reflux condenser was attached and the 

reaction was carried out under a static argon atmosphere. Anhydrous ether (30 mL) was 

added to magnesium with stirring, followed by addition of iodomethane (6.4 mL; 14.2 g; 

100 mmol). Once most of the magnesium was consumed and boiling subsided, the 

reaction vessel was cooled (0 °C) and propanaldehyde (6.4 mL, 4.8 g, 83 mmol) was 

carefully added to the reaction flask via syringe. The reaction was followed by thin layer 

chromatography (ethyl acetate; Rf: 0.84) and the plates were developed in vanillin. Acid 

work-up of the reaction was performed using 2M HCl and ice water. The ether layers 

were dried over anhydrous MgSO4, filtered and concentrated in vacuo (0 °C). Purification 

of 2-butanol (59 %, 3.7 g) was performed by distillation (98 - 99 °C). 

IR (neat): 3347, 2969, 2933, 2879 cm* 

'H NMR 8(ppm): 0.92 (t, 3H, J = 7, CH3-3); 1.19 (d, 3H, J= 7, CH3-4); 1.48 (m, 2H, 

CH2-2); 2.30 (br s, 1H, OH); 3.72 (q, I H, J= 7, CH-1). 

'3C NMR 8(ppm): 9.91, 22.79, 31.93, 69.33. 

2-Bromobutane (4a) 

2-Bromobutane was prepared by the method reported in the literature.38

Concentrated H2SO4 (0.82 mL, 1.5 g, 15 mmol) was added, with shaking, to 48 % HBr 

(3.3 mL, 5.0 g, 62 mmol) contained in a separatory funnel. 2-Butanol (2.2 mL, 1.8 g, 
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2-Butanol (3); Method B

Modifications to the literature procedure o f Mayo et. al?1 were made. Magnesium 

turnings (1.67 g, 68.7 mmol) were crushed, rinsed with dry ether and dried in an oven 

overnight before addition to the reaction flask. A reflux condenser was attached and the 

reaction was carried out under a static argon atmosphere. Anhydrous ether (30 mL) was 

added to magnesium with stirring, followed by addition of iodomethane (6.4 mL; 14.2 g; 

100 mmol). Once most of the magnesium was consumed and boiling subsided, the 

reaction vessel was cooled (0 °C) and propanaldehyde (6.4 mL, 4.8 g, 83 mmol) was 

carefully added to the reaction flask via syringe. The reaction was followed by thin layer 

chromatography (ethyl acetate; Rf: 0.84) and the plates were developed in vanillin. Acid 

work-up of the reaction was performed using 2M HC1 and ice water. The ether layers 

were dried over anhydrous MgS0 4 , filtered and concentrated in vacuo (0 °C). Purification 

of 2-butanol (59 %, 3.7 g) was performed by distillation (98 - 99 °C).

IR (neat): 3347, 2969,2933,2879 c m 1.

lH NMR 8 (ppm): 0.92 (t, 3H, J  = 7, CH3-3); 1.19 (d, 3H, J  = 7, CH3-4); 1.48 (m, 2H, 

CH2-2); 2.30 (brs, 1H, OH); 3.72 (q, lH ,/= 7 ,  CH-1).

I3C NMR 8 (ppm): 9.91, 22.79, 31.93, 69.33.

2-Bromobutane (4a)

2-Bromobutane was prepared by the method reported in the literature. 

Concentrated H2SO4 (0.82 mL, 1.5 g, 15 mmol) was added, with shaking, to 48 % HBr 

(3.3 mL, 5.0 g, 62 mmol) contained in a separatory funnel. 2-Butanol (2.2 mL, 1.8 g,
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24 mmol) was added, followed by concentrated H2SO4 (0.65 mL, 1.2 g, 12 mmol) in 

several portions with shaking. The organic layer was washed with water (2 x 5 mL) and 

12M HC1 (3 x 5 mL) until the volume of the acid layer remained unchanged upon 

shaking with the halide. The organic layer was washed again with water (2 x 10 mL) and 

NaHCO3 (5 %) (3 x 10 mL), dried over anhydrous MgSO4, filtered and distilled 

(91— 93 °C) to yield 2-bromobutane (24 %, 0.80 g). 

IR (neat): 2969, 2935, 2921, 2877, 2843 cm-I. 

I ll NMR 8(ppm): 1.05 (t, 3H, J = 7, CH3-1); 1.69 (d, 3H, J = 7, CH3-4); 1.82 (m, 2H, 

CH2-2); 4.15 (q, 1H, J= 7, CH-3). 

"C NMR 8(ppm): 12.22, 26.04, 34.20, 53.66. 

1- Methylpropyl tosylate (4b) 

Tosylate 4b was prepared following the method of Kabalka et al.39 Dry 2-butanol 

(0.94 mL, 0.76 g, 10 mmol) was reacted with p-toluenesulfonyl chloride and dry pyridine 

in a 1:2:3 ratio for 36 hours at room temperature. The reaction was followed for 

disappearance of TsC1 with thin layer chromatography (10 % Et2O: pet ether; Rf: 0.53) 

and quenched with ice water (30 mL). Tosylate 4b was extracted with ether (2 x 20 mL) 

and washed several times with water (2 x 10 mL), 2M HCl (2 x 10 mL), NaHCO3 (40 %) 

(2 x 10 mL) and again with water (2 x 10 mL). The ether layers were dried over 

anhydrous magnesium sulfate, filtered, concentrated and subject to column 

chromatography (30 cm x 40 mm) to yield 4b as oil (77 %, 1.8 g). 
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24 mmol) was added, followed by concentrated H2SO4 (0.65 mL, 1.2 g, 12 mmol) in 

several portions with shaking. The organic layer was washed with water (2 x 5  mL) and 

12M HC1 ( 3 x 5  mL) until the volume of the acid layer remained unchanged upon 

shaking with the halide. The organic layer was washed again with water (2 x 10 mL) and 

NaHCC>3 (5 %) (3 x 10 mL), dried over anhydrous MgS(>4, filtered and distilled 

(91-93 °C) to yield 2-bromobutane (24 %, 0.80 g).

IR (neat): 2969,2935, 2921,2877,2843 cm 1.

!H NMR S(ppm): 1.05 (t, 3H, /  = 7, CH3-1); 1.69 (d, 3H, J  = 7, CH3-4); 1.82 (m, 2H, 

CH2-2); 4.15 (q, 1H, J=  7, CH-3).

,3C NMR 5(ppm): 12.22, 26.04, 34.20, 53.66.

1 - Methylpropyl tosylate (4b)

Tosylate 4b was prepared following the method of Kabalka et al?9 Dry 2-butanol 

(0.94 mL, 0.76 g, 10 mmol) was reacted with p-toluenesulfonyl chloride and dry pyridine 

in a 1:2:3 ratio for 36 hours at room temperature. The reaction was followed for 

disappearance of TsCl with thin layer chromatography (10 % Et2 0 : pet ether; Rf: 0.53) 

and quenched with ice water (30 mL). Tosylate 4b was extracted with ether (2 x 20 mL) 

and washed several times with water (2 x 10 mL), 2M HC1 (2 x 10 mL), NaHCC>3 (40 %) 

(2 x 10 mL) and again with water (2 x 10 mL). The ether layers were dried over 

anhydrous magnesium sulfate, filtered, concentrated and subject to column 

chromatography (30 cm x 40 mm) to yield 4b as oil (77 %, 1.8  g).
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Preparation of the enantiomerically pure tosylate 4b followed the above 

procedure, starting with enantiomerically pure (98 %) (R)-(-)-2-butanol and (S)-(+)-2-

butanol. 

Flash Chromatography Solvent: 10 % Et2O : pet ether; Rf: 0.31. 

IR (neat): 3061, 3031, 2977, 2937, 2881, 1598, 1496, 1460, 1361 cm-i. 

