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ABSTRACT

Protechnik Laboratories participates in the official OPCW proficiency tests, and requires
chemical reference related to Chemical Weapons Convention. The study was designed to
develop synthetic methods for sulfur mustard degradation products.

Sulfur mustard undergoes hydrolysis to afford bis(2-hydroxyethyl)sulfide as the primary
degradation product. In this study, bis(2-hydroxyethyl)sulfide was used as a starting material
to synthesise sulfur mustard degradation products. The synthetic method used was the
oxidation of the central sulfur atom. The preferred oxidising agent was hydrogen peroxide
due to its environmentally friendly properties.

The oxidation of bis(2-hydroxyethyl)sulfide with hydrogen peroxide in the presence of acetic
acid afforded the bis(2-hydroxyethyl) sulfoxide in 92%, whereas in the presence of formic
acid the bis(2-hydroxyethyl) sulfone was obtained in 94% yields. Further purification of
bis(2-hydroxyethyl) sulfoxide was achieved by recrystallization from acetonitrile. Applying
this developed methodology, the following degradation products were successfully
synthesised and purified; namely: bis(2-hydroxyethyl) sulfoxide (92%); the bis(2hydroxyethyl) sulfone (94%); bis(2-chloroethyl) sulfone (98%); 1,1-sulfonylbis[(2-methoxy)
ethane] (76%); 1,1-thiobis[(2-methoxy) ethane] (55%); including the glutathione derivative
1,1-sulfonylbis[(2-methylthionyl) ethane] (83%); and 1,1-sulfonylbis[2-S-(N-acetylcysteinyl)
ethane] (18%). The 1,1-sulfonylbis[(2-methylsulfinyl) ethane] and 1-methylsulfinyl-2-[(2methylsulfonylethyl)sulfonyl] ethane were obtained as mixed product in 63% and 37% ratio,
respectively. All the synthesised degradation products were characterised by GC-MS EI; GCMS CI; 1H-NMR; 13C-NMR; FTIR and LC-MS/MS.

A synthetic oxidation method for bis(2-hydroxyethyl)sulfide that can either be tuned to
produce bis(2-hydroxyethyl) sulfoxide or of bis(2-hydroxyethyl) sulfone, as the major
product was developed. The separation of 1,1-sulfonylbis[(2-methylsulfinyl) ethane] from 1methylsulfinyl-2-[(2-methylsulfonylethyl)sulfonyl] ethane remained a challenge to be
addressed in another study. The synthesis of 1,1-sulfonylbis[2-S-(N-acetylcysteinyl) ethane]
was successfully achieved although in poor yield 18% and its purification can be investigated
in the future.
v
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CHAPTER 1
1. INTRODUCTION

1.1

Historical Background Information for Sulfur Mustard

Sulfur and nitrogen mustards are potent vesicants (Kehe & Szinicz, 2005) which are
classified as chemical warfare agents by the Organisation for the Prohibition of Chemical
Weapons (OPCW) (Black & Muir, 2003). According to Malhotra et al. (1999), sulfur
mustard is a highly reactive bifunctional compound and has been documented as antimitotic,
mutagenic, carcinogenic, teratogenic and cytotoxic agent. It is also known as radiomimetic
compound because of similar action to those of ionising radiation (Malhotra et al., 1999;
Black & Noort, 2005).
The sulfur and nitrogen mustards are reported to be reactive electrophiles that alkylate
deoxyribonucleic acid (DNA) and proteins and act by inducing biochemical and
morphological changes in tissues. These vesicants attack mucous membranes, skin, eyes and
the respiratory tract and are alkylating agents that are lethal even at low doses (Mehrdad,
Bahadoran & Asadi, 2008). The family of sulfur mustard consists of several compounds;
some of them are shown in Figure 1.1 (Black & Kiljunen, 2011).

Figure 1.1: Compounds belonging to the family of sulfur mustard

1

The compound bis(2-chloroethyl) sulfide has the monopoly on the name sulfur mustard
because it was widely used as a chemical warfare agent (Balali-Mood & Balali-Mood, 2009).
As a result, in the academic world the word sulfur mustard refers to bis(2-chloroethyl)
sulfide. It is referred to as agent H, when it is not purified by distillation, and agent HD when
purified by distillation, which are the US military codes (Kehe & Szinicz, 2005; Balali-Mood
& Balali-Mood, 2009).

The family of nitrogen mustard consist of three compounds designated as HN-1, HN-2 and
HN-3 (Black & Kiljunen, 2011) shown on Figure 1.2. It is worthwhile to note that the other
related family of blistering agent is the Lewisite, which likewise consists of three compounds
known as Lewisite I, Lewisite II and Lewisite III shown in Figure 1.2 (Black & Kiljunen,
2011; Muir et al., 2005).

Figure 1.2: The structure of nitrogen and lewisite blistering agents

However, this study is restricted to the sulfur family of mustard and in particular the bis(2chloroethyl) sulfide. It is a colourless viscous liquid when it is pure, and when it contains
some impurities its colour ranges from yellow to brown depending on the amount of
impurities (Malhotra et al., 1999). Sulfur mustard is characterised by the smell of horse
radish or oil of mustard hence its name, mustard (Malhotra et.al. 1999). Sulfur mustard is the
most readily available chemical warfare agent amongst others, because of its simple and
cheap chemical synthesis (Balali-Mood & Hefazi, 2005).

2

Sulfur mustard was first synthesised in 1822 by Cesar-Mansuete Despererez (Balali-Mood &
Balali-Mood, 2009). It was produced from the reaction of ethylene and sulfur dichloride as
shown on Scheme 1.1.

Scheme 1.1: Synthesis of sulfur mustard from ethylene with sulfur dichloride

Riche, in 1854, and Guthrie, several years later, repeated Despretz’s reaction to obtain the
same product. Guthrie described the product as smelling like mustard, tasting like garlic, and
causing blisters after contact with the skin. In 1896, Meyer improved the synthetic
methodology of preparing sulfur mustard by chlorination of thiodiglycol with phosphorus
trichloride as shown on Scheme 1.2 (Balali-Mood & Balali-Mood, 2009; Malhotra et.al.
1999).

Scheme 1.2: Synthesis of sulfur mustard from thiodiglycol

Sulfur mustard was first used as a chemical weapon in 1917 during World War I (Black, et
al., 1992). According to Li et al. (2013) and Black & Noort (2005), sulfur mustard was also
used by Saddam Hussein in the late 1980’s during Iran-Iraq war. Large stockpiles of sulfur
mustard were reportedly buried and abandoned by the Japanese troops in China during World
War II (Li, et. al. 2013; Black & Kiljunen, 2011). After more than 60 years, the buried sulfur
mustard still caused harm to civilians. In 2003, at Qiqihar, some barrels of sulfur mustard
were dug at the construction site. This incident led to the death of one person and many
others were injured (Sun & Zheng, 2012).

3

The containers containing abandoned munitions and stockpiles of sulfur mustard deteriorate
due to long storage period. There is a potential risk to public health and the environment
especially in those countries that have stockpiled it (Li et al., 2013; Banoup, 2010; Black &
Kiljunen, 2011). This emphasises the need to develop methods for detection and verification
of sulfur mustard, its precursors, degradation products and its metabolites.

Sulfur mustard as chemical warfare agent was used as incapacitating agent in limited
operations or restricted areas putting army personnel at high risk of exposure (Walton,
Maynard & Marray, 1991). The mode of absorption is through ingestion, inhalation, contact
through the skin and the interior surface of the eye. It can also be absorbed through the
gastrointestinal tract from contaminated water and food intake (Balali-Mood, Mousavi, &
Balali-Mood, 2008). The symptoms of sulfur mustard poisoning appear after two to six hours,
and they include nausea, fatigue, headache, eye inflammation with intense pain, redness of
the face and neck, soreness of throat, and increased pulse and respiratory rate (Balali-Mood &
Hefazi, 2005). In the warmest areas of the body, the above symptoms increase in severity
accompanied by skin inflammation, followed by blistering six to twenty four hours after
exposure (Walton et.al. 1991).

Sulfur mustard is a bifunctional alkylating agent which undergoes intermolecular cyclization
to form an ethylene episulfonium ion intermediate. This intermediate binds covalently to
various nucleophilic molecules such as DNA, RNA, proteins and components of cell
membranes as shown on Scheme 1.3 (Walton, Maynard & Marray, 1991; Rheinboldt &
Giesbrecht, 1947).

4

Scheme 1.3: The reaction of sulfur mustard with DNA (Kehe & Szinicz, 2005)

The nitrogen residue of the guanine is considered the most alkylating site of the nucleic acids
of mammalian origin (Balali-mood & Balali-Mood, 2009). DNA structure is such that the
nucleotides are bonded to each other with weak hydrogen bonds internally to the DNA helix
(Henrickson, 1980; Mathews & van Holde, 1990). The sulfur mustard reacts with the guanine
N-terminal group because it is exposed on the DNA whereas the primary ammines are
located inside the helix and as such are protected from initial attack by sulfur mustard.
According to Kehe & Szinicz, (2005), the nucleophiles react with the carbonium ion which is
formed when the sulfonium ring opens, and the reaction affects the DNA where 7-(2hydroxyethylthioethyl) guanine (7-HETE) accounts for 61% of the alkylation. Due to its
alkylating properties, sulfur mustard induces the breakdown of nucleic acids and proteins,

5

causing cell death due to impaired cell homeostasis and as such produces extensive injuries at
the site of exposure (Black et al., 1992; Balali-Mood & Hefazi, 2005). It is classified as a
carcinogen due to instigation of skin cancer, respiratory cancer and possibly leukaemia
(Balali-Mood & Hefazi, 2005).

1.2

The Organisation for the Prohibition of Chemical Weapon

The OPCW prohibits the development, production, stockpiling and use of chemical warfare
agents (CWA). However, it does allow some degree of research on protection, medical use
and detection. It works together with those countries that have old stockpiles of chemical
warfare agents to ensure the destruction of such chemical warfare agents (Asbury, Wu,
Siems, & Hill Jr, 2000; Riches, Read, & Black, 2007). As an example, the OPCW worked
with the Arab Republic of Syria together with interested parties such as the USA, Russia and
the European Union, in the destruction of Syria’s stockpile of chemical warfare agents. As a
result of this exercise, the OPCW was awarded the 2014 Noble Peace Prize, which also
helped to popularise the OPCW. Thus, The OPCW is the implementing body for the
Chemical Weapons Convention which came into force in 1997 (Secretariate, 2015). As of
October 2015 it consisted of 192 member states working together for achieving a world that
is free of chemical weapons.

In its endeavour to implement Chemical Weapons Convention, the OPCW sometimes needs
to send scientists to do sampling and analysis for the presence of CWA or their degradation
products that may be used as evidence to confirm the alleged use of CWA. The appointed
scientists should be highly trained in the field of CWA analysis and should be people with a
high degree of integrity, who will not force the results to favour a predetermined outcome due
to political influence. It is for this reason that OPCW organises two proficiency tests per year.
Its purpose is to designate laboratories throughout the world that consistently perform well in
the analysis of samples taken from areas that are alleged to have been exposed to CWA. The
recent case involved the Syrian Rebels and the Assad regime who accused each other for
using CWA against civilians (Deutsch, 2015).
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The condition for the laboratories to be designated by the OPCW is to attain an ‘A’ score in
three consecutive proficiency tests. The proficiency tests consist of samples that are spiked
with chemicals relevant to the CWC. The main aim of these tests is to positively identify all
spiked chemicals using a minimum of two spectroscopic techniques and provide the
supporting spectral evidence in the form of a report. Reporting a false positive is an automatic
failure of the test. The easiest way to perform this test is to compare the spectral results of the
suspected chemical to that of its reference chemical or reference standard. However, some of
the reference chemicals are not commercially readily available.

1.3

Research Problem and Motivation

It is therefore important that designated laboratories and those participating in OPCW
proficiency test have methods to synthesise reference standards for verification purposes.
Protechnik Laboratories is amongst the laboratories that are seeking designation status. As a
result, it participates on the official OPCW proficiency test. Some of the challenges observed
thus far include procuring of reference chemicals within the 15 days allocated for the
Proficiency Test. Alternatively these standards may have to be synthesised in-house in order
to confirm the spiking chemicals. Thus, this project was designed amongst other purposes, to
develop synthesis and analytical skills for Protechnik Laboratories. Previously sulfur
mustard, its precursor and some of its degradation products were used as spiking chemicals in
the OPCW proficiency test (Black & Kiljunen, 2011).

Furthermore, it is the purpose of this study, to investigate and develop appropriate methods
for synthesis, purification and analysis of sulfur mustard degradation products and its
metabolites namely: bis(2-hydroxyethyl) sulfoxide; bis(2-hydroxyethyl) sulfone; sulfur
mustard sulfone; 1,1-thiobis[(2-methoxy) ethane; 1,1-sulfonylbis[(2-methoxy) ethane]; 1,1sulfonylbis[(2-methylthio) ethane] (SBMTE). Furthermore, an attempt to synthesise the
following

sulfur

mustard

metabolites

in

urine:

1-methylsulfinyl-2-[2-

(methylthio)ethylsulfonyl] ethane (MSMTESE); 1,1-sulfonylbis[(2-methylsulfinyl) ethane]
(SBMSE) and 1,1-sulfonylbis[2-S-(N-acetylcysteinyl) ethane] (SBSNAE) will be explored.
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1.4

Hypothesis

Metabolites of sulfur mustard can be readily and safely synthesised and used as reference
standards to assists in identification and verification of sulfur mustard in various sample
matrices, contaminated with sulfur mustard.

1.5

Aims of the Study

The objectives of the study were:
 To develop a procedure for the synthesis, purification and characterisation of
the bis(2-hydroxyethyl) sulfoxide and its sulfone analogue.
 To synthesise sulfur mustard metabolites from the β-lyase pathway i.e. 1methylsulfinyl-2-[2-(methylthioethyl)sulfonyl] ethane (MSMTESE) and 1,1sulfonylbis[(methylsulfinyl) ethane] (SBMSE) starting from the thiodiglycol.
 To synthesise 1,1-sulfonylbis[(2-S-(N-cysteinyl) ethane] (SBSNAE) from
bis(2-chloroethyl) sulfone and glutathione, and to oxidise it to 1,1-sulfonyl
bis[2-S-(N-acetylcysteinyl) ethane].
 To develop chromatographic methods of analysis for the synthesised byproducts.
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CHAPTER 2
2. LITERATURE REVIEW

2.1

Decontamination of Sulfur Mustard

The North Atlantic Treaty Organisation (NATO) has classified agents of chemical terrorism
as blister agents (e.g. sulfur mustard), nerve agents (e.g. tabun), asphyxiates (e.g. arsine),
choking agents (e.g. phosgene) and incapacitating/behaviour altering agents (Chauhan et al.,
2008). Thus, governments around the world are increasing their efforts for preparedness in
protecting their civilians should such an attack occur, and developing technologies for
cleaning the affected areas. Decontamination is a process of eliminating the hazard of
chemical, biological and nuclear warfare agents (Yang, Baker, & Ward, 1992). One can say it
is a process of reducing the toxicity of these agents or render them harmless (Popiel &
Nawala, 2013; Boone, 2007). Thus, decontamination can be defined as the process of
removing or neutralising chemical agents from people, equipment and the environment.
Decontamination has two main categories i.e. physical and chemical removal of the
contaminant.

The most active liquid decontaminant is the nucleophilic “DS2”, a non-aqueous liquid
composed of 70% diethylenetriamine, 28% ethylene glycol monomethyl ether, and 2%
sodium hydroxide (Fallis et al., 2009; Yang, Baker & Ward, 1992). The active component is
the conjugate base CH3OCH2CHO-, which allows sulfur and nitrogen mustards to form
corresponding diethers (Scheme 2.1) which are non-toxic compounds.
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Scheme 2.1: Possible DS2 decontamination products of sulfur and nitrogen mustards

However, DS2 is corrosive for the skin, so chemically protective gloves, respirators and eye
shields are required during handling. Furthermore, DS2 is flammable and cannot be used with
bleach or other strong oxidising agents, such as calcium hypochlorite; doing so may cause the
mixture to spontaneously explode (Boone, 2007). Although DS2 is non-corrosive to most
metals, it reacts with paints, rubber, plastics, and leather materials; therefore the contact time
is limited to 30 minutes, where upon rinsing with large amount of water is required. As a
result, DS2 was superseded by both hydrolysis and oxidation decontamination systems.

2.2

Hydrolysis as Decontamination Technique for Sulfur Mustard

Sulfur mustard undergoes slow hydrolysis in water to form the less volatile thiodiglycol and
hydrochloric acid (Black & Read 1995). The rate of hydrolysis is decreased in saline solution
and increases with increasing temperature (Bizzigotti et al., 2009). It was reported that
thiodiglycol was formed in small amounts when the ratio of mustard to water was 3:1. Sulfur
mustard is also catalysed by the presence of alkali metals in the form of sodium hydroxide as
shown on Scheme 2.2 (Brevett et al., 2007).

Scheme 2.2: Basic hydrolysis of sulfur mustard to thiodiglycol
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2.3

Oxidation as Decontamination Technique for Sulfur Mustard

The chemical properties of sulfur mustard are determined by central sulfur atom (having free
electron pairs available) as well as by the side chains. Oxidation is a typical example where
the central sulfur atom is subjected to electrophilic attack leading to the formation of sulfone
and sulfoxide. Another example of electrophilic attack is the formation of sulfonium ions
(Stein and Moore 1965; Mizhari, Goldvaser & Columbus, 2011; Brevett, Sumpter & Nickol,
2009). The degradation products of sulfur mustard such as bis(2-chloroethyl) sulfoxide and
bis(2-chloroethyl) sulfone were produced by oxidation as shown on Scheme 2.3.

Scheme 2.3: Oxidation of sulfur mustard

Several oxidants used for the oxidation of sulfur mustard and its hydrolysed product,
thiodiglycol includes: nitric acid, hydrogen peroxide, potassium permanganate, chromic acid
and hypochlorite (Black et al., 1992; Malhotra et al., 1999; Black and Read, 1995).

According to Rheinboldt and Giesbrecht, (1947), symmetrically substituted sulfides give
mixed products of the corresponding sulfoxides and sulfones. Gump and Vitucci (1945)
mentioned that direct oxidation of bis(2-hydroxyphenyl) sulfide with hydrogen peroxide or
diacetate with potassium permanganate or chromic acid results in a mixture of products of
bis(2-hydroxyphenyl) sulfoxide and bis(2-hydroxyphenyl) sulfone.
According to Karimi, Ghoreishi-Nezhad and Clark (2005) a selective method of oxidation
was achieved under halide free conditions by using hydrogen peroxide together with various
types of tungsten-based catalyst systems. To oxidise the sulfides to the corresponding
sulfoxides, 30% H2O2 (3 eq) in the presence of a silica-based ammonium tungstate interphase
catalyst was used in a mixture of solvents (e.g. CH2Cl2/MeOH – 1:1). It was reported that the
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accessibility of H2O2 to the catalyst was increased and therefore resulted in good yields. It
was further mentioned that the procedure was tested on various types of structurally diverse
alkyl sulfides, and allyl phenyl sulfides and has produced good yields for the corresponding
sulfoxides and as such over-oxidation to sulfones was not observed. However, the same
procedure for the oxidation of dialkyl sulfides was not selective to sulfoxides, but produces a
mixture of sulfones and sulfoxides. The procedure was optimized for dibutyl sulfides,
dibenzyl sulfides and dimethyl sulfides by making use of high percentage molar of H2O2 in
order to give high yields of corresponding sulfones (Karimi, Ghoreishi-Nezhad and Clark,
2005).

Perfluoro-cis-2,3-dialkyloxaziridines were reported as effective, neutral and aprotic oxidising
agents (DesMarteau et.al. 1994). DesMarteau stated that the reaction of thioethers with an
equimolecular amount of oxaziridines produces high yield of sulfoxides while stirring at 40 °C. On the other hand, sulfones were produced by equimolecular amounts of oxaziridines
for the oxygenation of the corresponding sulfides at slightly higher temperatures (-20 °C to 0
°C). Other versatile oxidants commonly used at low temperatures were listed as mchloroperbenzoic acid, tert-butyl hydroperoxide, hydrogen peroxide in the presence of metal
salts, iodosyl benzene, sodium metaperiodate and N-Sulfonyloxaziridines (DesMarteau et.
al.1994).

Popiel, Witkiewicz and Szewczuk, (2005) mentioned that oxidation of sulfur mustard using
different oxidants (e.g. potassium monopercarbonate, ammonium peroxydisulfate, sodium
perborate, nitric acid, sodium hypochlorite, chromic acid, hydrogen peroxide, and potassium
peroxymonosulfate) with solvents of differing polarities at different pH resulted in a mixture
of corresponding sulfoxides and sulfones. Hsu et al (1990) stated that under mild conditions,
such as stirring at 70 ºC for 14 hour, bis(2-chloroethyl) sulfide was selectively oxidised to
afford the sulfoxide analogue. Under these conditions, the sulfone analogue was not
observed.

It was reported that the rate of oxidation of sulfur mustard depends on the characteristics of
the oxidation reaction used. These reactions can be classified as fast oxidation, e.g. (sodium
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monopercarbonate; sodium hypochlorite), moderate oxidation e.g. H2O2, sodium perborate or
slow oxidation, e.g. tert-butyl peroxide (Popiel, Witkiewiez, & Szewezuk, 2005). It was
further mentioned that the fast oxidation proceeded to the sulfones when using sodium
monopercarbonate, whereas the use of sodium perborate proceeded to the vinyl products.
Furthermore, the bis(2-chloroethyl) sulfoxide was produced by oxidation of sulfur mustard
with H2O2 in an ethanolic solution.

According to Fallis et al. (2009) and Liu et al. (2015), decontamination of sulfur mustard was
carried out through oxidation in order to convert it to low toxic, non-vesicant bis(2chloroethyl) sulfoxide with caution not to undergo over-oxidation to the vesicant bis(2chloroethyl) sulfone. However, there are conflicting opinions with respect to the toxicity of
bis(2-chloroethyl) sulfoxide and bis(2-chloroethyl) sulfone whereby other researchers regard
the sulfone as more toxic than the solfoxide and vice versa (Popiel, Witkiewiez, & Szewezuk,
2005; Dubey et al., 1999). Despite the conflicting opinions, oxidation is regarded as an
effective method for decontamination of sulfur mustard. This is because the resulting
products, bis(2-chloroethyl) sulfoxide and bis(2-chloroethyl) sulfone, are crystalline, and as
such are not easily absorbed by the skin (Popiel, Witkiewiez, & Szewezuk, 2005)

Thiodiglycol in the soil may be oxidised to the corresponding bis(2-hydroxyethyl) sulfoxide,
which is a major urinary metabolite of sulfur mustard in rats and human ( Black & Muir,
2003). According to Black (2008), further oxidation to the bis(2-hydroxyethyl) sulfone is less
commonly observed under normal environmental conditions. However, when thiodiglycol is
treated with hypochlorite; chloramine-T; ozone or hydrogen peroxide, both bis(2hydroxyethyl) sulfoxide and bis(2-hydroxyethyl) sulfone were formed as shown on Scheme
2.4 (Price & Bullitt, 1947; Walton, Maynard, & Marray, 1991).

Scheme 2.4: Oxidation of thiodiglycol to sulfoxide and sulfone
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In some cases, depending on the soil composition, thiodiglycolic acid (2,2-thiobis-acetic acid)
(Figure 2.1) was reported to be formed due to the microbial interaction (Black & Muir, 2003;
Bramfield, Novak, & Hodgeson, 2006).

Figure 2.1: The chemical structure of thiodiglycolic acid
Sulfur mustard was reported to be persistent in soil for long periods, and has complex
degradation reactions (Bramfield, Novak, & Hodgeson, 2006). The reactions includes
oxidation, elimination, nucleophilic substitution and oligomerization depending on
surrounding conditions. The oxidation products of sulfur mustard were identified as bis(2chloroethyl) sulfoxide and bis(2-chloroethyl) sulfone and other degradation products were
identified as divinyl sulfides, divinyl sulfoxide 1,4-dithiane and 1,4-thioxane (Asbury et.al.
2000; Mizhari, Goldvaser, & Columbus, 2011; Gershonov, Columbus, & Zafrani, 2009).
Opstad and Tornes (2002) have reported the formation of compounds in Figure 2.2 as some
of the products formed from sulfur mustard in both sea water and sediments.

Figure 2.2: Some degradation products of sulfur mustard in sea water and sediments
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Others (Bakavoli et al., 2010) have described a selective and mild oxidation of sulfides to
sulfoxide by hydrogen peroxide (H2O2) using DBUH-Br3 as a catalyst, and they reported
yields ranging from 75% to 95% of the sulfoxide. Golchoubian and Hosseinpoor (2007)
demonstrated a highly effective and selective oxidation system (Scheme 2.5) that uses 4
equivalents of 30% hydrogen peroxide in acetic acid to afford the corresponding sulfoxide.
These workers claimed selectivity greater than 99% favouring the sulfoxide over the sulfone.

Scheme 2.5: Oxidation of sulfides to sulfoxides
Given the whole range of different procedures for the preparation of the sulfone and the
sulfoxide, the selected procedure in this study, whose results are discussed in chapter 3 was
based on hydrogen peroxide in an acidic medium given that its by-products are
environmentally benign (Karim, Ghoreishi, & Clark, 2005).

2.4

Other Reactions of Sulfur Mustard

It was reported that the military grade sulfur mustard was not a pure compound. It contains
impurities depending on the production processes, additives or polymeric thickeners used to
lower the freezing point and to increase the viscosity, respectively (Ashmore & Nathanail,
2008). Some of the impurities identified in munitions grade mustard formulations include the
sesqui-mustard analogue which is designated Agent Q or HQ and oxy-mustard analogue
designated Agent T or HT as shown on (Lemire et al., 2007). The sesqi- and oxy-mustard
analogues are vesicants which are two to five times more potent than Agent H and hence their
presence in military grade sulfur mustard increases the toxicity (Watson & Graffin, 1992).
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Figure 2.3: Military designation of sulfur mustard
The US stockpile of sulfur mustard was produced by Levinstein process and it contained 2030% impurities of Agent Q (1,2-bis(2-chloroethylthio)ethane) while UK stockpile contained
40% of Agent T (bis-[2-(2-chloroethylthio)ethyl] ether) (Ashmore & Nathanail, 2008). These
differences influence the decomposition and persistency of sulfur mustard in the
environment.