IH NMR S(ppm): 0.80 (t, 3H, J= 7, CH3-6); 1.25 (d, 3H, J=7, CH3-7); 1.58 (m, 2H, 

CH2-5); 2.45 (s, 3H, CH3-3); 4.55 (m, 1H, CH-4); 7.35 (d, 2H, J= 8, CH-1); 7.80 (d, 2H, 

J= 8, CH-2). 

13C NMR 8(ppm): 9.33, 20.32, 21.65, 29.47, 81.85, 127.70, 129.75, 144.45. 

(S)-1-Methylpropyl tosylate 

Yield: 77 %, 1.8 g 

tow% + 10.4 (c = 0.25, Me0H) 

IR (neat): 3061, 3031, 2977, 2937, 2881, 1598, 1496, 1460, 1361 cm-i. 

IH NMR 8(ppm): 0.80 (t, 3H, J = 7, CH3-6); 1.25 (d, 3H, J = 7, CH3-7); 1.58 (m, 2H, 

CH2-5); 2.45 (s, 3H, CH3-3); 4.55 (m, 1H, CH-4); 7.35 (d, 2H, J= 8, CH-1); 7.80 (d, 2H, 

J= 8, CH-2). 

13C NMR 8(ppm): 9.33, 20.32, 21.65, 29.47, 81.85, 127.70, 129.75, 144.45. 

(R)-1-Methylpropyl tosylate 

Yield: 77 %, 1.8 g 

Ia120D : - 11.2 (c = 0.25, Me0H) 

IR (neat): 3061, 3031, 2977, 2937, 2881, 1598, 1496, 1460, 1361 cm-i. 
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Preparation of the enantiomerically pure tosylate 4b followed the above 

procedure, starting with enantiomerically pure (98 %) (/?)-(-)-2-butanol and (S)-(+)-2- 

butanol.

Flash Chromatography Solvent: 10 % Et2 0  : pet ether; Rr: 0.31.

IR (neat): 3061, 3031,2977,2937,2881, 1598, 1496, 1460, 1361 c m 1.

'H  NMR 5(ppm): 0.80 (t, 3H, J  = 7, CH3-6 ); 1.25 (d, 3H, J  = 7, CH3-7); 1.58 (m, 2H, 

CH2-5); 2.45 (s, 3H, CH3-3); 4.55 (m, 1H, CH-4); 7.35 (d, 2H, J =  8 , CH-1); 7.80 (d, 2H, 

7  = 8 , CH-2).

I3C NMR 6 (ppm): 9.33,20.32,21.65, 29.47, 81.85, 127.70, 129.75, 144.45.

(5^-1 -Methylpropy 1 tosylate

Yield: 77 %, 1.8 g

[a |20D : + 10.4 (c = 0.25, MeOH)

IR (neat): 3061, 3031,2977,2937, 2881, 1598, 1496, 1460, 1361 cm '1.

'H  NMR 5(ppm): 0.80 (t, 3H, 7  = 7, CH3-6 ); 1.25 (d, 3H, 7  = 7, CH3-7); 1.58 (m, 2H, 

CH2-5); 2.45 (s, 3H, CH3-3); 4.55 (m, 1H, CH-4); 7.35 (d, 2H, 7 =  8 , CH-1); 7.80 (d, 2H, 

7 = 8 , CH-2).

I3C NMR 5(ppm): 9.33,20.32,21.65,29.47,81.85, 127.70, 129.75, 144.45.

(R)-l-Methylpropyl tosylate

Yield: 77 %, 1.8 g

[a l20D : -11.2 (c = 0.25, MeOH)

IR (neat): 3061, 3031,2977,2937, 2881, 1598, 1496, 1460, 1361 cm '1.
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ill NMR to(ppm): 0.80 (t, 3H, J = 7, CH3-6); 1.25 (d, 3H, J = 7, CH3-7); 1.58 (m, 2H, 

CH2-5); 2.45 (s, 3H, CH3-3); 4.55 (m, 1H, CH-4); 7.35 (d, 2H, J= 8, CH-1); 7.80 (d, 2H, 

J= 8, CH-2). 

13C NMR 8(ppm): 9.33, 20.32, 21.65, 29.47, 81.85, 127.70, 129.75, 144.45. 

2- Butanethiol (5); Method A 

A mixture of tosylate 4b (2.54 g, 11.1 mmol) and thiourea (0.944 g, 12.4 mmol) 

was dissolved in 15 mL ethanol (95 %) and refluxed for 2 hours. The reaction was 

followed with thin layer chromatography (10 % Et2O : pet ether; Rf: 0.31) and was 

removed from heat upon completion. After formation of the salt, a 2.5M solution of 

NaOH (11.0 mL, 27.6 mmol) was added dropwise to the flask and vigorously stirred. The 

mixture was warmed gently for 1 hour and temperature reduced (0 °C) by placing the 

round bottom flask in an ice bath. The reaction medium was adjusted from pH 10 to pH 4 

by dropwise additions of 2.5M NaOH and was followed by additions of 12M HC1 to 

bring the pH to neutral. Production of 2-butanethiol was followed with thin layer 

chromatography developed in vanillin (ethyl acetate; Rf: 0.65). As the boiling points of 

the solvent and product were similar (78 °C and 84 °C, respectively), another solvent was 

of interest for isolation of product. The use of DMSO as solvent was attempted, but failed 

to yield the desired product (bp 37 oc).46 - 48 

The reaction was undertaken as described above with the modification of using n-

butanol instead of ethanol. This higher boiling solvent enabled 2-butanethiol (63 %, 
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'H NMR SCppm): 0.80 (t, 3H, J  = 7, CH3-6 ); 1.25 (d, 3H, J  = 7, CH3-7); 1.58 (m, 2H, 

CH2-5); 2.45 (s, 3H, CH3-3); 4.55 (m, 1H, CH-4); 7.35 (d, 2H, J = 8 , CH-1); 7.80 (d, 2H, 

J=  8 , CH-2).

I3C NMR 6(ppm): 9.33,20.32, 21.65,29.47, 81.85,127.70, 129.75,144.45.

2- Butanethiol (5); Method A

A mixture o f tosylate 4b (2.54 g, 11.1 mmol) and thiourea (0.944 g, 12.4 mmol) 

was dissolved in 15 mL ethanol (95 %) and refluxed for 2 hours. The reaction was 

followed with thin layer chromatography ( 1 0  % Et2 0  : pet ether; Rf: 0.31) and was 

removed from heat upon completion. After formation of the salt, a 2.5M solution of 

NaOH (11.0 mL, 27.6 mmol) was added dropwise to the flask and vigorously stirred. The 

mixture was warmed gently for 1 hour and temperature reduced (0 °C) by placing the 

round bottom flask in an ice bath. The reaction medium was adjusted from pH 10 to pH 4 

by dropwise additions of 2.5M NaOH and was followed by additions of 12M HC1 to 

bring the pH to neutral. Production of 2-butanethiol was followed with thin layer 

chromatography developed in vanillin (ethyl acetate; Rf: 0.65). As the boiling points of 

the solvent and product were similar (78 °C and 84 °C, respectively), another solvent was 

o f interest for isolation of product. The use o f DMSO as solvent was attempted, but failed 

to yield the desired product (bp 37 °C) . 4 6 ' 48

The reaction was undertaken as described above with the modification o f using n- 

butanol instead of ethanol. This higher boiling solvent enabled 2-butanethiol (63 %,
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0.63 g) to be recovered by distillation (84 - 85 °C). Preparation of 2-butanethiol 

enantiomers followed the above procedure. 

itl NMR 8(ppm): 0.95 (t, 3H, J = 7, CH3-3); 1.30 (d, 3H, J = 7, CH3-4); 1.40 (d, 1H, 

J=7, SH); 1.45-1.60 (m, 2H, J=7, CH2-2); 2.80 (m, 1H, CH-1). 

13C NMR 8(ppm): 11.86, 25.12, 33.84, 37.34. 

(S)-2-Butanethiol 

Yield: 52 %, 0.92 g 

[a]20D : (S)-(+)-2-butanethiol = + 19.88 (c = 0.2, Me0H) 

Rep : (S) - (+) -2 - butanethiol = + 16.25 (neat) (Lit. [a]20D + 15.71) 

111 NMR 8(ppm): 0.95 (t, 3H, .1= 7, CH3-1); 1.30 (d, 3H, J = 7, CH3-4); 1.40 (d, 1H, 

J= 7, SH); 1.45-1.60 (m, 2H, J= 7, CH2-2); 2.80 (m, 1H, CH-3). 

13C NMR 8(ppm): 11.87, 25.12, 33.84, 37.34. 

(R)-2-Butanethiol 

Yield: 63 %, 1.2 g 

[a]20D : (R)-(-)-2- butanethiol = - 18.37 (c = 0.2, Me0H) 

KW% : (R)-(-)-2- butanethiol = - 14.00 (neat) (Lit. [a]i7D - 17.35) 

111 NMR 8(ppm): 0.95 (t, 3H, J = 7, CH3-1); 1.30 (d, 3H, J = 7, CH3-4); 1.40 (d, 1H, 

J= 7, SH); 1.45-1.60 (m, 2H, J= 7, CH2-2); 2.80 (m, 1H, CH-3). 

13C NMR 8(ppm): 11.87, 25.12, 33.84, 37.34. 
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0.63 g) to be recovered by distillation (84 - 85 °C). Preparation o f 2-butanethiol 

enantiomers followed the above procedure.

'H  NMR 6 (ppm): 0.95 (t, 3H, J =  7, CH3-3); 1.30 (d, 3H, J =  7, CH3-4); 1.40 (d, 1H, 

J=  7, SH); 1.45-1.60 (m, 2H, J=  7, CH2-2); 2.80 (m, 1H, CH-1).

,3C NMR SCppm): 11.86, 25.12, 33.84, 37.34.

(5)-2-Butanethiol 

Yield: 52 %, 0.92 g

(a |20D: (S)-(+)-2-butanethiol = + 19.88 (c = 0.2, MeOH)

[al20D : (S)-(+)-2- butanethiol = + 16.25 (neat) (Lit. [a]20D +15.71)

'H  NMR 5(ppm): 0.95 (t, 3H, / =  7, CH3-1); 1.30 (d, 3H, / =  7, CH3-4); 1.40 (d, IH, 

J=  7, SH); 1.45-1.60 (m, 2H, J=  7, CH2-2); 2.80 (m, 1H, CH-3).

,3C NMR 5(ppm): 11.87, 25.12,33.84, 37.34.

(Jt)~2-Butanethiol 

Yield: 63 %, 1.2 g

la |20D : (/?)-(-)-2 - butanethiol = -18.37 (c = 0.2, MeOH)

( o | 20d  : (/?)-(-)-2- butanethiol =  -  14.00 (neat) (Lit. [ a ] 17D -  17.35)

'H  NMR 5(ppm): 0.95 (t, 3H, J = l ,  CH3-1); 1.30 (d, 3H, J  = 7, CH3-4); 1.40 (d, 1H, 

J=  7, SH); 1.45-1.60 (m, 2H, J=  7, CH2-2); 2.80 (m, 1H, CH-3).

,3C NMR 5(ppm): 11.87, 25.12, 33.84, 37.34.
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2- Butanethiol (5); Method B 

2-Butanethiol was prepared by the method of Fichtner et 4 41' 42 through the initial 

conversion of 2-butanol to S-(2-butyl)-S-methyl dithiocarbonate. 

O-(2-Butyl)-S-carbondithioic methyl ester (4c) 

2-Butanol (1.1 mL, 0.89 g, 12 mmol) was slowly added to a refluxing suspension 

of NaH in 17.5 mL anhydrous THF. The mixture was refluxed for an additional 2 hours 

after addition of the alcohol. A solution of CS2 (0.950 g, 12.5 mmol) in anhydrous THF 

was slowly added to the cooled reaction mixture and was allowed to stir at room 

temperature for 2 hours. A solution of Mel (1.77 g, 12.5 mmol) in anhydrous THF 

(2.5 mL) was added slowly to the reaction flask. The reaction mixture was allowed to stir 

for 36 hours at room temperature at which time ice water was added to quench the 

reaction. The aqueous layer was washed with hexane. Organic fractions were combined, 

washed with water, dried over anhydrous MgSO4, filtered and concentrated and subjected 

to column chromatography (30 cm x 40 mm) to yield title compound 4c as yellow oil 

(93 %, 1.8 g). 

Flash Chromatography Solvent: 5 % Et2O : pet ether; Rf: 0.78. 

IR (neat): 2973, 2922, 2878, 1712 cm-I. 

NMR 8(ppm): 0.95 (t, 3H J = 7, CH3-3); 1.35(d, 3H, J = 7, CH3-4); 1.55-1.95 (m, 

2H, CH2-2); 2.50 (s, 3H, CH3-S); 5.60 (q, 1H, J= 7, CH-1). 
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2- Butanethiol (5); Method B

2-Butanethiol was prepared by the method of Fichtner et al,41' 42 through the initial 

conversion o f 2-butanol to S-(2-butyl)-S-methyl dithiocarbonate.

0-(2-Butyl)-S-carbondithioic methyl ester (4c)

2-Butanol (1.1 mL, 0.89 g, 12 mmol) was slowly added to a refluxing suspension 

o f NaH in 17.5 mL anhydrous THF. The mixture was refluxed for an additional 2 hours 

after addition of the alcohol. A solution o f CS2 (0.950 g, 12.5 mmol) in anhydrous THF 

was slowly added to the cooled reaction mixture and was allowed to stir at room 

temperature for 2 hours. A solution of Mel (1.77 g, 12.5 mmol) in anhydrous THF 

(2.5 mL) was added slowly to the reaction flask. The reaction mixture was allowed to stir 

for 36 hours at room temperature at which time ice water was added to quench the 

reaction. The aqueous layer was washed with hexane. Organic fractions were combined, 

washed with water, dried over anhydrous MgS0 4 , filtered and concentrated and subjected 

to column chromatography (30 cm x 40 mm) to yield title compound 4c as yellow oil 

(93%, 1.8 g).

Flash Chromatography Solvent: 5 % Et2 0  : pet ether; Rf: 0.78.

IR (neat): 2973,2922,2878, 1712 cm'1.

'H  NMR 6(ppm): 0.95 (t, 3H J  = 7, CH3-3); 1.35(d, 3H, J  = 7, CH3-4); 1.55-1.95 (m, 

2H, CH2-2); 2.50 (s, 3H, CH3-S); 5.60 (q, 1H, J=  7, CH-1).
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S-(2-Butyl)-S-methyl dithiocarbonate (4d) 

An approximate 0.3M reaction solution was prepared via slow addition of TFA to 

ester 4c (1.8 g, 11 mmol), and was allowed to stir at room temperature overnight. The 

reaction was followed with thin layer chromatography and had indicated complete 

reaction of the starting material after reacting for 18 hours. TFA was distilled off and 

crude product was purified by flash chromatography (30 cm x 40 mm) to yield title 

compound 4d as yellow oil (56 %, 1.0 g). 

Flash Chromatography Solvent: 5 % Et2O : pet ether; Rf: 0.59. 

IR (neat): 2963, 2925, 2854, 1646 cm-I. 

1H NMR 8(ppm): 0.95 (t, 3H, J= 7, CH3-3); 1.34 (d, 3H, J= 7, CH3-4); 1.55-1.70 (m, 

2H, CH2-2); 2.40 (s, 3H, CH3-S); 3.65 (q, 1H, J= 7, CH-1). 