The electrophilic attack on the central atom of the sulfur mustard leads to the formation of
sulfonium ions. These ions react with the central sulfur atom of thiodiglycol on addition of
water to dry soil and result in the formation of hydrolysed and oligomerized toxic sulfonium
ions (CH-TG 38 and H-2TG 39) as indicated in Scheme 2.6 (Brevette, Sumpter, & Nickol,
2009). On the contrary, Harvey et al. (1997) mentioned that the CH-TG 38 and H-2TG 39
results from thermal decomposition of sulfur mustard.
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Scheme 2.6: Reaction of sulfonium ion intermediate and thiodiglycol (Brevett, Sumpter, &
Nickol, 2009)

2.5

Chemistry of Sulfur Mustard in Biological Systems

Sulfur mustard in humans reacts with DNA, RNA, proteins and phospholipids, whereby the
DNA alkylation plays an important role in delayed healing (Balali-Mood & Hefazi, 2005).
For longer-lived biological markers of exposure, data was obtained from the reaction of
sulfur mustard with haemoglobin (Black et al., 1997). These bio-makers were observed
within a period of 120 days. The alkylating reaction was observed as the free primary amine
on the N-terminal valine on both the alpha and beta chains, and on the side chain of histidine
residue (Balali-Mood & Hefazi, 2005). Some other metabolites were reported as a result of
HD reaction with albumin, keratin and DNA as shown on Scheme 1.3 (Black, 2008). The
nitrogen residue of guanine in the mammalian origin is the major alkylating site of the
nucleic acids (Balali-Mood & Hefazi, 2005).

Exposure to sulfur mustard also leads to the reaction with glutathione (GSH) in the body
which yields urinary metabolites (β-lyase metabolites) (Balali-Mood & Hefazi, 2005; Black,
2008; Paramov et al., 2007). Glutathione is a triple peptide (glutamate, cysteine and glycine)
and it acts as a sulfurhydril buffer (i.e. the thiol group on GSH) (Josephy, 2010; Black &
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Noort, 2005). The reaction of sulfur mustard with glutathione forms the following urinary
metabolites: the hydrolysis and oxidation products: thiodiglycol, its oxidative analogue
thiodiglycol sulfoxide and sulfur mustard sulfoxide, as well as glutathione derived
metabolites,

i.e.

1,1-sulfonylbis[2-S-(N-acetylcysteinyl)

ethane]

(SBSNAE);

1,1-

sulfonylbis[2-(methylthionyl) ethane] (SBMTE), and the β-lyase metabolites i.e. 1,1sulfonylbis-[2-(methylsulfinyl)

ethane]

(SBMSE)

and

1-methylsulfinyl-2-[2-

(methylthio)ethylsulfonyl] ethane (MSMTESE) as shown Scheme 2.7 (Noort, Benschop, &
Black, 2002; Li, et.al. 2013; Boyer and Young, 2004). These metabolites were identified as
unequivocal biological markers of sulfur mustard poisoning and can be detected within two
weeks of exposure (Black et al. 1997).

Scheme 2.7: β-lyase metabolites of sulfur mustard (Black & Noort, 2005)
According to Stein and Moore (1946), the reaction of sulfur mustard and methionine in the
presence of an acid (pH 3) yields 90% of the sulfonium salts, meanwhile the reaction in a
basic solution (pH 8.5) yields only 40% sulfonium salts. It was mentioned that one quarter of
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the sulfonium salt decomposes to a trisulfide (1,1-thiobis[(2-methylthio) ethane]) when
heated and the remaining three quarters decompose to regenerate the methionine. The
oxidation of the trisulfide with nitric acid resulted in a trisulfoxide (1,1-sulfinylbis[(2(methylsulfinyl) ethane]), whose structure is shown in Figure 2.4.

Figure 2.4: The structure of 1,1-sulfinylbis[(2-(methylsulfinyl) ethane]
The 1,1-sulfonylbis[2-S-(N-acetylcysteinyl) ethane] was produced by employing the base
(trimethylamine) and catalysed by the addition of N-acetylcysteine to mustard sulfone in
aqueous solution which resulted in 72% yield (Black, et.al. 1992).

2.6

Derivatisation for GC-MS Analysis

Derivatisation is performed for analysis of polar compounds, such as degradation products of
sulfur mustard. It helps to reduce substantial peak tailing and broadening (Lakshmi et al.,
2006). It is also used to reduce the reactivity or volatility of moderately reactive electrophilic
compounds such as lewisites (Black & Muir, 2003). Metabolites derived from the hydrolysis
of sulfur mustard are polar and require derivatization for GC-MS analysis (Black, 2008).
However, this can be a source of error in trace analysis. To eliminate chances of error, the
sample needs to be thoroughly dried before derivatisation. Traces of water in the sample can
suppress derivatisation and extraneous materials extracted from the sample matrix (Black &
Muir, 2003).

According to Balali-Mood & Hefazi (2005), the hydrolysis product of sulfur mustard in
urine, thiodiglycol and its oxidation product thiodiglycol sulfoxides were derivatised prior to
analysis using GC-MS. Thiodiglycol in blood and urine was detected as bis(2pentafluorobenzoylethyl) sulfoxide derivative when using negative ion chemical ionisation
mass spectrometer (Black & Muir, 2003).
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Extraction of thiodiglycol sulfoxide from water poses a challenge because of the highly
polarised S=O bond, making it more polar than thiodiglycol and bis(2-hydroxyethyl) sulfone
(Black & Muir, 2003). The analysis of bis(2-hydroxyethyl) sulfoxide by GC-MS from
aqueous solution requires concentration to dryness before derivatisation (Black & Read,
1995). Different products were observed depending on derivatising reagents and conditions.
The sulfoxide functional group of bis(2-hydroxyethyl) sulfoxide was reduced to thiodiglycol
derivative when treated with pentafluorobenzoyl chloride, heptafluorobutyryl chloride and
trimethylsilyl chloride. On the other hand, heptafluorobutaric anhydride produces a
Pummerer-type rearrangement followed by elimination to form olefinic products. According
to Black and Muir (2003), the thiodiglycol sulfoxide derivative was produced satisfactorily
when using BSA+TMSCl 5:1 and with BSTFA, whereas, the use of MTBSTFA produced
four Pummerer type products as shown in Figure 2.5.

Figure 2.5: Pummerer type reaction products
Several derivatisation products such as trimethylsilyl or tert-butyldimethylsilyl derivatives,
do not provide detection of low concentration, however, pentafluorobenzoyl chloride enables
detection of low level concentrations, but results in high chemical background (Riches, Read
and Black, 2007). For a successful extraction of thiodiglycol sulfoxide from urine, it has to
be converted to bis-pentafluorobenzoyl derivative whereby it is reduced to thiodiglycol by
using titanium trichloride. A method using heptafluorobutyryl imidazole produces low levels
of chemical background as compared to PFBC (Riches, Read & Black, 2007).
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2.7

Analysis of Sulfur Mustard Metabolites and Derivatives

Gas chromatography mass spectrometer (GC-MS) is frequently used for the unambiguous
identification of chemical warfare agents (CWA’s) including sulfur mustard (Hooijschuur,
Kientz, & Brinkman, 2001). Moreover, all samples for GC-MS analysis require sample
preparation and the polar metabolites compounds need derivatisation prior to analysis.
Several methods were reported for the analysis of sulfur mustard degradation products for
both environmental and biomedical samples (Mizhari, Goldvaser, & Columbus, 2011;
Pardasani et al. 2004; Boyer et al. 2004). The urine sulfur mustard metabolites were analysed
by GC-MS after thiodiglycol sulfoxide was reduced to thiodiglycol using titanium trichloride.
Thiodiglycol and its sulfoxide analogue were also derivatised prior to GC-MS analysis.
However, the amount of bis(2-hydroxyethyl) sulfone could not be determined. It was reported
that the β-lyase metabolites of sulfur mustard 1,1-sulfonylbis[(2-methylsulfonyl) ethane]
(SBMSE) and 1-methylsulfinyl-2-[2-(methylthio)ethylsulfonyl] ethane (MSMTESE) were
first reduced to sulfonylbis[(2-methylthio) ethane] (SBMTE) prior to GC-MS analysis which
limits determination of SBMSE and MSMTESE for verification of sulfur mustard in urine
(Darly, O'Hehir, & Frame, 2007).

According to Li et al. (2013), LC-MS/MS was evaluated and found to be the best technique
for the analysis of sulfur mustard hydrolysis and oxidation products, namely thiodiglycol,
bis(2-hydroxyethyl) sulfoxide and bis(2-chloroethyl) sulfoxide, and sulfur mustard
metabolites, glutathione–derived metabolites (SBMTE, SBMSE, MSMTESE and SBSNAE).
This was mainly because the LC-MS/MS technique does not require derivatisation of samples
prior to analysis. Li and co-workers used a Zorbax Eclipse plus C18 column with a 1.8 µm
particle size and 3 mm internal diameter (ID) using a mobile phase containing 5 mmol/L
ammonium formate for the analysis of these compounds. The quantitative results were
calculated based on the transition ions obtained under positive mode electron spray ionisation
(ESI) in target multiple-reaction monitoring (MRM) as listed in Table 2.1. The transition ions
refer to product ions produced from molecular ion [M+H]+ of a compound which is ionised
under target MRM.
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Table 2.1: Quantitative transition ions for sulfur mustard metabolites
Compound

[M+H]+ → Transition ions

HDO

175→63→57

TDG

123→105→87

TDGO

139→77→63

SBMTE

215→119→75

MSMTESE

231→167→75

SBMSE

247→183→119

SBSNAE

445→357→130

Read and Black (2004), mentioned that the analysis of 1,1-sulfonylbis[2-S-(Nacetylcysteinyl) ethane] by ESI-LC-MS gave rise to [M+H]+ with m/z 445 when using
positive mode and a complicated product ion spectrum under collision-induced dissociation
due to the loss of formic acid and COCH2. Furthermore, it was reported that under negative
mode the spectrum was dominated by [M-H]+ with m/z 443 and produced a simpler product
ion spectrum showing m/z 162 as a major ion and less abundant ion with m/z 280 and 314.
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CHAPTER 3
3. RESULTS AND DISCUSSION

3.1

Oxidation of thiodiglycol

3.1.1 Synthesis of bis(2-hydroxyethyl) sulfoxide
With the aim of synthesizing sulfur mustard by-products, several oxidising reagents and acids
were investigated to produce bis(2-hydroxyethyl) sulfoxide 25 and bis(2-hydroxyethyl)
sulfone 26. Different oxidation reaction mixtures i.e. formic acid/H2O2, acetic acid/H2O2,
nitric

acid/H2O2,

chromic

acid/H2O2,

sodium

hypochlorite/H2O2

and

potassium

permanganate/H2O2) were evaluated at room temperature. The ratios of the oxidising
mixtures were varied from 1:1 to 1:5 at room temperature and the variable being H2O2. The
purity of the products was determined by the integration of the peak area under the total ion
chromatogram obtained from the GC-MS. In this study, the best results were obtained for the
acetic acid-H2O2 mixture and formic acid-H2O2 mixture. The use of acetic acid-H2O2 mixture
(1:1) favoured the formation of bis(2-hydroxyethyl) sulfoxide 25 with 92% yield (Scheme
3.1), while that of the sulfone was less than 5%. The use of formic acid-H2O2 mixture (1:3)
favoured the formation of sulfone with 94% yield (Scheme 3.2). However the ratio of 1:3 for
the acetic acid-H2O2 mixture did not increase the yield for sulfone 26.

Scheme 3.1: Oxidation reaction of thiodiglycol to bis(2-hydroxyethyl) sulfoxide
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Scheme 3.2: Oxidation of thiodiglycol to bis(2-hydroxyethyl) sulfone
When thiodiglycol 14 was oxidized with H2O2 in the presence of acetic acid, a mixture of
bis(2-hydroxyethyl) sulfoxide 25 and bis(2-hydroxyethyl) sulfone 26 were obtained with the
thiodiglycol sulfoxide being a major product as shown on Scheme 3.1. These results closely
resembles those reported by Golchoubian and Hosseinpoor (2007) who demonstrated a
highly effective and selective oxidation system (Scheme 2.5) that uses 4 equivalents of 30%
hydrogen peroxide in acetic acid to afford the corresponding sulfoxide. These workers
claimed selectivity greater than 99% favouring the sulfoxide over the sulfone. In this case, the
formation of the sulfone 26 was observed, however, it was less than 5% determined by
integration of the peak area under the total ion chromatogram obtained from GC-MS.