2-Butanethiol (5) 

In a closed distilling flask, dithiocarbonate 4d (0.88 g, 5.4 mmol) was stirred and 

heated (70 °C). 2-Aminoethanol (0.50 mL, 0.51 g, 8.3 mmol) was added dropwise via 

syringe through the top of the condenser. After addition, the reaction temperature was 

maintained (70 °C) for 10 minutes, after which the reaction temperature was increased for 

distillation of the thiol product from the reaction flask. No product was recovered. To 

optimize the reaction conditions, the molar ratio of 2-aminoethanol : 4d was increased 

(1.5 : 1 to 30 : 1). Reaction temperature was increased (70 °C to 90 °C) and the reaction 

time was also increased (10 minutes to 30 minutes). 2-Butanethiol (6 %, 30 mg) was then 

distilled (84 - 85 °C) from the reaction flask. 
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S-(2-Butyl)-S-methyl dithiocarbonate (4d)

An approximate 0.3M reaction solution was prepared via slow addition of TFA to 

ester 4c (1.8 g, 11 mmol), and was allowed to stir at room temperature overnight. The 

reaction was followed with thin layer chromatography and had indicated complete 

reaction o f the starting material after reacting for 18 hours. TFA was distilled off and 

crude product was purified by flash chromatography (30 cm x 40 mm) to yield title 

compound 4d as yellow oil (56 %, 1.0 g).

Flash Chromatography Solvent: 5 % Et20 : pet ether; Rf: 0.59.

IR (neat): 2963,2925, 2854, 1646 c m 1.

'H  NMR 8(ppm): 0.95 (t, 3H, J=  7, CH3-3); 1.34 (d, 3H, J  = 7, CH3-4); 1.55-1.70 (m, 

2H, CH2-2); 2.40 (s, 3H, CH3-S); 3.65 (q, 1H, J=  7, CH-1).

2-Butanethiol (5)

In a closed distilling flask, dithiocarbonate 4d (0.88 g, 5.4 mmol) was stirred and 

heated (70 °C). 2-Aminoethanol (0.50 mL, 0.51 g, 8.3 mmol) was added dropwise via 

syringe through the top o f the condenser. After addition, the reaction temperature was 

maintained (70 °C) for 10 minutes, after which the reaction temperature was increased for 

distillation o f the thiol product from the reaction flask. No product was recovered. To 

optimize the reaction conditions, the molar ratio of 2-aminoethanol : 4d was increased 

(1.5 : 1 to 30 : 1). Reaction temperature was increased (70 °C to 90 °C) and the reaction 

time was also increased (10 minutes to 30 minutes). 2-Butanethiol ( 6  %, 30 mg) was then 

distilled (84 - 85 °C) from the reaction flask.
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111 NMR 8(ppm): 0.97 (t, 3H, J = 7, CH3-1); 1.30 (d, 3H, J= 7, CH3-4); 1.40 (d, 1H, 

J= 7, SH); 1.45-1.65 (m, 2H, CH2-2); 2.85 (q, 1H, J= 7, CH-3). 

2-Butanethiol (5); Method C 

The experimental procedure was performed from a known method in the 

literature 40 Sodium thiophosphate dodecahydrate (0.7 g, 4 mmol) was dissolved in 

10 mL water and added to a solution of 2-bromobutane (0.2 mL, 2 mmol) in 2 mL of 

DMF. The mixture was stirred for 5 hours at room temperature and was then acidified to 

pH 4 with 1.1M HCI. Stirring was continued overnight at room temperature. The organic 

fraction was extracted with dichloromethane (3 x 10 mL), washed with brine (2 x 10 mL) 

and dried over anhydrous MgSO4 to yield starting material, 2-bromobutane. Modification 

of the reaction failed to produce the desired product, even after increasing the reaction 

time (5 hours to 24 hours), increasing the molar ratio of 2-bromobutane : Na3SPO3 (1:1 to 

1: 2), changing the reaction solvent (DMF to Me0H) and increasing the reaction 

temperature (room temperature to 65 °C). 

IR (neat): 2969, 2935, 2921, 2877, 2843 cm*. 

111 NMR 8(ppm): 1.05 (t, 3H, J = 7, CH3-1); 1.70 (d, 3H, J= 7, CH3-4); 1.81 (m, 2H, 

CH2-2); 4.10 (q, 1H, J= 7, CH-3). 

13C NMR 8(ppm): 12.17, 25.98, 34.14, 53.60. 
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'H NMR 5(ppm): 0.97 (t, 3H, J  = 7, CH3-1); 1.30 (d, 3H, J  = 7, CH3-4); 1.40 (d, 1H, 

J=  7, SH); 1.45-1.65 (m, 2H, CH2-2); 2.85 (q, IH, J=  7, CH-3).

2-Butanethiol (5); Method C

The experimental procedure was performed from a known method in the 

literature.40 Sodium thiophosphate dodecahydrate (0.7 g, 4 mmol) was dissolved in 

10 mL water and added to a solution of 2-bromobutane (0.2 mL, 2 mmol) in 2 mL of 

DMF. The mixture was stirred for 5 hours at room temperature and was then acidified to 

pH 4 with 1.1M HC1. Stirring was continued overnight at room temperature. The organic 

fraction was extracted with dichloromethane ( 3 x10  mL), washed with brine ( 2 x 1 0  mL) 

and dried over anhydrous MgSC>4 to yield starting material, 2-bromobutane. Modification 

of the reaction failed to produce the desired product, even after increasing the reaction 

time (5 hours to 24 hours), increasing the molar ratio of 2-bromobutane : Na3S P0 3 (1:1 to 

1: 2), changing the reaction solvent (DMF to MeOH) and increasing the reaction 

temperature (room temperature to 65 °C).

IR (neat): 2969,2935,2921,2877, 2843 cm 1.

'H NMR 8(ppm): 1.05 (t, 3H, J  = 7, CH3-1); 1.70 (d, 3H, J  = 7, CH3-4); 1.81 (m, 2H, 

CH2-2); 4.10 (q, 1H, J=  7, CH-3).

,3C NMR 5(ppm): 12.17,25.98, 34.14, 53.60.
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2-Butanethiol (5); Method D 

2-Butanethiol was prepared following the method of Urquhart et al.,'" with 

modification. The mixture of 2-bromobutane (5.0 mL, 6.3 g, 46 mmol) and thiourea 

(4.75 g, 62.4 mmol) in ethanol was stirred vigorously and heated under reflux for 2 hours. 

A solution of NaOH (10 %) was added to the reaction flask and was refluxed with stirring 

for a further 2 hours. During this period, the thiol partially separated due to its 

insolubility in alkaline medium. The upper layer of almost pure thiol was separated from 

the mixture and the aqueous layer was then acidified with a cold solution of 12.5 % 

sulfuric acid. Ether extractions (3 x 10 mL) were combined with the thiol, dried over 

anhydrous MgSO4, filtered and distilled (84 - 85 °C) to collect purified 2-butanethiol 

(5 %, 0.2 g). 

I ll NMR 8(ppm): 0.95 (t, 3H, J = 7, CH3-3); 1.30 (d, 3H, J=7, CH3-4); 1.40 (d, 1H, 

J=7, SH); 1.45-1.85 (m, 2H, CH2-2); 2.75 (m, 1H, CH-1). 

1-Methylpropyl isothiourea hydrochloride salt (6) 

Title compound 6 was prepared following the general method of Sirakawa et a1.44

2-Butanethiol (1.39 mL, 1.15 g, 12.8 mmol) and thiourea (0.970 g, 12.8 mmol) were 

stirred in ethanol until the solid had dissolved. 12M HC1 (1.0 mL, 14 mind) was then 

added dropwise to the reaction medium. The reaction temperature was reduced (0 °C) by 

placing the round bottom flask in an ice bath and the reaction mixture was stirred 

vigorously. H20 2 (30 %, 1.3 mL, 13 mmol) was added via syringe over a period of 45 

minutes. Stirring was continued (0 °C) for a further 2 hours and then stirred at room 

temperature overnight. Solvent was concentrated to yield crude title compound 6 as 
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2-Butanethiol (5); Method D

2-Butanethiol was prepared following the method of Urquhart et al. , 43 with 

modification. The mixture of 2-bromobutane (S.O mL, 6.3 g, 46 mmol) and thiourea 

(4.7S g, 62.4 mmol) in ethanol was stirred vigorously and heated under reflux for 2 hours. 

A solution of NaOH (10 %) was added to the reaction flask and was refluxed with stirring 

for a further 2 hours. During this period, the thiol partially separated due to its 

insolubility in alkaline medium. The upper layer of almost pure thiol was separated from 

the mixture and the aqueous layer was then acidified with a cold solution o f 12.5 % 

sulfuric acid. Ether extractions (3 x 10 mL) were combined with the thiol, dried over 

anhydrous MgS0 4 , filtered and distilled (84 - 85 °C) to collect purified 2-butanethiol 

(5%, 0.2 g).

'H NMR 5(ppm): 0.95 (t, 3H, J =  7, CH3-3); 1.30 (d, 3H, J  = 7, CH3-4); 1.40 (d, 1H, 

J = l,  SH); 1.45-1.85 (m, 2H, CH2-2); 2.75 (m, 1H, CH-1).

1-Methylpropyl isothiourea hydrochloride salt (6)

Title compound 6  was prepared following the general method of Sirakawa et a / . 44

2-Butanethiol (1.39 mL, 1.15 g, 12.8 mmol) and thiourea (0.970 g, 12.8 mmol) were 

stirred in ethanol until the solid had dissolved. 12M HC1 (1.0 mL, 14 mmol) was then 

added dropwise to the reaction medium. The reaction temperature was reduced (0 °C) by 

placing the round bottom flask in an ice bath and the reaction mixture was stirred 

vigorously. H20 2 (30 %, 1.3 mL, 13 mmol) was added via syringe over a period of 45 

minutes. Stirring was continued (0 °C) for a further 2 hours and then stirred at room 

temperature overnight. Solvent was concentrated to yield crude title compound 6  as
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yellow oil (74 %, 1.9 g). This was used without purification for the synthesis of the 

desired disulfide, 1-methylpropyl 2-imidazolyl disulfide 8. 

1-Methylpropyl 2-imidazolyl disulfide (8) 

Title compound 8 was prepared by the method of Sirakawa et. cies Alkyl 

isothiourea hydrochloride salt 6 (2.20 g, 11.1 mmol) and 2-mercaptoimidazole (1.11 g, 

11.1 mmol) were dissolved in methanol. The reaction mixture was cooled (0 °C) and 

NaHCO3 (0.71M, 21 mL, 15 mmol) was added dropwise via syringe over a period of 45 

minutes, during which time the reaction mixture became turbid. Stirring was continued 

(0 °C) for 30 minutes and the mixture was refrigerated overnight. Product was filtered off 

by vacuum filtration and recrystallized from a 1:1 EtOH and H2O mixture to yield pure 

disulfide 8 (65 %, 1.4 g). 

mp: 90.5 - 91.2 °C 

'H NMR 6(ppm): 0.90 (t, 3H, J=7, CH3-3); 1.35 (d, 3H, J= 7, CH3-4); 1.65 (m, 2H, 

CH2-2); 2.95 (m, 1H, CH-1); 7.18 (s, 2H, CH-5); 12.15 (br s, I H, NH). 

I3C NMR 6(ppm): 9.24, 20.20, 24.55, 29.17, 81.80, 127.58, 129.79. 

(S)-l-Methylpropyl 2-imidazolyl disulfide 

mp: 88.5 — 89.5 °C 

[a1209 : + 9.4 (c = 0.2 EtOH) 

'H NMR 6(ppm): 0.90 (t, 3H, J=7, CH3-3); 1.35 (d, 3H, J= 7, CH3-4); 1.65 (m, 2H, 

CH2-2); 2.95 (m, 1H, CH-1); 7.18 (s, 2H, CH-5); 12.15 (br s, 1H, NH). 
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yellow oil (74 %, 1.9 g). This was used without purification for the synthesis o f the 

desired disulfide, 1-methylpropyl 2-imidazolyl disulfide 8.

1-Methylpropyl 2-imidazolyl disulfide (8)

Title compound 8 was prepared by the method o f Sirakawa et. a/.44 Alkyl 

isothiourea hydrochloride salt 6 (2.20 g, 11.1 mmol) and 2-mercaptoimidazole (1.11 g,

11.1 mmol) were dissolved in methanol. The reaction mixture was cooled (0 °C) and 

NaHCC>3 (0.71M, 21 mL, 15 mmol) was added dropwise via syringe over a period of 45 

minutes, during which time the reaction mixture became turbid. Stirring was continued 

(0 °C) for 30 minutes and the mixture was refrigerated overnight. Product was filtered off 

by vacuum filtration and recrystallized from a 1:1 EtOH and H2O mixture to yield pure 

disulfide 8 (65 %, 1.4 g). 

mp: 90.5-91.2 °C

'H  NMR 5(ppm): 0.90 (t, 3H, J  = 7, CH3-3); 1.35 (d, 3H, J  = 7, CH3-4); 1.65 (m, 2H, 

CH2-2); 2.95 (m, 1H, CH-1); 7.18 (s, 2H, CH-5); 12.15 (br s, 1H, NH).

I3C NMR 5(ppm): 9.24, 20.20,24.55,29.17, 81.80, 127.58, 129.79.

(5)-l -Methylpropyl 2-imidazolyl disulfide

mp: 88.5 -  89.5 °C

[a |2#D : + 9.4 (c = 0.2 EtOH)

'H  NMR 5(ppm): 0.90 (t, 3H, J =  7, CH3-3); 1.35 (d, 3H, J =  7, CH3-4); 1.65 (m, 2H, 

CH2-2); 2.95 (m, 1H, CH-1); 7.18 (s, 2H, CH-5); 12.15 (br s, 1H, NH).
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13C NMR 8(ppm): 9.24, 20.20, 24.55, 29.17, 81.80, 127.58, 129.79. 

(R)-1-Methylpropyl 2-imidazolyl disulfide 

mp: 89.7 — 90.7 °C 

1a1120D :- 9.8 (c = 0.2 EtOH) 

111 NMR 8(ppm): 0.90 (t, 3H, J= 7, CH3-3); 1.35 (d, 3H, J=7, CH3-4); 1.65 (m, 2H, 

CH2-2); 2.95 (m, 1H, CH-1); 7.18 (s, 2H, CH-5); 12.15 (br s, 1H, NH). 

13C NMR 8(ppm): 9.24, 20.20, 24.55, 29.17, 81.80, 127.58, 129.79. 

1-Methylpropyl 2-imidazolyl disulfide tartrate (13) 

D-Tartaric acid (0.40 g, 2.7 mmol) was dissolved in Me0H and heated (60 °C). 

To the hot solution, racemic disulfide 8 (0.50 g, 2.7 mmol) was added. The flask was 

stoppered and the mixture was allowed to cool overnight. Free amine was obtained from 

the tartarate salt by addition of aqueous NaHCO3 (5 mL,10 %). Extraction of the organic 

fraction from aqueous solution with ether (3 x 10 mL) followed by concentration of 

solvent failed to yield desired compound 13, but rather recovered starting materials, D-

tartaric acid and 1-methylpropyl 2-imidazolyl disulfide. 