The product bis(2-hydroxyethyl) sulfoxide 25 was isolated in high yield (92%), by
recrystallization technique from acetonitrile, at 0 ºC. The melting point range for the isolated
product was 116-118 ºC, which was higher than the literature values (106-108 ºC) reported
by Price and Bullitt (1947). After recrystallization, a 1000 ppm solution of bis(2hydroxyethyl) sulfoxide 25 in methanol was injected on the GC-MS to confirm if there were
any traces of impurities. The chromatogram obtained (Figure 3.1) showed only one peak
which confirms that the sulfone 26 was completely remove during the recrystallization.
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Figure 3.1: GC-MS chromatogram of bis(2-hydroxyethyl) sulfoxide after recrystalisation
The mass spectrum obtained from GC-MS electron ionisation (EI) (Figure 3.2) showed
fragmentations with m/z 76 (base peak), 45, 94 and a small peak at 138 corresponding to the
molecular mass of bis(2-hydroxyethyl) sulfoxide 25 as shown on Figure 3.2. For
confirmation of the molecular ion, a soft ionisation technique (GC-MS chemical ionisation
(CI)) using methane as a reaction gas was used for analysis. The mass spectrum indicates that
the molecular ion undergoes fragmentation between the sulfur and carbon atoms resulting in
fragment with m/z 44 and fragment with m/z 94. The fragment with m/z 94 eliminates a water
molecule to afford fragment with m/z 76 which is the base peak on the mass spectrum for
bis(2-hydroxyethyl) sulfoxide 25 (Scheme 3.3). Alternatively, the m/z 94 fragment undergoes
an elimination of methanol-like radical to afford fragment with m/z 63.
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Figure 3.2: GC-MS (EI) mass spectrum of bis(2-hydroxyethyl) sulfoxide
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Scheme 3.3: GC-MS (EI) mass spectrum fragmentation of bis(2-hydroxyethyl) sulfoxide
Unlike the mass spectrum obtained under electron ionisation mode where the molecular ion
was just a tiny and unconvincing little peak, under chemical ionisation mode using methane
as a reaction gas, the mass spectrum showed a protonated molecular ion with m/z 139 which
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is a base peak on the mass spectrum (Figure 3.3). Furthermore, the adduct peaks of ethyl
(M+29), propyl (M+41) and butyl (M+57) radicals were clearly visible with m/z 167, 179 and
m/z 195, respectively, as described by de Hoffmann and Stroobant (2007). The fragmentation
pattern from the electron ionisation and the molecular ion observed from the chemical
ionisation both confirm positive identification of bis(2-hydroxyethyl) sulfoxide 25 as the
product synthesised.
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Figure 3.3: GC-MS (CI) mass spectrum of bis(2-hydroxyethyl) sulfoxide
The chemical structure of bis(2-hydroxyethyl) sulfoxide 25 might seem to be symmetrical,
however, because of the presence of the lone pair on the central sulfur atom, the lone pair
render the structure unsymmetrical. The CH2 proton will couple with the adjacent CH2
protons differently and thus the first order triplets are not observed on the proton spectra. This
was confirmed by the 1H-NMR spectrum (Figure 3.4) which showed multiple resonances
around 3.8 and 2.9 ppm indicating magnetically non-equivalent protons bonded to the same
carbon. These multiplets represent the CH2 attached to both the oxygen and sulfur atoms,
respectively. The expanded multiplets are shown in Figure 3.5.
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Figure 3.4: 1H-NMR spectrum of bis(2-hydroxyethyl) sulfoxide

Figure 3.5: 1H-NMR spectrum of the expanded multiplets
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The

13

C-NMR spectrum (Figure 3.6) shows a clean carbon spectrum with two carbon

resonances manifested as singlets at 54.4 and 53.9 ppm representing O-C and S-Ccarbons,
respectively. From the HMQC-NMR spectrum (Figure 3.7) it was inferred that the two
carbon resonances at 54.4 ppm are correlated with the proton resonance at 3.8 ppm. Similarly
the carbon resonance at 53.9 is correlated with the proton resonance at 2.9 ppm. The absence
of additional carbon resonance spectrum confirms that there were no additional impurities
identified in the bis(2-hydroxyethyl) sulfoxide 25 product.

Figure 3.6: The 13C-NMR spectrum of bis(2-hydroxyethyl) sulfoxide
The two hydroxyl groups were not detected on 1H-NMR spectrum because deuterium was
used as a solvent. This was expected because the free hydroxyl group undergoes deuterium
exchange.
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Figure 3.7: The HMQC-NMR spectrum of bis(2-hydroxyethyl) sulfoxide

3.1.2 Synthesis of bis(2-hydroxyethyl) sulfone
Having successfully synthesised bis(2-hydroxyethyl) sulfoxide 25, it was then further
oxidised to afford bis(2-hydroxyethyl) sulfone 26. The initial attempt to convert bis(2hydroxyethyl) sulfoxide 25 to bis(2-hydroxyethyl) sulfone 26 by treating it with H2O2 in the
presence of formic acid at room temperature was unsuccessful; the starting material was
recovered unchanged. An attempt to push the reaction towards bis(2-hydroxyethyl) sulfone
26 by refluxing and addition of excess H2O2 was also unsuccessful. These difficulties
prompted the treatment of thiodiglycol dissolved in formic acid with H2O2 and it surprisingly
afforded the bis(2-hydroxyethyl) sulfone 26 which was isolated with 94% yield as shown on
Scheme 3.2.

The GC-MS chromatogram showed a minor by-product at 7.129 min under the GC-MS
chromatographic conditions used in this experiment (Figure 3.8).
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Figure 3.8: GC-MS chromatogram of bis(2-hydroxyethyl) sulfone
The mass spectrum of bis(2-hydroxyethyl) sulfone 26 obtained under electron ionisation
condition (Figure 3.9) showed a fragmentation pathway involving the breaking of bond
between the sulfur and carbon, accompanied by two proton shifts to the fragment containing
a sulfur moiety and resulting in a fragment with m/z 111 and a fragment with m/z 45. The
fragment with m/z 45 is a base peak on the mass spectrum of bis(2-hydroxyethyl) sulfone 26.
It was also observed that the fragment with m/z 111 loses a water molecule to form a
fragment with m/z 93, or alternatively has lost a methanol like fragment to form a fragment
with m/z 81.
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Figure 3.9: GC-MS (EI) mass spectrum of bis(2-hydroxyethyl) sulfone
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The electron ionisation of bis(2-hydroxyethyl) sulfone (Figure 3.10) did not show a
molecular ion peak, as a result the molecular mass was confirmed by chemical ionisation
whereby the mass spectrum presented a protonated molecular ion of m/z 155 [M+H]+. The
mass spectrum also showed that the molecular ion lost a water molecule and results in m/z
137. The m/z 211 was due to the molecular ion forming an adduct with butyl radical
[M+57]+generated by methane gas.
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Figure 3.10: GC-MS (CI) mass spectrum of bis(2-hydroxyethyl) sulfone
The chemical structure of bis(2-hydroxyethyl) sulfone 26 shows that the molecule is
symmetrical and therefore the 1H-NMR spectrum observed showed two sets of resonance that
manifest as triplets (Figure 3.11). The resonances were observed up-field around the chemical
shift of 3.9 ppm and 3.3 ppm representing the OCH2 and SCH2, respectively as shown on
Figure 3.11. The 1H-NMR spectrum showed that there were some minor impurities in the
product. These impurities may originate from the starting material and contribute about 3%
obtained by peak integration from 1H-NMR spectrum. The major peaks represent bis(2hydroxyethyl) sulfone 26, and has a purity of 97% by 1H-NMR spectrum.
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Figure 3.11: 1H-NMR spectrum of bis(2-hydroxyethyl) sulfone
The

13

C-NMR spectrum (Figure 3.12) showed two carbon resonances at the chemical shift

55.9 ppm and 54.7 ppm for OCH2 and SCH2, respectively and hence confirms that there were
no major impurities in the product synthesised.

Figure 3.12: 13C-NMR spectrum of bis(2-hydroxyethyl) sulfone
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The viscous colourless liquid obtained was confirmed and verified as bis(2-hydroxyethyl)
sulfone 26. The fragmentation pattern observed from the electron ionisation mass spectrum
and the protonated molecular ion [M+H] (m/z 155) obtained from the chemical ionisation
confirms the presence of bis(2-hydroxyethyl) sulfone. The results from 1H-NMR spectrum
confirmed that the compound isolated was symmetrical because only two sets of proton
resonance which manifest as triplets were observed. Finally, the 13C-NMR spectrum showed
only two carbon resonances, thus confirming the presence of bis(2-hydroxyethyl) sulfone 26.

Having successfully developed synthesis and purification method for the bis(2-hydroxyethyl)
sulfoxide and its sulfone analogue, the next section focuses on challenges experienced when
synthesising bis(2-methoxyethyl) sulfoxide 51 and bis(2-thiomethoxyethyl) sulfoxide 45.

3.2

Synthesis of bis(2-methoxyethyl) sulfoxide and bis(2-thiomethoxyethyl) sulfoxide
and their sulfone analogues

Having successfully synthesised the sulfur mustard metabolites, bis(hydroxyethyl) sulfoxide
25 and its sulfone analogue 26, the next step was to synthesise bis(2-methoxyethyl) sulfoxide
51 and bis(2-thiomethoxyethyl) sulfoxide 45.

i. Diazomethane, 65 ºC, 90 min
ii. SOCl2, DMF; NaOCH3, THF, 6 min, reflux 65 ºC, 2 h
iii. SOCl2, DMF; NaSCH3, THF, 60 min; reflux 65 ºC, 2 h

Scheme 3.4: Attempted methylation of bis(2-hydroxyethyl) sulfoxide
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The first attempted method was the methylation using diazomethane, as shown on Scheme
3.4. The attempted reaction was unsuccessful. It was thought that the hydroxyl group should
be converted into a good leaving group such as the halide (chloro) or the tosyl group. This
was supposed to be followed by treatment with a reagent such as sodium thiomethoxide and
sodium methoxide as shown on Scheme 3.5.

Scheme 3.5: Attempted chlorination of bis(2-hydroxyethyl) sulfoxide
The method of choice was to treat bis(2-hydroxyethyl) sulfoxide 25 with thionyl chloride
using dimethylformamide as a catalyst (Scheme 3.6). The attempted reaction was
unsuccessful. Interestingly, when substituting the sulfoxide with the sulfone, the reaction with
thionyl chloride released a brown gas which might be due to sulfur dioxide escaping because
there was no product detected from the GC-MS including the starting material. These
difficulties prompted the in-situ chlorination of the thiodiglycol, which was immediately
followed by the addition of sodium methoxide to afford 1,1-thiobis[(2-methoxy) ethane] 52
as shown on Scheme 3.6.

Scheme 3.6: The reaction of thiodiglycol with sodium methoxide
The GC-MS chromatogram of the crude product (Figure 3.13) showed that there was only
one peak detected which may indicate that there were no impurities in the product obtained.
The product obtained was isolated in 55% yield and it was an oil-like faint yellow liquid.
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Figure 3.13: GC-MS chromatogram of 1,1-thiobis[(2-methoxy) ethane]
The electron ionisation mass spectrum results (Figure 3.14) obtained from the GC-MS
showed a small ion with m/z 150 which represents the molecular mass of 1,1-thiobis[(2methoxy) ethane]. The molecular ion with m/z 150 loses the methanol like group and results
in a vinyl fragment with m/z 118. The fragment with m/z 118 breaks down further to form a
vinyl sulfide fragment with m/z 58 and a fragment with m/z 59. Alternatively, it breaks down
to form an ether like fragment with m/z 45 as a base peak of the molecule, and also gave rise
to a sulfide fragment with m/z 75.
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Figure 3.14: GC-MS (EI) mass spectrum of 1,1-thiobis[(2-methoxy) ethane]
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The results obtained from the chemical ionisation mass spectrum (Figure 3.15) did not show
the molecular ion [M+H]+ with m/z 151 corresponding to the molecular mass of 1,1thiobis[(2-methoxy) ethane 52. However, the ions observed showed the loss of the methoxy
group from 1,1-thiobis[(2-methoxy) ethane 52 with m/z 119 [M-OCH3]+ and also with m/z 89
for the loss of two methoxy groups from both side of the molecule. It was observed that there
was also an ion with m/z 179 which represents the methane adduct due to addition of the
ethyl radical to the molecular ion [M+29]+. This might be an indication that methane gas is
not a suitable chemical ionisation reaction gas for analytes like 52.

Abundanc e

S c a n 3 8 1 (5 . 8 4 8 m in ): H D M e -F L T 1 . D \ d a t a . m s
1 1 9 .0
35000

[M-OCH3]+

30000

25000

20000

15000

[M+29]+
10000

5000
1 7 9 .1

8 8 .9
0
80

100

120

140

160

180

200

220

240

260

280

300

320

340

m / z -->

Figure 3.15: GC-MS (CI) mass spectrum of 1,1-thiobis[(2-methoxy)ethane]
The LC-MS showed similar results to the GC-MS (CI) in the sense that the molecule lost a
methoxy group which is observed on the LC-MS as a base peak with m/z 119 for 1,1thiobis[(2-methoxy) ethane] 52 mass spectrum. The mass spectrum showed fragmentation
between sulfur and carbon bond which resulted in a fragment with m/z 61. The LC-MS
results also showed a clear ion with m/z 173 which represents the sodium adduct for 1,1thiobis[(2-methoxy)ethane] 52 as [M+Na]+ as shown on Figure 3.16.
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[M-OCH3]+

[M+Na]+

Figure 3.16: LC-MS mass spectrum of 1,1-thiobis[(2-methoxy)ethane]

3.2.1 Oxidation of 1,1-thiobis[(2-methoxy) ethane]
After successful synthesis of 1,1-thiobis(2-methoxy) ethane 52, it was then treated with
hydrogen peroxide in the presence of formic acid as showed by reaction from left to right on
Scheme 3.7. The product 53 obtained was a faint yellow viscous liquid, isolated in 76% yield.
The same product 53 was also produced by the reaction of bis(2-chloroethyl) sulfone 24
(section 3.3) with a saturated solution of sodium methoxide when using formic acid as
showed on Scheme 3.7, from right to left. The product 53 was isolated in 65% yield and was
obtained as a colourless viscous liquid.

i.
ii.