111 NMR kppm): 0.84 (t, 3H, J = 7, CH3-3); 1.26 (d, 3H, J = 7, CH3-4); 1.60 (m, 2H, 

CH2-2); 2.50 (s, 0.2H, COOH); 3.02 (m, 1H, CH-1); 3.66 (s, 0.2H, OH); 4.33 (s, 2H, CH-

6); 7.13 (s, 2H, CH-5). 
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,3C NMR5(ppm): 9.24, 20.20,24.55, 29.17,81.80,127.58, 129.79.

(/f)-l-Methylpropyl 2-imidazolyl disulfide

mp: 89.7-90.7 °C 

[a |20D 9.8 (c = 0.2 EtOH)

'H  NMR S(ppm): 0.90 (t, 3H, J  = 7, CH3-3); 1.35 (d, 3H, J  = 7, CH3-4); 1.65 (m, 2H, 

CH2-2); 2.95 (m, 1H, CH-1); 7.18 (s, 2H, CH-5); 12.15 (br s, 1H, NH).

I3C NMR5(ppin): 9.24, 20.20, 24.55, 29.17, 81.80, 127.58, 129.79.

1-Methylpropyl 2-imidazolyl disulfide tartrate (13)

D-Tartaric acid (0.40 g, 2.7 mmol) was dissolved in MeOH and heated (60 °C). 

To the hot solution, racemic disulfide 8  (0.50 g, 2.7 mmol) was added. The flask was 

stoppered and the mixture was allowed to cool overnight. Free amine was obtained from 

the tartarate salt by addition of aqueous NaHC03 (5 mL,10 %). Extraction of the organic 

fraction from aqueous solution with ether (3 x 10 mL) followed by concentration o f 

solvent failed to yield desired compound 13, but rather recovered starting materials, D- 

tartaric acid and 1-methylpropyl 2 -imidazolyl disulfide.

'H  NMR 5(ppm): 0.84 (t, 3H, J=  7, CH3-3); 1.26 (d, 3H, J  = 7, CH3-4); 1.60 (m, 2H, 

CH2-2); 2.50 (s, 0.2H, COOH); 3.02 (m, 1H, CH-1); 3.66 (s, 0.2H, OH); 4.33 (s, 2H, CH- 

6 ); 7.13 (s, 2H, CH-5).
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Camphanic chloride (15) 

Camphanic acid (2.50 g, 12.5 mmol) and thionyl chloride (2.8 mL, 3.9 g, 

33 mmol) were combined with stirring and heated for 2 hours (65 - 70 °C). Thionyl 

chloride was removed using an argon flow to yield camphanic chloride, recrystallized 

from cold CC14 (75 %, 2.2 g). 

1111 NMR 8(ppm): 1.03 (s, 3H, CH3-5); 1.07 (s, 3H, CH3-6); 1.11 (s, 3H, CH3-7); 1.64 — 

1.83 (m, 1H, CH-3); 1.83 — 2.23 (m, 2H, CH-1, CH-4); 2.37 — 2.58 (m, 1H, CH-2). 

S-(2-Butyl) camphanate(16) 

Zinc (40-mesh) was activated before use.53 Camphanic chloride 15 (0.23 g, 

1.0 mmol) in 2.0 mL toluene and activated zinc were combined and stirred for 10 minutes 

at room temperature. 2-Butanethiol (0.12 mL, 0.90 g, 1.0 mmol) in 2.0 mL toluene was 

added to the reaction flask and stirred for 20 minutes at room temperature. The reaction 

progression was followed with thin layer chromatography developed in vanillin (10 % 

Et2O : pet ether; Rf: 0.31), observing the disappearance of thiol. Zinc was removed from 

the reaction mixture and the solid was washed with ether (3 x 10 mL). Ether layers were 

combined and washed with NaHCO3 (5 %) (2 x 10 mL), dried over MgSO4 and 

concentrated to yield title compound 16, recrystallized from 1:1 EtOH and H2O (21 %, 

60 mg). 

111 NMR 8(ppm): 0.85 — 0.96 (m, 6H, CH3-9, CH3-3); 0.98 (s, 3H, CH3-10); 1.04 (s, 3H, 

CH3-11); 1.25 (d, 3H, J= 7, CH-4); 1.47 — 1.73 (m, 3H, CH2-2, CH-7); 1.76 — 1.98 (m, 

2H, CH-5, CH-8); 2.23 — 2.45 (m, 1H, CH-6); 3.50 (dq, 1H, J= 2, 7, CH-1). 
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Camphanic chloride (15)

Camphanic acid (2.50 g, 12.5 mmol) and thionyl chloride (2.8 mL, 3.9 g, 

33 mmol) were combined with stirring and heated for 2 hours (65 - 70 °C). Thionyl 

chloride was removed using an argon flow to yield camphanic chloride, recrystallized 

from cold CCL (75 %, 2 . 2  g).

'H NMR 6(ppm): 1.03 (s, 3H, CH3-5); 1.07 (s, 3H, CH3-6 ); 1.11 (s, 3H, CH3-7); 1.64 -  

1.83 (m, 1H, CH-3); 1.83 -  2.23 (m, 2H, CH-1, CH-4); 2.37 -  2.58 (m, 1H, CH-2).

S-(2-Butyl) camphanate(16)

Zinc (40-mesh) was activated before use.53 Camphanic chloride 15 (0.23 g, 

1.0 mmol) in 2.0 mL toluene and activated zinc were combined and stirred for 10 minutes 

at room temperature. 2-Butanethiol (0.12 mL, 0.90 g, 1.0 mmol) in 2.0 mL toluene was 

added to the reaction flask and stirred for 20 minutes at room temperature. The reaction 

progression was followed with thin layer chromatography developed in vanillin ( 1 0  % 

Et2 0  : pet ether; Rf: 0.31), observing the disappearance o f thiol. Zinc was removed from 

the reaction mixture and the solid was washed with ether ( 3 x 1 0  mL). Ether layers were 

combined and washed with NaHC03 (5 %) (2 x 10 mL), dried over MgSC>4 and 

concentrated to yield title compound 16, recrystallized from 1:1 EtOH and H2O (21 %, 

60 mg).

'H NMR 5(ppm): 0.85 -  0.96 (m, 6 H, CH3-9, CH3-3); 0.98 (s, 3H, CH3-10); 1.04 (s, 3H, 

CH3-11); 1.25 (d, 3H, J  = 7, CH-4); 1.47 -  1.73 (m, 3H, CH2-2, CH-7); 1.76 -  1.98 (m, 

2H, CH-5, CH-8 ); 2.23 -  2.45 (m, 1H, CH-6 ); 3.50 (dq, 1H, J=  2, 7, CH-1).
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(S)-Methoxyphenylacetyl chloride (10) 

(S)-Methoxyphenylacetic acid (0.17 g, 0.10 mmol) and thionyl chloride (0.22 mL, 

0.36 g, 3.0 mmol) were added with stirring and heated for 3 hours under reflux. Reaction 

progression was followed with thin layer chromatography (10 % Et2O : pet ether, 

Rf: 0.36). Excess thionyl chloride was removed under argon flow to yield (S)-

methoxyphenylacetyl chloride as white crystals (80 %, 0.15 g), recrystallized from cold 

CC14. 

IR (KBr): 3065, 3033, 3002, 2934, 2832, 1792, 1702 cm-I. 

ill NMR 8(ppm): 3.50 (s, 3H, CH3-2); 4.98 (s, 1H, CH-1); 7.35 — 7.50 (m, 5H, CH-3, 

CH-4, CH-5). 

13C NMR 6(ppm): 58.09, 94.61, 127.27, 129.05, 129.74, 164.38. 

1-Methyipropyl (S)-methoxyphenylacetyl thioester (18) 

(S)-Methoxyphenylacetyl chloride (0.11 g, 0.60 mmol) in 2.0 mL toluene and 

activated zinc53 were stirred for 10 minutes at room temperature. 2-Butanethiol (0.07 mL, 

60 mg, 0.6 mmol) in 2.0 mL toluene was added dropwise with stirring. The reaction was 

followed with thin layer chromatography (10 % Et2O : pet ether; Rf: 0.56). Zinc was 

removed from the reaction mixture and was washed with ether (3 x 10 mL). Ether layers 

were combined and washed with NaHCO3 (5 %) (2 x 10 mL), dried over MgSO4 and 

concentrated to yield title compound 18 (55 %, 80 mg), recrystallized from 1:1 EtOH and 

H2O. 