H2O2, CH2O2, room temp, 20 h

Saturated solution of NaOCH3, CH3OH, room temp, 60 min

Scheme 3.7: Reaction for the synthesis of 1,1-sulfonylbis[(2-methoxy) ethane]
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The GC-MS results from both the reactions showed a similar chromatogram as shown in
Figure 3.17. The chromatogram showed only one peak which indicates that there was only
one product formed representing 1,1-sulfonylbis[(2-methoxy) ethane] 53.
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Figure 3.17: GC-MS chromatogram of 1,1-sulfonylbis[(2-methoxy) ethane]
The electron ionisation mass spectrum of 1,1-sulfonylbis[(2-methoxy) ethane] 53 showed that
the molecule fragments between sulfur and carbon bond to give fragments with m/z 124 and
m/z 59 as showed in Figure 3.18. It was also observed that the fragment with m/z 59 loses a
methyl group to afford a fragment with m/z 45.
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Figure 3.18: GC-MS (EI) mass spectrum of 1,1-sulfonylbis[(2-methoxy) ethane
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The chemical ionisation mass spectrum (Figure 3.19) shows a protonated molecular ion with
m/z 183 which corresponds to the molecular mass of 1,1-sulfonylbis[(2-methoxy) ethane 53.
The molecular ion with m/z 183 lost a methoxy group and as a result a fragment with m/z 151
was observed. A loss of a second methoxy group resulted in a fragment with m/z 119. The
mass spectrum also showed a methane adduct with m/z 223, [M+41] which all confirm the
presence of 1,1-sulfonylbis[(2-methoxy) ethane] 53.
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Figure 3.19: GC-MS (CI) mass spectrum of 1,1-sulfonylbis[(2-methoxy) ethane
The 1H-NMR spectrum (Figure 3.20) showed resonances which manifest as triplets centred at
3.7 ppm and 3.3 ppm, representing CH2-O and S-CH2, respectively as shown on Figure 3.20.
A singlet was observed at 3.2 ppm representing the O-CH3 proton. The molecular structure of
1,1-sulfonylbis[(2-methoxy) ethane] 53 is symmetrical and as such the integration results
from the 1H-NMR spectrum showed that there were three sets of protons represented by a
singlet and two triplets.
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Figure 3.20: 1H-NMR spectrum of 1,1-sulfonylbis[(2-methoxy) ethane]
The

13

C-NMR spectrum (Figure 3.21) shows chemical shifts for three carbon resonances at

64.7; 58.0 and 53.5 ppm and there were no other major carbon resonances. It was inferred
from both

13

C-NMR and 1H-NMR spectra that the product 1,1-sulfonylbis[(2-methoxy)

ethane] 53 was pure.

Figure 3.21: 13C-NMR spectrum of 1,1-sulfonylbis[(2-methoxy) ethane]
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3.3

Synthesis of bis(2-chloroethyl) sulfone

The attempted reaction of bis(2-hydroxyethyl) sulfone 26 with thionyl chloride using DMF as
a catalyst at room temperature was unsuccessful, whereby the starting material was not
detected by the GC-MS. A different route was investigated whereby thiodiglycol was reacted
with thionyl chloride at room temperature to produce bis(2-chloroethyl) sulfide 1 as an
intermediate product (Scheme 3.8). It was observed that oxidation of thiodiglycol favoured
formation of its sulfoxide analogue, whereas, the oxidation of sulfur mustard start with a
mixture of both its sulfoxide and sulfone analogues. On addition of excess hydrogen
peroxide, the sulfoxide 23 was completely converted to the sulfone 24, however, this was not
applicable to the oxidation of thiodiglycol because the sulfoxide 25 was not converted to the
sulfone 26.

i.

SOCl2, DMF, room temp, 30 min;

ii.

H2O2, CH2O2, room temp, 20 h

Scheme 3.8: The reaction of thiodiglycol with thionyl chloride followed by oxidation
The intermediate product was immediately oxidised in-situ with hydrogen peroxide in the
presence of formic acid. The resulting reaction mixture was continuously monitored by the
GC-MS analysis. It was interesting to observe that the GC-MS chromatogram showed two
peaks with almost equal intensities (Figure 3.22) corresponding to bis(2-chloroethyl)
sulfoxide 23 and bis(2-chloroethyl) sulfone 24. It was decided to push the reaction product to
the exclusive formation of the sulfone by continuous addition of hydrogen peroxide.
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Figure 3.22: GC-MS chromatogram of bis(2-chloroethyl) sulfone and bis(2-chloroethyl)
sulfoxide
The sulfoxide 23 was completely converted to the sulfone 24 by addition of excess hydrogen
peroxide to the reaction mixture. The sulfone 24 product was obtained in 98% yield and its
chromatogram is shown in Figure 3.23.
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Figure 3.23: GC-MS chromatogram of bis(2-chloroethyl) sulfone
The electron ionisation mass spectrum in Figure 3.24 shows fragmentations as a result of
carbon-sulfur bond fission, accompanied by a single hydrogen shift from ethyl chloride to
afford fragments with m/z 128 and m/z 63 which is a base peak for the mass spectrum. The
43

results also show that the fragment with m/z 128 lost a chlorine atom and a proton to afford a
fragment with m/z 92.
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Figure 3.24: GC-MS (EI) mass spectrum of bis(2-chloroethyl) sulfone
The chemical ionisation mass spectrum (Figure 3.25) shows the base peak with m/z 191,
which corresponds to the molecular mass of bis(2-chloroethyl) sulfone 24 as [M+H]+. The
presence of two chlorine atoms on the molecule was confirmed by the isotopes with m/z 193
and m/z 195 as shown on Figure 3.25. The ratio of a single chlorine atom is represented by
the isotopes ratio as 3:1, and for two Cl atoms the ratio of approximately 9:6:1. The spectrum
in Figure 3.25 shows ions at m/z 191, 193 and 195 which corresponds to a ratio of 9:6:1 and
hence confirms the presence of two Cl atoms in the synthesised bis(2-chloroethyl) sulfone 24.
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Figure 3.25: GC-MS (CI) mass spectrum of bis(2-chloroethyl) sulfone
The 1H-NMR spectrum (Figure 3.26) showed two sets of resonances that manifest as triplets
centred at 3.9 and 3.5 ppm with both coupling constant of J=6.8 Hz. The 1H-NMR spectrum
gave a percentage purity of 97% for bis(2-chloroethyl) sulfone which is represented by major
peaks and only 3% of the chloroethyl vinyl sulfone represented by the small peaks.

Figure 3.26: The 1H-NMR spectrum of bis(2-chloroethyl) sulfone

45

The 13C-NMR spectrum (Figure 3.27) shows two resonances at 56.7 ppm down field for the
carbon bonded to the chlorine atom (C-Cl) and up-field at chemical shift at 35.7 ppm for the
sulfur carbon bond.

Figure 3.27: The 13C-NMR spectrum of bis(2-chloroethyl) sulfone
The faint yellow solid crude product had a melting point range of 48.5-49.7 ºC. This range
was found to be lower when compared to the literature values of 54- 56 ºC (Price and Bullitt,
1947). All of the results obtained above confirm that the product synthesised was bis(2chloroethyl) sulfone 24.

3.3.1 Synthesis of 1,1-sulfonylbis[(2-methylthio) ethane]
The product obtained from the reaction of bis(2-chloroethyl) sulfone 24 and sodium
thiomethoxide resulted in an isolation of a faint brown solid of 1,1-sulfonylbis[(2-methylthio)
ethane] 45 in 83% yield (Scheme 3.9). The product had a melting point range of 153-155 ºC.
However, the literature melting point was not available.

Scheme 3.9: Reaction for the production of 1,1-sulfonylbis[(2-methylthio) ethane]
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The GC-MS chromatogram (Figure 3.28) shows only one peak which indicates that the
starting material was completely consumed and hence only one peak representing the product
was detected.
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Figure 3.28: GC-MS chromatogram of 1,1-sulfonylbis[(2-methylthio) ethane]
The GC-MS (EI) mass spectrum of 1,1-sulfonylbis[(2-methylthio) ethane] 45 (Figure 3.29)
shows a fragmentation between the sulfone sulfur and carbon atom to afford the fragment
with m/z 140, with a hydrogen shift towards the sulfone sulfur atom and hence resulting in a
fragment with m/z 75. It was also observed that the fragment with m/z 75 loses the ethyl
group to afford a fragment with m/z 47.
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Figure 3.29: The GC-MS (EI) mass spectrum of 1,1-sulfonylbis[(2-methylthio) ethane]
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Furthermore, the chemical ionisation mass spectrum (Figure 3.30) shows a protonated
molecular mass with m/z 215 which is presented as [M+H]+. The mass spectrum also shows
that 1,1-sulfonylbis[(2-methylthio) ethane] 45 lost a thiomethoxy group [M-SCH3]+ and
afford a fragment with m/z 167. The loss of the second thiomethoxy group is presented by a
fragment with m/z 119. The ion was observed with m/z 255 representing [M+41]+ adduct.
Therefore the GC-MS results confirm that the product produced was 1,1-sulfonylbis[(2methylthio) ethane] 45.
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Figure 3.30: The GC-MS (CI) mass spectrum of 1,1-sulfonylbis[(2-methylthio) ethane]
The 1H-NMR spectrum (Figure 3.31) shows two sets of triplets down field at 3.2 ppm and 2.9
ppm, for O2S-CH2 and CH2-S, respectively. However, the triplets were not completely
resolved. A singlet was observed up-field at 2.2 ppm for the S-CH3 proton. The chemical
structure of 1,1-sulfonylbis[(2-methylthio) ethane] is symmetrical and therefore two sets of
triplets and a singlet will be observed from the 1H-NMR spectrum. Similarly, the

13

C-NMR

spectrum will show only three carbon resonances.
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Figure 3.31: 1H-NMR spectrum of 1,1-sulfonylbis[(2-methylthio) ethane]
The

13

C-NMR spectrum (Figure 3.32) of 1,1-sulfonylbis[(2-methylthio) ethane] 45 shows

carbon resonances at 53.2; 26.0 and 15.7 ppm. It can thus be inferred that the product consist
of only one compound because there were no other major carbon resonances to suggest a
mixture of compounds from the unresolved proton resonance. The minor peak observed
around 31 ppm might be due to an interference and does not form part of 1,1-sulfonylbis[(2methylthio) ethane] 45 compound.

Figure 3.32: 13C-NMR spectrum of 1,1-sulfonylbis[(2-methylthio) ethane]
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3.3.2 Synthesis of 1,1-sulfonylbis[(2-methylsulfinyl) ethane]
The 1,1-sulfonylbis[(2-methylthio) ethane] 45 was oxidised with H2O2 in the presence of
acetic acid to afford a crude solid product, which was found to be a mixture of two
compounds

identified as

1,1-sulfonylbis[(2-methylsulfinyl) ethane]

44

and

a 1-

methylsulfinyl-2-[(2-methylsulfonylethyl)sulfonyl] ethane 54 as shown on Scheme 3.10. The
crude product was a cream white solid with a melting point range of 153-155 ºC.

Scheme 3.10: Oxidation of 1,1-sulfonylbis[(2-methylthio) ethane]
As the aliquot of the crude product was analysed on the GC-MS, it was observed that the
starting material was completely converted to the product; however, the product was not
detected by the GC-MS. This resulted in the LC-MS/MS technique being used for analysis of
the crude product. The analyses were performed in both scan and target multiple reactions
monitoring (MRM) mode. In order to identify and verify which products were formed, a
range of possible molecular masses that could be formed by the oxidation reaction (Scheme
3.10) were analysed under target MRM mode. The possible compound structures are listed in
Figure 3.33.

Figure 3.33: Possible oxidation products of 1,1-sulfonylbis[(2-methylthio) ethane]
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The MRM mode was set to analyse for product ions [M+H]+ with m/z 231 (55), 247 (44) ,
263 (54) and 279 (56) in order to identify which of the listed possibilities were in the product.
Surprisingly, the results obtained under full scan mode revealed three possibilities which
were m/z 231, 263 and 247. However, the MRM results only showed fragmentation for m/z
263 and m/z 247 and nothing for m/z 231. Therefore, m/z 231 was excluded from the results.

The area percent results obtained from the LC-MS chromatogram showed that 1,1sulfonylbis[(2-methylsulfinyl) ethane 44 was the major product with the highest area percent
(70.4%) and the minor products were m/z 263 54 (10.5%) and m/z 205 (6.8%) obtained from
the peak area on the LC-MS chromatogram.

The LC-MS spectrum in Figure 3.34 shows a protonated molecular ion with m/z 247 [M+H].
The transition ions observed under MRM were m/z 183; 119 and 91. These transition ions
were in congruent with the study performed by Li et al. (2013) and as such this confirms the
presence of 1,1-sulfonylbis[(2-methylsulfinyl) ethane] 44 in the cream white crude product.
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Figure 3.34: LC-MS/MS (MRM) mass spectrum of 1,1-sulfonylbis[(2-methylsulfinyl)
ethane]

The mass spectrum with m/z 263 (Figure 3.35) represents the protonated molecular ion for
compound 54 (Figure 3.33) and transition ions with m/z 199, 119, 107 and 93. The MRM
results showed that the compound observed with m/z 263 breaks at the sulfoxide bond
(O=SCH3) to afford fragments with m/z 199 and m/z 63. The fragment with m/z 199 breaks
down further at the sulfone bond (O2SCH3) to afford fragments with m/z 119 and m/z 81 due
to addition of two protons to the sulfur atom. The fragment with m/z 93 was due to the loss of
ethyl group from m/z 119. It was also observed that the fragment with m/z 63 formed formic
acid adduct with m/z 108. These results confirm the presence of compound 54 in the crude
product.
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Figure 3.35: LC-MS/MS (MRM) mass spectrum of compound 54 with m/z 263

The chemical structure of compound 44 is symmetrical and that of compound 54 is non
symmetrical. One end of 54 has a sulfoxide moiety, which is similar to those of 44. The 1HNMR spectrum for compound 44 is expected to afford a singlet and two sets of triplets,
whereas that of compound 54 will afford six proton resonances i.e. two sets of singlets and
four sets of triplets. Similarly,

13

C-NMR spectrum of compound 44 will afford three carbon

NMR resonances, whereas compound 54 will afford six such resonances.

The 1H-NMR spectrum (Figure 3.36) shows that there were three sets of multiplets at
chemical shift around 3.67, 3.34 and 3.16 ppm, as well as two singlets at chemical shift
around 3.07 ppm and at 2.65 ppm. The methyl proton resonances were integrated and
indicated that the resonance at 2.65 ppm corresponds to three sets of CH3, two from
compound 44 and one from compound 54. The ratio of the products was calculated as 2:1
from the 1H-NMR spectrum, by integrating the methyl protons which translate to 63% of 44
and 37% of 54.
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Figure 3.36: 1H-NMR spectrum of two compounds in crude product
As the

13

C-NMR spectrum (Figure 3.37) was interpreted, it was observed that there were

eight carbon resonances. It was obvious from the spectrum that the resonances at 45.9, 43.7
and 36.8 correspond to compound 44 that was expected to have a total of three resonances.
Thus the five resonances are assumed to be contributed by compound 54. However, it was
expected that 54 would have six

13

C-NMR resonances. Hence it was assumed that the only

possibility is that the signal at 36.8 ppm is due to the three methyl carbons that are bonded to
the sulfoxide moieties of the two compounds (44 and 54).

Figure 3.37: 13C-NMR spectrum of two compounds in crude product
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It was inferred from the gHSQC spectrum (Figure 3.38) that the carbon resonances from 46.1
to 45.6 ppm (4 x CH2) are correlated to the protons whose resonances are centred at 3.67
ppm. Interestingly, the proton resonances are overlapping to such an extent that they cannot
be correlated to a single carbon resonance in the region 46.1 to 45.6 ppm. Thus they cannot
be analysed further. Similarly, the resonances at 43.7 (2 x CH2), 40.3 and 36.8 ppm are
correlated to the proton resonances at 3.34, 3.16, 3.07 and 2.65 ppm, respectively.

Figure 3.38: The gHSQC-NMR spectrum of two compounds in crude product

55

3.4

Synthesis of sulfur mustard β-lyase metabolites, the 1,1-sulfonylbis[2-S-(Nacetylcysteinyl) ethane]

The reaction of bis(2-chloroethyl) sulfone with N-acetyl cysteine afforded 1,1-sulfonylbis[2S-(N-acetylcysteinyl) ethane] 46 as shown on Scheme 3.11. The crude product obtained was a
white solid isolated in 18% yield and a melting point range of 170-174 ºC, which was lower
than the literature value of 205 ºC (Black et al., 1992). The low melting point might be due to
the by-products present in the crude product. Recrystallization was unsuccessful.

Scheme 3.11: Chemical reaction of synthesis of 1,1-sulfonylbis[2-S-(N-acetylcysteinyl)
ethane]
The GC-MS technique was not suitable for the analysis of this highly polar and non-volatile
analyte 46. The starting material could not be detected by GC-MS analysis which indicated
that the starting material was completely converted to the product 1,1-sulfonylbis[2-S-(Nacetylcysteinyl) ethane] 46. Thus, the LC-MS/MS technique was used for the analysis. The
product 46 was dissolved in a mixture of water and methanol (4:1) prior to analysis. The
protonated molecular ion was observed with m/z 445 which corresponds to the molecular
mass of 1,1-sulfonylbis[2-S-(N-acetylcysteinyl) ethane] 46 as shown on Figure 3.39. A
sodium adduct was observed with m/z 467 which confirms the presence of 1,1-sulfonylbis[2S-(N-acetylcysteinyl) ethane] 46.
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[M+H]+

[M+Na]+

Figure 3.39: LC-MS/MS (full scan) mass spectrum of 1,1-sulfonylbis[2-S-(N-acetylcysteinyl)
ethane].
Furthermore, the presence of 1,1-sulfonylbis[2-S-(N-acetylcysteinyl) ethane] 46 was
confirmed by performing MRM on LC-MS/MS (Figure 3.40) whereby the product ion
([M+H] m/z 445) was ionised to produce transition ions with m/z 357 and m/z 130. The
fragment with m/z 357 was as a result of losing COOH at both sides of the molecule, while
the fragment with m/z130 was due to bond fission between sulfur and carbon atoms. These
transition ions were reported by Li et al. (2013) which confirms the presence of 1,1sulfonylbis[2-S-(N-acetylcysteinyl) ethane] 46.

57

Transition ions

[M+H]+

Figure 3.40: LC-MS/MS (product ion) mass spectrum of 1,1-sulfonylbis[(2-methyl-Nacetylcysteinyl) ethane]
Furthermore, the mass spectrum shows major ions with m/z 399 and m/z 403 representing the
loss of COOH and of COCH3, respectively. Other fragments are presented in Scheme 3.12.
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Scheme 3.12: LC-MS/MS (MRM) of 1,1-sulfonylbis[2-S-(N-acetylcysteinyl) ethane]
From the 1H NMR spectrum (Figure 3.41), a triplet and a singlet were observed around 1.1
ppm and 3.6 ppm, respectively, which do not form part of the 1,1-sulfonylbis[2-S-(Nacetylcysteinyl) ethane] 46 chemical structure and as such will be assumed to be from the byproduct of the reaction. Its molecular mass was identified as 444 because a protonated
molecular ion [M+H]+ with m/z 445 was observed from the LC-MS mass spectrum including
the sodium adduct [M+Na]+ with m/z 481. The chemical structure of 1,1-sulfonylbis[2-S-(Nacetylcysteinyl) ethane] 46 is symmetrical, and therefore five sets of protons were observed
as expected.
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Figure 3.41: 1H-NMR spectrum of 1,1-sulfonylbis[(2-methyl-N-acetylcysteinyl) ethane]
The by-product was clearly picked up from the

13

C NMR spectrum (Figure 3.42), whereby

the intensities of the carbon resonances were lower as compared to those belonging to the
main product, 1,1-sulfonylbis[2-S-(N-acetylcysteinyl) ethane] 46.

Figure 3.42: 13C-NMR spectrum of 1,1-sulfonylbis[(2-methyl-N-acetylcysteinyl) ethane]
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3.5

Chromatographic analysis

3.5.1 Derivatisation of bis(2-hydroxyethyl) sulfone
Derivatisation of the sulfoxide 25 and the sulfone 26 was investigated in order to enhance
volatility and to increase detection levels when performing GC-MS analysis. It was observed
that the peaks obtained on the GC-MS chromatogram were broad and unsymmetrical as
shown on Figure 3.43. In order to improve the peak shape and detection of low concentration,
derivatisation was investigated using diazomethane and BSTFA.
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Figure 3.43: Bis(2-hydroxyethyl) sulfoxide before silylation
Diazomethane was produced in-house and used as a methylation reagent for both the
sulfoxide 25 and the sulfone 26. The attempted methylation with diazomethane was
unsuccessful because there were methylated products detected. The commercially procured
solution of BSTFA and 1% TMCS was used for the silylation of both the sulfoxide 25 and
sulfone 26 and the results are explained in the next section.

3.5.2 Silylation of bis(2-hydroxyethyl) sulfoxide
The reaction of thiodiglycol with a solution mixture of BSTFA and 1% TMS at 60 ºC for 30
min could not afford satisfactory results for sulfoxide derivative 64 as shown on Scheme
3.13.
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Scheme 3.13: Reaction of the silylation of bis(2-hydroxyethyl) sulfoxide
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Figure 3.44: Bis(2-hydroxyethyl) sulfoxide after silylation
The chemical ionisation mass spectral evaluation of the peaks in Figure 3.44 revealed that the
peaks marked B, C and E might be due to Pummerer type rearrangement representing
compound 67, 65 and 68, respectively. The peak marked A represent thiodiglycol derivative
66 and the peak marked D represent the bis(2-hydroxyethyl) sulfoxide derivative 64. The
chemical structures associated with the observed molecular ions obtained from the GC-MS
chemical ionisation are shown on Figure 3.45.
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Figure 3.45: Chemical structures associated with silylation of bis(2-hydroxyethyl) sulfoxide
The identification of these products indicates the presence of sulfur mustard in a sample and
their mass spectra obtained from the GC-MS chemical ionisation are shown in Figures 3.46
to 3.50. The peak marked A represents compound 66 with molecular mass of 266. The mass
spectrum (Figure 3.46) shows m/z 251 which represent the loss of a methyl group from the
molecular ion 266.
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Figure 3.46: GC-MS (CI) mass spectra of compound 66
The peak marked B represent compound 67 with molecular mass of 352 which was formed as
a result Pummerer type rearragement. The mass spectrum in Figure 3.47 shows a protonated
molecular ion [M+H] with m/z 353. The m/z 249 was observed as a result of losing the silyl
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group attached to the carbon atom next to the sulfur atom. The base peak was observed with
m/z 205 due to the loss of the four methyl groups from the m/z 249.
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Figure 3.47: GC-MS (CI) mass spectra of compound 67
The peak marked C corresponds to compound 65 with molecular mass of 264 which occurred
due to Pummerer type rearrangement. The mass spectrum (Figure 3.48) shows a fragment
with m/z 249 which corresponds to the loss of a methyl group from the molecular ion m/z
264. Furthermore, m/z 249 lost four methyl groups and resulted in m/z 205. The base peak
was observed with m/z 175 due to the loss two methyl groups from m/z 205.

64

A

b u

n d

a n

c

e

S
8

5 0

0 0

8

0 0

0 0

7

5 0

0 0

7

0 0

0 0

6

5 0

0 0

6

0 0

0 0

5

5 0

0 0

5

0 0

0 0

4

5 0

0 0

4

0 0

0 0

3

5 0

0 0

3

0 0

0 0

2

5 0

0 0

2

0 0

0 0

1

5 0

0 0

1

0 0

0 0

c

a

n

1

1 5 1
1 7 5

( 1
. 0

0 . 4 1

1

1 7

in

) :

T

4 7

D

G

O

- B

S

T

F A

. D

\

d

a t a

. m

s

M-4Me]+ = m/z 205

. 0

. 0

2

0 5

. 1

[M-Me]+ = m/z 249
9

0 0

m

[M-6Me]+ = m/z 175

1

5

9

1 . 0

2

4 9

. 0

0

0
8
m

/

0

1

0 0

1

2 0

1

4 0

1

6 0

1

8 0

2

0 0

2

2 0

2

4 0

2

6 0

2

8 0

3

0 0

3

2 0

3

4 0

3

6 0

3

8 0

z - - >

Figure 3.48: GC-MS (CI) mass spectra of compound 65
The peak marked D corresponds to a derivative of bis(2-hydroxyethyl) sulfoxide 64 with
molecular mass of 282. The mass spectrum (Figure 3.49) shows a protonated molecular ion
[M+H]+ with m/z 283. The ethane adduct was also observed with m/z 311. The base peak
with m/z 177 was observed due to the loss of six methyl groups and the oxygen atom attached
to the sulfur atom.

65

Abundance

S c a n 1 1 8 3 (1 0 . 6 0 8 m in ): T D G O -B S T F A . D \ d a t a . m s
1 7 7 .0
7500
7000
6500
6000

[M-6Me-O]+ = m/z 177

5500
5000

2 8 3 .1
4500

[M+H] = m/z 283

2 5 1 .1

4000
3500

1 1 7 .0

3000
2500

[M+29]+ = m/z 311

9 1 .0
1 4 7 .0

2000
1500

3 1 1 .1

1000
500

2 0 7 .0

0
80

100

120

140

160

180

200

220

240

260

280

300

320

340

360

380

400

420

m / z -->

Figure 3.49: GC-MS (CI) mass spectra of compound 64
The peak marked E represent compound 68 with a molecular mass of 299 resulting from the
Pummerer type rearrangement. The mass spectrum (Figure 3.50) shows molecular ion with
m/z 300. The m/z 228 represent the replacement of the Si(Me)3 group by a proton forming a
second hydroxyl group. The m/z 175 was observed due to the formation of a vinyl group from
the loss of the hydroxyl and the silyl groups from the molecule.
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Figure 3.50: GC-MS (CI) mass spectra of compound 68
Some researchers have also encountered similar difficulties when derivatising the sulfoxide
compounds (Riches, Read, & Black, 2007). It was explained that some form of
rearrangement takes place during derivatisation, and this rearrangement is called Pummerertype rearrangement and the results obtained in this study are in agreement with the literature.

3.5.3 Silylation of bis(2-hydroxyethyl) sulfone
The silylation of the sulfone 26 resulted in the formation of sulfone derivative, 1,1sulfonylbis[(2-trimethylsilyloxy) ethane 69 as shown on Scheme 3.14.