IR (K Br): 3061, 3029, 2964, 2928, 2874, 2827, 1680 cm-I. 
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(5)-Methoxyphenylacetyl chloride (10)

(5)-Methoxyphenylacetic acid (0.17 g, 0.10 mmol) and thionyl chloride (0.22 mL,

0.36 g, 3.0 mmol) were added with stirring and heated for 3 hours under reflux. Reaction 

progression was followed with thin layer chromatography ( 1 0  % Et2 0  : pet ether, 

Rf: 0.36). Excess thionyl chloride was removed under argon flow to yield (S)- 

methoxyphenylacetyl chloride as white crystals (80 %, 0.15 g), recrystallized from cold 

CC14.

IR (KBr): 3065,3033, 3002,2934, 2832, 1792, 1702 cm '1.

‘H NMR 8(ppm): 3.50 (s, 3H, CH3-2); 4.98 (s, 1H, CH-1); 7.35 -  7.50 (m, 5H, CH-3, 

CH-4, CH-5).

I3C NMR 5(ppm): 58.09, 94.61,127.27, 129.05, 129.74, 164.38.

1-Methylpropyl (5)-methoxyphenylacetyI thioester (18)

(S)-Methoxyphenylacetyl chloride (0.11 g, 0.60 mmol) in 2.0 mL toluene and 

activated zinc53 were stirred for 10 minutes at room temperature. 2-Butanethiol (0.07 mL, 

60 mg, 0.6 mmol) in 2.0 mL toluene was added dropwise with stirring. The reaction was 

followed with thin layer chromatography (10 % Et2 0  : pet ether; Rf: 0.56). Zinc was 

removed from the reaction mixture and was washed with ether ( 3 x 1 0  mL). Ether layers 

were combined and washed with NaHC03 (5 %) ( 2 x 1 0  mL), dried over MgSC>4 and 

concentrated to yield title compound 18 (55 %, 80 mg), recrystallized from 1:1 EtOH and

h 2o .

IR (KBr): 3061, 3029, 2964, 2928, 2874, 2827, 1680 c m 1.
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ill NMR 8(ppm): 0.81, 0.89 (t, 3H, J= 7, CH3-3); 1.15, 1.22 (d, 3H, J= 7, CH3-4); 1.50, 

1.52 (q, 2H, CH2-2); 3.40 (m, 4H, CH3-6, CH-1); 4.65 (s, 1H, CH-5); 7.24 — 7.41 (m, 5H, 

CH-7, CH-8, CH-9). 

4.2 Biological Evaluation 

4.2.1 General Experimental 

Cell counts were taken on a Coulter Electronics Coulter Counter ZF from single 

cell suspensions. A SpectraMax 340pc Microplate Spectrophotometer was used for assay 

absorbance readings. A Baxter Megafuge 2630 was employed for centrifugation of 

biological samples. 

Reagent grade thiazolyl blue tetrazolium bromide (MTT), obtained from 

Lancaster-Caledon, was prepared as a 5 mg / mL solution in phosphate buffered saline 

(PBS), pH 7.4. Gentian Crystal Violet reagent grade (Fisher), was prepared as a 2.5 g / L 

solution in Me0H. A cell line of EMT6 mouse mammary tumour cells was obtained from 

Dr. S. Rockwell, Department of Therapeutic Radiology, Yale University School of 

Medicine, New Haven, CT, U.S.A., and was maintained in vitro in monolayer culture. 

The medium used was Waymouth's MB752/1 (Gibco), supplemented with 15 % Clex (a 

synthetic serum, Dextran Products Ltd.). Trypsin (0.05 %) (Gibco) was made from a 

stock solution of 0.25 % trypsin in PBS (pH 7.4) and was used to detach cells from the 

flask walls. Penicillin-Streptomycin (Gibco) (10,000 lAg / mL stock) was added to 

Waymouth's medium to obtain a 1 % solution for clonogenic plating. 
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'H  NM R5(ppm): 0.81,0.89 (t, 3H,J =  7, CH3-3); 1.15, 1.22 (d, 3H,7 =  7, CH3-4); 1.50,

1.52 (q, 2H, CH2-2); 3.40 (m, 4H, CH3-6 , CH-1); 4.65 (s, 1H, CH-5); 7.24 -  7.41 (m, 5H, 

CH-7, CH-8 , CH-9).

4.2 Biological Evaluation

4.2.1 General Experimental

Cell counts were taken on a Coulter Electronics Coulter Counter ZF from single 

cell suspensions. A SpectraMax 340pc Microplate Spectrophotometer was used for assay 

absorbance readings. A Baxter Megafuge 2630 was employed for centrifugation of 

biological samples.

Reagent grade thiazolyl blue tetrazolium bromide (MTT), obtained from 

Lancaster-Caledon, was prepared as a 5 mg / mL solution in phosphate buffered saline 

(PBS), pH 7.4. Gentian Crystal Violet reagent grade (Fisher), was prepared as a 2.5 g / L 

solution in MeOH. A cell line o f EMT6  mouse mammary tumour cells was obtained from 

Dr. S. Rockwell, Department of Therapeutic Radiology, Yale University School of 

Medicine, New Haven, CT, U.S.A., and was maintained in vitro in monolayer culture. 

The medium used was Waymouth’s MB752/1 (Gibco), supplemented with 15 % Clex (a 

synthetic serum, Dextran Products Ltd.). Trypsin (0.05 %) (Gibco) was made from a 

stock solution of 0.25 % trypsin in PBS (pH 7.4) and was used to detach cells from the 

flask walls. Penicillin-Streptomycin (Gibco) (10,000 pg / mL stock) was added to 

Waymouth’s medium to obtain a 1 % solution for clonogenic plating.
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4.2.2 Maintenance of EMT6 Cell Line 

The EMT6 cell line was maintained by growth of a monolayer of cells in tissue 

culture flasks containing 10 mL Waymouth's medium (enhanced with 15 % Clex). The 

cells were incubated in a 5 % CO2 / 95 % air environment at 37 °C. The cells were passed 

every 3 to 4 days by removal of the Waymouth's medium, washing with 5 mL PBS, 

followed by an addition of 5 mL 0.05 % trypsin. The trypsin was deactivated after a 10-

minute incubation period by addition of 5 mL medium containing serum, forming a 

single cell suspension. Extraction of 1 mL cell suspension was diluted with 9 mL Isoton. 

The cell dilution was counted, and approximately 400,000 to 500,000 cells were 

transferred into new tissue culture flasks containing fresh medium. 

4.2.3 Preparation of IV-2 Enantiomer Solutions 

IV-2 enantiomers were synthesized as described. Stock solutions (10,000 µM) of 

the rac-IV-2, (R)-IV-2 and (S)-IV-2 enantiomers were prepared in DMSO (vehicle) 

immediately before use in biological assays. Stock solutions (5,000 µM) of the rac-IV-2, 

(R)-IV-2 and (S)-IV-2 enantiomers were prepared in DMSO immediately before use for 

kinetic studies. 

4.2.4 Preparation of Thioredoxin 

Human Trx-1 was obtained as a gift from Dr. Garth Powis, Arizona Cancer 

Center, Tucson, Arizona USA. Stock solutions of hTnc-1 (2 mg / mL) were reduced in 

10 mM DTT (Sigma-Aldrich) and stored at — 20 °C. The protein solutions were passed 
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through a Sephadex G-10 column in Tris buffer (50 mM) to remove DTT and used 

immediately to avoid loss of activity due to active site oxidation. 