Scheme 3.14: Silylation reaction of bis(2-hydroxyethyl) sulfone
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The molecular mass (298) of the silylated sulfone 69 was confirmed by analysis on the GCMS CI whereby the protonated molecular ion was observed with m/z 299 together with the
two adducts with [M+29]+ with m/z 327 and [M+41]+ with m/z 339 as shown on Figure 3.51.
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Figure 3.51: The GC-MS (CI) mass spectrum of the silylated bis(2-hydroxyethyl) sulfone
Peak A on Figure 3.52 and peak B on Figure 3.53 represent the chromatograms before
silylation and after silylation of bis(2-hydroxyethyl) sulfone 26 at 50 ppm concentration
level, respectively. Peak A shows low response abundance around 240 000 while peak B
shows very high response abundance around 10 000 000. These results confirm that hydroxyl
containing by-products of sulfur mustard when transformed into more volatile derivatives can
produce symmetrical peaks which are then detected at low concentration levels.
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A

Figure 3.52: The chromatogram before silylation

B

Figure 3.53: The chromatogram after silylation
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CHAPTER 4
4. CONCLUSIONS AND RECOMMENDATIONS

The effort to come up with a method to synthesise and separate bis(2-hydroxyethyl) sulfoxide
and bis(2-hydroxyethyl) sulfone was successfully achieved when thiodiglycol was oxidised
with hydrogen peroxide in the presence of acetic acid. The separation of the two by-products
was achieved by recrystallization of bis(2-hydroxyethyl) sulfoxide at 0 ºC when using
acetonitrile as a solvent. The bis(2-hydroxyethyl) sulfoxide was achieved at 92% yield and its
purity was greater than 99% from the GC/MS results. A 94% yield for bis(2-hydroxyethyl)
sulfone was achieved when the oxidation of thiodiglycol with H2O2 took place in the
presence of formic acid. The use of hydrogen peroxide as an oxidising agent was successfully
achieved for the desired by-products.

The beta-lyse metabolites or the glutathione derived metabolites were also attempted
whereby three metabolites (1,1-sulfonylbis[(2-methylthio) ethane], 1,1-sulfonylbis[(2methylsulfinyl)

ethane],

and

1,1-sulfonylbis[(2-S-N-acetylcysteinyl)

ethane]

were

synthesised. The synthesis of 1-methylsulfinyl-2-[2-(methylthioethyl) sulfonyl] ethane was
not successful due to the difficulty of controlling the oxidation of one sulfur atom and hence
resulting in both sulfur atoms being oxidised. Other by-products of sulfur mustard which
were synthesised and characterised were bis(2-chloroethyl) sulfone, 1,1-thiobis[(2-methoxy)
ethane] and 1,1-sulfonylbis[(2-methoxy) ethane].

The use of BSTFA + 1% TMCS has proven to be an effective method for silylating polar
compounds. The silylation process to increase the intensity and reduce the peak broadening
was successfully achieved for bis(2-hydroxyethyl) sulfone when heated at 60 ºC for 30
minutes. It was observed that the intensity and the peak shape of the silylated sulfone were
drastically increased as compared to the unsilylated sulfone. The high intensity and the peak
symmetry of the compound add an advantage to the detection of low concentrations in
samples. On the other hand, the silylation of bis(2-hydroxyethyl) sulfoxide did not produce
the best results because it resulted in five different peaks when analysed on the GC-MS. The
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two small peaks were identified as thiodiglycol derivative and bis(2-hydroxyethyl) sulfoxide,
while the two major peaks were identified as Pummerer-type rearrangement products as
showed on Figure 4.1. The identification of these products indicates the presence of sulfur
mustard in a sample.

Figure 4.1: Pummerer type reaction products

The silylation results confirm that hydroxyl containing by-products of sulfur mustard when
transformed into more volatile derivatives can produce symmetrical peaks which are then
detected at low concentration levels.

The use of LC-MS/MS and LC-QTOF should be explored extensively including the creation
of in-house reference library for degradation products of chemical warfare agents. This will
enhance accurate mass identification of compounds during Proficiency Testing.

Further investigation may be explored to understand why the 1,1-thiobis(2-methoxy) ethane
and the Pummerer type products do not produce protonated molecular ion when analysed by
GC-MS chemical ionisation under methane gas.
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CHAPTER 5
5. MATERIALS AND METHODS

5.1

Instrumental Conditions

The instruments covered in this section are an Agilent gas chromatography (GC-MS) with
both electron ionisation (EI) and chemical ionisation (CI); Agilent liquid chromatography
tandem mass spectrometer (LC-MS/MS) with an electron spray ionisation; Bruker Fourier
Transform Infra-Red spectrometer (FTIR) and Varian 400 MHz Nuclear Magnetic
Resonance, equipped with one NMR probe head.
The column used with the GC-MS was a 5% diphenyl/ 95% dimethyl polysiloxane (HP5MS) 30 m long with a 0.25 mm internal diameter and 1.4 µm film thickness. The LC
column used was a Kinetex 2.6 µm C18 100 A, 50 mm x 4.6 mm.

The instrument’s operating condition used for the LC-MS/MS and for both the GC-MS EI
and GC-MS CI are listed in Table 5.1 to Table 5.3

72

Table 5.1: Parameters for gas chromatography mass spectrometer electron ionisation (GCMS EI) operating conditions
GC-MS Operating Conditions
GC 5975B

MS-EI 6890N

Injector Temperature

250 °C

Carrier Gas

Helium

Initial Temperature

50 °C (hold 2 min)

Final Temperature

300 °C

Ramp Rate

15 °C/min

Total Time

21.67 min

Carrier Gas Flow

1.0 mL/min

Solvent Delay

3.50 min

MS Source Temperature

230 °C

MS Quad Temperature

150 °C

Electron Energy

70 eV

Scan Range

40-600 amu

Scan Rate

1.35 scans/sec

Table 5.2: Parameters for gas chromatography mass spectrometer chemical ionisation (GCMS CI) operating conditions
GC-MS Operating Conditions
GC-7890B

MS-CI –
5977A

Injector Temperature

250 °C

Carrier Gas

Methane

Initial Temperature

50 °C (Hold 2 min)

Final Temperature

300 °C

Ramp Rate

15 °C/min

Total Time

21.67 min

Carrier Gas Flow

1.0 mL/min

Solvent Delay

3.50 min

MS Source Temperature

230 °C

MS Quad Temperature

150 °C

Electron Energy

240 eV

Scan Range

80-600 amu

Scan Rate

1.56 scan/sec
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Table 5.3: Parameters for liquid chromatography tandem mass spectrometer (LC-MS/MS)
operating conditions
LC-MS Operating Conditions
Mobile phase

A: 0.1% formic acid in H2O
B: 0.1% formic acid in ACN

Gradient run

LC-1290

%B

Time in minutes

1%

2

99%

15

1%

17

Run time = 17 minutes

MS- 6460
Triple Quad

Column flow

0.6 mL/min

Column temperature

Ambient

Gas temperature

300 ºC

Gas flow

5 L/minute

Nebulizer pressure

45 psi

Sheath gas temperature

250 ºC

Sheath gas flow

11 L/minute

Capillary voltage

3500 volts

Nozzle voltage

500 volts

Polarity

positive

Ion source

Electron Spray Ionisation (ESI)

Mode

Full scan and Product ion

Scan range

50-800 amu
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5.1.1 Nuclear Magnetic Resonance (NMR)
A Varian 400 MR spectrometer at 400 MHz equipped with OneNMR Probe head was used.
Chemical shift values are given as δ (ppm) relative to TMS (1H and

13

C) as internal

standard.

5.1.2 Fourier Transform Infra-Red Spectrometer
A Bruker Tensor 27 Fourier Transform Infra-Red Spectrometer (FTIR) using Opus
Software was used for the IR spectrometry. The source was set at MIR with an aperture at 6
mm, the scan velocity at 10 KHz, the scan range was from 4000 - 400 cm-1 with a resolution
of 4 cm-1 and a scan time of 32 cm-1.

5.1.3 Melting Point
An Electro-thermal digital melting point apparatus was used to measure the melting point of
all solid compounds produced. A glass tube of 10 cm and 0.1 mm diameter was used for
sampling and determining the melting point. The melting point was determined in triplicate
from the start to the end of melting point.

5.1.4 Laboratory equipment and glass ware
Chemicals were measured by using volumetric equipment such as auto pipettes, measuring
cylinders and analytical balances. Round bottom flask with both one and two necks and a
volume of 100 mL were used for experimental reactions.

5.2

Experimental Procedures

5.2.1 Oxidation of thiodiglycol with hydrogen peroxide
A solution of 30% hydrogen peroxide was selected as an oxidising agent of choice because
it is safer to handle and its by-products are environmentally benign (Karim, Ghoreishi, &
Clark, 2005).

75

5.2.1.1 Oxidation of thiodiglycol in the presence of acetic acid
Thiodiglycol (5.91 g, 48.4 mmol) was put in a 100 mL round bottom flask. Acetic acid (1
mL) was added followed by H2O2 (5 ml, 145 mmol) which was added drop-wise using a
dropping funnel. The exothermic mixture was stirred at room temperature for 90 min.
The reaction was monitored by GC-MS; a small aliquot of the reaction mixture (10 µL) was
diluted with acetonitrile (1 mL) and injected on the GC-MS. Acetonitrile (50 mL) was
added to the reaction mixture then cooled on ice. The crystals that formed were filtered by
vacuum filtration using 0.45 µm filter and left to dry under vacuum for 24 h. The filtrate
was evaporated under reduced pressure, at 40 ºC, resulting in a yellowish viscous liquid
which was then dissolved in acetonitrile (50 mL) and cooled on ice. The crystals formed
were vacuum-filtered and dried for 24 h. The solid obtained (6.13 g; 92%) was fully
characterised. Its melting point (116.3 – 117.2 ºC) was 8 ºC higher than the recorded
literature value (106-108 ºC and 112 ºC) (Price & Bullitt, 1947:242).

1

H NMR (D2O, 400 MHz) δH ppm:

3.84–3.77 (m, 4H,
HOCH2CH2SOCH2CH2OH); 2.99–2.86 (m,
4H, HOCH2CH2SOCH2CH2OH)

13

54.4; 53.7

MS (70 eV) m/z:

138 ([C4H10SO3]+ 3%), 94([C2H4SO]+ 69%),

C NMR (D2O, 100 MHz) δC ppm:

76 (C2H4SO]+ 100%), 63 ([CH3SO]+ 49%, 45
([C2H5O]+) 82%
FTIR (nujol):

3382 cm-1 O-H broad; 1069 cm-1 S=O,
(Spectrum 6.1)

5.2.1.2 Oxidation thiodiglycol in the presence of formic acid
Thiodiglycol (5.91 g. 48.4 mmol) was put into a 100 mL round bottom flask. Formic acid (5
mL) was added followed by hydrogen peroxide (15 mL, 440.9 mmol) which was added
drop-wise using a dropping funnel. The reaction mixture was stirred at room temperature
for 30 min. A small aliquot (10 µL) of this reaction mixture was dissolved in acetonitrile (1
76

mL) and injected on the GC-MS. The reaction mixture was evaporated under reduced
pressure, at 100 ºC for 4 h resulting in a viscous colourless liquid. The liquid product
obtained (7.0 g, 94%) was characterised by 1H-NMR, 13C-NMR, GC-MS and FTIR.

1

H NMR (D2O, 400 MHz) δH ppm:

3.87 (t, 4H, JHH = 2.7 Hz,
HOCH2CH2SO2CH2CH2OH); 3.29 (t, 4H, JHH
= 2.7 Hz, HOCH2CH2SO2CH2CH2OH)

13

55.9; 54.7

MS (70 eV) m/z:

111 ([C2H7SO3]+ 9%), 93 ([C2H5SO2]+ 22%),

C NMR (D2O, 100 MHz) δC ppm:

81 ([C2H7SO2]+ 13%), 45 ([C2H3O]+ 100%)
FTIR (neat),: 3392 cm-1 O-H broad; 1384 cm-1 O=S=O, (Spectrum 6.2)

5.2.2 Methylation of thiodiglycol
Thiodiglycol (5.93 g, 48.5 mmol) and DMF (500 µL) were put into a 100 mL round bottom
flask followed by drop-wise addition of thionyl chloride (9 mL, 75.6 mmol) using a
dropping funnel. The mixture was stirred at room temperature for 30 min. An aliquot (10
µL) of this solution was dissolved in dichloromethane (1 mL) and injected on the GC-MS.
A saturated solution of NaOCH3 in methanol was then added to the reaction mixture using a
dropping funnel. The solution mixture was stirred and gently refluxed at 65 ºC for 60 min
and then a small aliquot (10 µL) of the reaction mixture was dissolved in dichloromethane
and analysed on the GC-MS.

The reaction mixture was continuously stirred at room temperature for 24 h. The reaction
was monitored by GC-MS analysis until the reactants were fully converted to the product.
Water (30 mL) was added to the reaction mixture and then extracted with four portions of
dichloromethane (25 mL). The dichloromethane portions were combined, dried over
anhydrous MgSO4, then filtered and evaporated under reduced pressure at 80 ºC. The
obtained yellowish liquid (4.03 g, 55%) was characterised by GC-MS, LC-MS only. The
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whole product was used for the synthesis of 1,1-sylfonylbis[2-methoxy) ethane] before
NMR and FTIR analysis was performed and therefore no results for NMR and FTIR.

MS (EI 70eV) m/z:

150 ([C6H14SO2]+ 4%), 118 ([C5H12SO]+ 33%), 75 ([C3H7S]+ 67%),

58 ([C2H3S]+ 70%), 45 ([C2H5O]+ 100%)

5.2.3 Chlorination and oxidation of the thiodiglycol
Thiodiglycol (3.78 g, 30.9 mmol) and N,N-dimethyl formamide (DMF) (300 µL) were put
into a 100 mL round bottom flask followed by drop-wise addition of thionyl chloride (8 mL,
67.2 mmol) using a dropping funnel. The mixture was stirred at room temperature for 60
min. A small aliquot (10 µL) of the reaction mixture was dissolved in dichloromethane (1
mL) and injected on the GC-MS. Formic acid (2.5 mL) was then added to the reaction
mixture followed by drop-wise addition of H2O2 (8 mL, 235 mmol) using a dropping
funnel. The reaction mixture was stirred at room temperature for 30 min. The reaction
mixture was monitored by GC-MS analysis until all the reactants were converted to the
product. Water (10 mL) was added to the reaction mixture followed by extraction with
dichloromethane (4x25 mL). The four portions of dichloromethane were combined, dried
over anhydrous magnesium sulfate, then filtered and evaporated under reduced pressure, at
40 ºC resulting in a viscous faint yellow liquid. At room temperature the liquid solidified to
a faint yellow solid. The solid obtained (5.82 g, 98.1%) mp 48.5-49.7 ºC (literature mp 5456 ºC, Price & Bullitt, 1947) was characterised by 1H-NMR, 13C-NMR, GC-MS and FTIR.

1

H NMR (CDCl3, 400 MHz) δH ppm:

3.91 (t, 4H, JHH = 6.8 Hz,
ClCH2CH2SO2CH2CH2Cl); 3.53 (t, 4H, JHH =
6.8 Hz, ClCH2CH2SO2CH2CH2Cl)

13

C NMR (CDCl3, 100 MHz) δC ppm:

56.7; 35.7
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MS (70 eV) m/z:

128 ([C2H5SO2Cl]+ 2%), 92 ([C2H4SO2]+ 7%),
63 ([C2H4Cl]+ 100%)

MS-CI (239.9 eV) m/z:

Cl isotopes at a ratio of 9:6:1 = 191, 193; 195

FTIR (nujol): 1375 cm-1 O=S=O; 719 cm-1 C-Cl, (Spectrum 6.3)

5.2.4 Synthesis of 1,1-sylfonylbis[2-(methoxy) ethane]
The 1,1-sylfonylbis[2-methoxy) ethane was synthesised using two methods:
First method: The 1,1-thiobis[2-(methoxy) ethane] (3.53 g, 26.9 mmol) and formic acid (10
mL) were put into a 100 mL round bottom flask followed by a drop-wise addition of
hydrogen peroxide (15 mL, 441 mmol). The reaction mixture was stirred at room
temperature for 20 h. The reaction was monitored by GC-MS. Four portions of
dichloromethane (25 mL) were used for extraction. The dichloromethane solvent portions
were combined and dried over anhydrous MgSO4, filtered and then rotary evaporated at 50
ºC resulting in a viscous faint yellow liquid (3.25 g, 76%) which was characterised by 1HNMR, 13C-NMR, GC-MS and FTIR.

The second method: A commercially obtained sodium methoxide (NaOCH3) was dissolved
in methanol until saturation was reached. The saturated solution was added dropwise to a
100 mL round bottom flask containing bis(2-chloroethyl) sulfone (1.74 g, 9.2 mmol). The
reaction mixture was gently refluxed at 50 ºC for 60 min. A small aliquot (10 µL) of the
reaction mixture was dissolved in dichloromethane and analysed on the GC-MS. Water (10
mL) was added to the reaction mixture and then extracted with four portions of (25 mL)
dichloromethane. The four portions of dichloromethane were combined, dried over
anhydrous MgSO4, then filtered and evaporated under reduced pressure at 40 ºC. The
colourless viscous liquid obtained (1.08 g, 65%) was characterised by GC-MS, 1H-NMR,
13

C-NMR and FTIR.
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1

H-NMR (D2O, 400 MHz) δH ppm:

3.72 (t, 4H, JHH = 5.4 Hz,
CH3OCH2CH2SO2CH2CH2OCH3); 3.34 (t, 4H,
JHH = 5.4 Hz, H3OCH2CH2SO2CH2CH2OCH3);
3.20 (s, 6H, CH3OCH2CH2SO2CH2CH2OCH3)

13

C NMR (D2O, 100 MHz) δC ppm:

MS (EI 70eV) m/z:

64.8; 58.1; 53.4

124 ([C3H8SO3]+ 9%), 59 ([C3H7O]+ 100%), 46 ([C2H6O]+ 57%)

FTIR (neat): 1384 cm-1 medium O=S=O, 1115 cm-1 sharp O-CH3, (Spectrum 6.4)

5.2.5 Synthesis of 1,1-sulfonylbis(2-methylthio) ethane
Bis(2-chloroethyl) sulfone (1.08 g, 5.7 mmol) and tetrahydrofuran (THF) (20 mL) were put
into a round bottom flask followed by drop-wise addition of sodium thiomethoxide (0.95 g,
13.6 mmol) using a dropping funnel. The reaction mixture was then gently refluxed at 50 ºC
for 2 h. The reaction was monitored by GC-MS. The reaction mixture was then stirred at
room temperature for 24 h. The product mixture was evaporated under reduced pressure at
40 ºC. Water (25 mL) was added to the solution and then extracted with dichloromethane
(4x25 mL). The dichloromethane portions were combined and dried over anhydrous
MgSO4, filtered and evaporated under reduced pressure at 40 ºC. After cooling at room
temperature the liquid solidified to a faint brown solid. A small amount (10 mg) of the solid
product was dissolved in acetonitrile (1 mL) and injected on the GC-MS. The faint brown
solid product (1.01 g, 83%) mp 69.5-70.5 ºC was characterised by 1H-NMR, 13C-NMR, GCMS and FTIR.

1

H-NMR (CDCl3, 400 MHz) δH ppm:

3.31-3.27 (m, 4H,
CH3SCH2CH2SO2CH2CH2SCH3); 2.95-2.91
(m, 4H, CH3SCH2CH2SO2CH2CH2SCH3);
2.17 & 2.16 (s, 3H,
CH3SCH2CH2SO2CH2CH2SCH3)

13

C-NMR (CDCl3, 100 MHz) δC ppm:

53.3; 26.1; 15.7
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MS (70 eV) m/z:

140 ([C3H8S2O2]+ 51%), 75 ([C3H7S]+ 100%), 47 ([CH3S]+ 31%),

FTIR (nujol): 1378 cm-1 sharp O=S=O; 1034 cm-1 C-S-CH3, (Spectrum 6.5)

5.2.5.1 Oxidation of 1,1-sulfonylbis[(2-methylthio)ethane]
Hydrogen peroxide (500 µL, 14.7 mmol) was added slowly to a round bottom flask
containing a mixture of 1,1-sulfonylbis[(2-methylthio) ethane] (0.40 g, 1.9 mmol) and
acetic acid (1.5 mL). The mixture was stirred at room temperature for 15 min. A small
aliquot (10 µL) of the reaction mixture was dissolved in acetonitrile (1 mL) and analysed on
the GC-MS. Water (10 mL) was added to the reaction mixture and three portions (10 mL)
of dichloromethane were used for extraction. The three dichloromethane portions were then
combined, dried over anhydrous MgSO4, filtered and evaporated under reduced pressure at
40 ºC resulting in a cream white solid at room temperature. The solid product (0.44 g,
95.5%) mp 153.5-155.1 ºC was characterised by 1H-NMR,

13

C-NMR, LC-MS/MS and

FTIR.

1

H-NMR (D2O, 400 MHz) δH ppm:

3.31-3.27 (m, 4H,
CH3OSCH2CH2SO2CH2CH2SOCH3); 2.952.91 (m, 4H,
CH3OSCH2CH2SO2CH2CH2SOCH3); 2.17 &
2.16 (s, 3H,
CH3OSCH2CH2SO2CH2CH2SOCH3)

13

C-NMR (D2O, 100 MHz) δC ppm:

45.9; 43.7; 36.8 major compound

13

C-NMR (D2O, 100 MHz) δC ppm:

46.1; 45.6; 43.7; 40.3 minor compound

MS/MS (MRM CE 10 V) m/z:

247 ([C6H14S3O4]+ 5%), 183 ([C5H13SO3]+
100%), 165 ([C5H8SO4]+ 4%), 119
([C4H6SO2]+ 44%) 91 ([C2H3SO2]+ 15%)

FTIR (nujol): 1378 cm-1 sharp O=S=O, 1034 cm-1 & 1293 cm-1 OS-CH3, Annexure 6
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5.2.6 Synthesis of β-lyase metabolites of sulfur mustard, the 1,1-sulfonylbis[2-S-(Nacetylcysteinyl) ethane]
Bis(2-chloroethyl) sulfone (0.40 g, 2,1 mmol) and N-acetyl-L-cysteine methyl ester (0.79 g,
4.5 mmol ) were added into a round bottom flask and were dissolved in water (5 mL). The
triethyl amine was used to adjust the pH of the solution (pH 10). The mixture was stirred at
room temperature for 4 h. An aliquot (10 µL) of the reaction mixture was dissolved in
acetonitrile (10 mL) and analysed on the LC-MS. The solution was then acidified to pH 3
with 2N hydrochloric acid. A white solid obtained (0.17 g, 18%) mp 169.9-173.6 (lit 205 ºC
(Black et al., 1992) was characterised by 1H-NMR, 13C-NMR, and LC-MS/MS.

1

H-NMR (D2O, 400 MHz) δH ppm:

4.48 (q, 2Hc, JHH = 4.27 Hz, NCH); 3.40 (t, 4Hf,
JHH = 5.07 Hz, O2SCH2); 3.04-2.98 (m, Hc,
NCH, OCCH); 2.89-2.82 (m, 4Hd,e, 2x SCH2);
1.89 (s, 6Ha, OCCH3)

13

C-NMR (D2O, 100 MHz) δC ppm:

174.1; 173.8; 52.4; 32.6; 23.4; 23.4; major
compound

MS/MS (MRM CE 10 V) protonated m/z: 445 ([C14H24N2S3O8]+ 10%), 403
([C12H22N2S3O7]+ 90%), 399 ([C12H22N2S3O6]+
100%), 357 ([C12H24N2S3O4]+ 97%), 298
([C10H17N1S3O3]+ 45%), 130 ([C4H7N1O3]+
38%)

5.2.7 Derivatisation of the bis(2-hydroxyethyl) sulfoxide and bis(2-hydroxyethyl)
sulfone
5.2.7.1 Preparation of diazomethane
The N-methyl-N-nitro-nitrosoguanidine (130 g) was transferred into an inner tube of the
generator containing deionised water (500 µL). It was sealed with a screw capped septum.
Diethyl ether (3 mL) was transferred into the outer tube of the generator which was placed
82

in ice cold water. The inner tube and the outer tubes were clamped together. The whole tube
generator was placed in ice combined with sodium chloride. A solution of 6M NaOH (2,4 g
NaOH/10 mL H2O) (600 µL) was transferred drop wise into the inner tube and it was
allowed to react for 45 min. The formation of the diazomethane was confirmed when the
diethyl ether turned yellow. The diethyl ether was transferred into an ember vial and was
stored in the freezer before use. The derivatisation of the sulfoxide and the sulfone was
performed by adding diazomethane (500 µL) into a 2 mL vial containing bis(2hydroxyethyl) sulfoxide (100 µL) and the mixture was heated at 60 ºC for 30 minutes and
then analysed on the GC-MS.

5.2.7.2 Derivatisation of bis(2-hydroxyethyl) sulfoxide with BSTFA
The silylated bis(2-hydroxyethyl) sulfoxide 25 was prepared as shown on Scheme 5.1. The
bis(2-hydroxyethyl) sulfoxide (10 mg, 73.5 mmol) was transferred into a 2 mL GC vial and
a

mixture

of

N,O-bis(trimethylsilyl)trifluoroacetamide

(BSTFA)

and

1%

trimethylchlorosilane (TMCS) (500 µL) was added. The reaction mixture was then heated at
60 ºC for 30 minutes. The solution was diluted 100 times and then injected on the GC-MS
(EI) and GC-MS (CI).

Scheme 5.1: Reaction for the silylation of bis(2-hydroxyethyl) sulfoxide

5.2.7.3 Derivatisation of bis(2-hydroxyethyl) sulfone with BSTFA
A solution of sulfone 26 (500 µL of 1000 mg/L stock solution) was mixed with a
commercially bought solution of BSTFA+1%TMCS (500 µL) in a 2 mL GC vial. The
solution mixture was heated on a heating block at 60 ºC for 30 minutes. After heating the
solution was allowed to cool at room temperature and then a ten times diluted solution was
injected onto the GC-MS (EI) and GC-MS (CI).
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Scheme 5.2: Silylation reaction of bis(2-hydroxyethyl) sulfone

For the unsilylated sulfone, 500 µL from the 1000 ppm stock solution was diluted with 500
µL of acetonitrile and then diluted ten times for the GC-MS analysis.

5.2.8 Sample preparation for instrumental analysis
5.2.8.1 Chromatographic mass spectrometer analysis
A 1000 ppm solution of each synthesised compound was prepared in acetonitrile except for
bis(2-hydroxyethyl) sulfoxide 25 which was insoluble in acetonitrile. A mixture of
acetonitrile and methanol (8:2) was used to dissolve bis(2-hydroxyethyl) sulfoxide 25. A 10
and 100 times dilutions of these solutions were injected on the GC-MS (EI); GC-MS (CI)
and only 10 ppm solutions were injected on the LC-MS/MS.
5.2.8.2 NMR spectroscopic analysis
Deuterated solvents were used for the analysis on the NMR. A 10 mg sample was dissolved
in 600 µl deuterated solvent in a 2 mL vial. After the solvent has dissolved the compound
completely, then the solution mixture was transferred to the NMR tube with a Pasteur
pipette.

5.2.8.3 FTIR spectroscopic analysis
A nujol solution was used to prepare solid samples for FTIR analysis. A little amount,
approximately 1 mg of solid compounds was mixed with one drop of nujol and then
smeared onto the KBr disk for analysis.
The liquid compounds were smeared neat on to the KBr disks for analysis without any
solvent.
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