4.2.5 Cell Growth Studies 

4.2.5.1 MTT Assay 

The optimal number of cells to use to evaluate drug toxicity was determined by an 

initial growth study. EMT6 cells were grown in tissue culture flasks and removed by 

trypsinization, as described in the maintenance section (Section 4.2.2), and counted. 

Alliquots of eleven different cell numbers (100 - 2000 cells per well) were prepared and 

added to the wells of a 96-well microtitre plate (200 1AL volume) in 8 repetitions. The 

plate was incubated (37 °C / 5 % CO2; 4 days) and observed daily under a microscope. 

On the fourth day, 20 IAL of MTT dye was added into each well and incubated for 4 

hours. The plate was centrifuged (2000 rpm, 10 minutes) and the supernatant was 

removed. DMSO (200 111,) was added to each well to dissolve the Formazan crystal 

produced. The plate was slowly mixed by vortexing for 5 minutes and then each well 

was stirred until all of the crystals were dissolved homogeneously. Absorbance readings 

were taken in an UV SpectraMax plate reader at wavelengths of 550 nm and 620 nm. 

The MTT assay also used a microtitre plate (96-well) and approximately 800 to 

1000 cells per well were plated, as determined from the growth curve of EMT6 cells. The 

plate was incubated for 2 days and was observed for cell growth under a microscope. 

Drug solutions (10,000 1..tM) were prepared in DMSO and diluted with PBS to make up 8 

different concentrations (5 1.1M — 100 µM). Drug solutions or vehicle (DMSO) were 

added to each well (in 8 repetitions) and the plate was incubated (37 °C / 5 % CO2; 48 
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hours). After 48 hours, the plate was removed from the incubator and processed as 

described above. Absorbance data for each drug concentration was averaged and the 

survival fraction was calculated by comparison of the absorbances from the drug treated 

cells versus that from the absorbance of the vehicle treated cells. 

4.2.5.2 Clonogenic Assay 

The log phase of growth was determined by an initial growth study. EMT6 cells 

were grown in tissue culture flasks by initially adding media (10 mL) to 14 tissue culture 

flasks. Each flask was seeded with 20,000 cells and incubated (37 °C / 5 % CO2). Over 

the period of 1 week, 2 bottles were removed from the incubator and the cells counted. A 

graph of cell number versus time was plotted to determine the time interval required after 

cell passage for the cells to reach log-phase growth. 

Plating Efficiency 

The viability of EMT6 cells for the clonogenic assay was determined by 

calculating plating efficiencies. Cells were added to tissue culture dishes (60 mm) in 

triplicate (1 mL cell suspension added to 5 mL media) and allowed to form independent 

colonies by incubation (37 °C / 5 % CO;2  10 days). The plates were then removed, the 

cells were washed with PBS (5 mL) and stained with Crystal Violet stain (5 mL). 

Colonies containing more than 50 cells were counted on each plate and the numbers 

recorded. Plating efficiencies were calculated by comparison of the number of cells 

plated to the number of colonies formed. 
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Drug Treatment 

Flasks were seeded with 80,000 cells and incubated for 2 days, prior to drug 

treatment. Immediately prior to testing, drug was prepared in DMSO (vehicle) at a stock 

concentration (10,000 µM). Eight different drug concentrations (5 µM — 100 µM) were 

tested by administering appropriate volumes of stock drug into the medium of each flask. 

The flasks were incubated (37 °C / 5 % CO2; 48 hours) during drug / vehicle treatment. 

Following 48 hours of drug exposure, the cells were trypsinized, counted and plated in 

tissue culture dishes (60 mm) (250, 500, and 1000 cells per dish) in triplicate. After 10 

days of incubation, the plates were stained with Crystal Violet stain and colonies were 

counted. Survival fractions were calculated by comparison of the plating efficiency of the 

drug-exposed plates to the plating efficiency of the vehicle-exposed plates. 

4.2.5.3 Time-Concentration Clonogenic Assay 

Flasks were seeded with 80,000 cells and incubated (37 °C / 5 % CO2; 2 days) 

prior to drug treatment. Drug solutions were prepared in vehicle (DMSO) (10,000 µM) 

and an appropriate amount was added into each flask (5 µM and 30 µM). The flasks were 

incubated for specific times, (10 minutes to 120 minutes) under incubating conditions 

(37 °C / 5 % CO2). Cells were trypsinized, counted and plated (in triplicate) as described 

above (250 and 500 cells per dish). After 10 days of incubation (37 °C / 5 % CO2), the 

plates were stained with Crystal Violet stain, colonies counted and the survival fraction 

for each drug concentration at each time interval was determined. 
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Drug Treatment

Flasks were seeded with 80,000 cells and incubated for 2 days, prior to drug 

treatment. Immediately prior to testing, drug was prepared in DMSO (vehicle) at a stock 

concentration (10,000 pM). Eight different drug concentrations (5 pM -  100 pM) were 

tested by administering appropriate volumes of stock drug into the medium of each flask. 

The flasks were incubated (37 °C / 5 % CO2; 48 hours) during drug / vehicle treatment. 

Following 48 hours o f drug exposure, the cells were trypsinized, counted and plated in 

tissue culture dishes (60 mm) (2S0, 500, and 1000 cells per dish) in triplicate. After 10 

days o f incubation, the plates were stained with Crystal Violet stain and colonies were 

counted. Survival fractions were calculated by comparison of the plating efficiency of the 

drug-exposed plates to the plating efficiency of the vehicle-exposed plates.

4.2.5 J  Time-Concentration Clonogenic Assay

Flasks were seeded with 80,000 cells and incubated (37 °C / 5 % CO2; 2 days) 

prior to drug treatment. Drag solutions were prepared in vehicle (DMSO) (10,000 pM) 

and an appropriate amount was added into each flask (5 pM and 30 pM). The flasks were 

incubated for specific times, ( 1 0  minutes to 1 2 0  minutes) under incubating conditions 

(37 °C / 5 % CO2). Cells were trypsinized, counted and plated (in triplicate) as described 

above (250 and 500 cells per dish). After 10 days of incubation (37 °C / 5 % CO2), the 

plates were stained with Crystal Violet stain, colonies counted and the survival fraction 

for each drag concentration at each time interval was determined.
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4.2.6 Kinetic Studies 

Kinetic studies were carried out with L-cysteine and reduced thioredoxin for the 

rac-IV-2, (R)-N-2 and (.S)-IV-2 enantiomers. To initiate the reaction, varying 

concentration of disulfides (120 11M to 1200 µM) were added (2.0 µL to 20.0 µL) into a 

quartz cuvette (1 cm) containing Iris buffer solution (750 1.11,; pH 7.4) at room 

temperature. The increase in absorbance (252 nm) was followed spectrophotometrically 

(30 s to 100 s), indicating the release of 2-mercaptoimidazole upon reaction with the 

reduced thiol target. The data was plotted as absorbance versus time in seconds. Initial 

velocities (s-i) were then plotted versus concentration of drug (M). 

4.2.6.1 L-Cysteine 

L-Cysteine stock solutions (50,000 µM) in Tris buffer (50 mM, pH 7.4) were 

prepared. The desired disulfide (5,000 i.LM stock) was added (2.0 1.11, to 20.0 µL) to the 

quartz cuvette containing the desired target thiol, L-cysteine (8.0 µ1.) and Iris buffer 

(750 1.111_,; 50 mM; pH 7.4) to initiate the reaction. 

4.2.6.2 Thioredoxin 

Thioredoxin stock solutions were prepared in Iris buffer (59 µM; 50 mM, 

pH 7.4). The desired disulfide (5 µL, 100 µM) was added to the quartz cuvette containing 

the desired target, thioredoxin (18 tiL, 1 AM), and Tris buffer (683 1AL, 50 mM; pH 7.4) 

to initiate the reaction. 
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