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Abstract 

Garlic has long been recognized for its medicinal properties and is well-documented to 

produce organosulfur compounds (OSCs) with significant chemopreventive and 

therapeutic potential. Among these, trisulfides are notable phytochemicals that exhibit a 

broad range of biological activities, including anticancer effects both in vitro and in vivo, 

as well as antimicrobial, antioxidant, and antithrombotic properties. Recent 

methodologies have enabled the development of novel synthetic methodologies for 

synthesizing unsymmetrical organotrisulfides. This thesis explores our contributions to 

the synthesis of these compounds, their cytotoxicity and their mechanisms of action 

against cancer cells. Building on our group's previous research on the cytotoxicity of 

ajoene, which demonstrated its ability to modify proteins by S-thioallylation of cysteine 

residues through a thiol-disulfide exchange reaction, we extend these findings to 

trisulfides, providing new insights into their potential as anticancer agents. 

Chapter One offers an overview of naturally occurring trisulfides, highlighting their 

significant biological activities. It emphasizes trisulfides from natural sources, 

particularly diallyl trisulfide (DATS), a garlic-derived compound with notable anticancer 

potential. This chapter sets the stage for exploring trisulfides therapeutic potential in 

cancer treatment, a central theme of this dissertation.  

Chapter Two reviews existing synthetic methods for trisulfide formation, highlighting 

the need for greener and more sustainable approaches. It discusses current challenges, 

including the difficulty of synthesizing unsymmetrical trisulfides, and introduces our 

novel method for achieving these compounds with high yield, purity, and selectivity. This 

chapter lays the groundwork for the synthetic developments detailed in chapter 4. 

Chapter Three shifts the focus to the cancer biology of organosulfur compounds (OSCs), 

with a detailed examination of trisulfides. It provides an in-depth analysis of their 

extraction, biosynthesis, metabolism, and bioavailability, particularly in relation to 

cancer chemoprevention. The chapter investigates the role of reactive species, including 

hydrogen sulfide (H₂S) and perthiols (RSSH), generated through thiolysis exchange of 

trisulfides with protein thiols. 

The role of H₂S as a crucial gaseous signaling molecule is examined, highlighting its 

involvement in various physiological processes. The chapter also explores perthiols, 
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characterized by their unique chemical properties, which enable them to participate in 

redox reactions and radical processes.  

Chapter Four presents our novel methodology for synthesizing unsymmetrical 

trisulfides, including details of the optimization conditions and the stability of the 

products. The methodology yields aliphatic trisulfides in high yield and purity, while 

aromatic trisulfides are more labile. The trisulfide’s distinct chemical shifts in 1H NMR 

allow for their identification and differentiation from other sulfur species. The 

applicability of this method extends to a range of functional groups, including those 

derived from cysteine and sugar moieties. 

Chapter Five investigates the cytotoxic effects of trisulfides in cancer cells, focusing on a 

refined library of trisulfides to identify structure-activity relationships, particularly in 

benzyl derivatives. The chapter examines the impact of various substituents on perthiol 

stability, demonstrating that electron-donating groups prolong perthiol lifetime and 

enhance cytotoxicity. This by raising their pKa and reducing their disproportionation to 

homotrisulfides. The p-OMe derivative, in particular, displayed higher extracellular 

perthiol concentrations, as measured by Ellman's assay, corroborating initial stability 

studies. The chapter further extends to monitoring H₂S production in WHCO1 cancer cells 

using a fluorescent probe, establishing that fluorescence intensity, indicative of H₂S 

concentration, increases with greater electron release from para-substituents. This 

relationship between enhanced perthiol stability and increased H₂S production 

reinforces the thiolysis-based mechanism of trisulfide cytotoxicity and suggests a 

pathway for designing more effective anticancer agents. Additionally, studies using a 

dansyl-propyl trisulfide probe indicated localisation in the endoplasmic reticulum (ER), 

suggesting a role for the unfolded protein response (UPR) in conjunction with H₂S 

signaling in promoting apoptosis.  
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Literature Review 

CHAPTER 1: The Occurrence of Trisulfides in Nature 

1.1 Introduction 

Based on its historical connection, in this thesis, we will use the term trisulfide rather 

than trisulfane as the IUPAC nomenclature.  

Organotrisulfides, defined as organic molecules containing the polysulfide -S-S-S- linkage, 

are found in a variety of natural environments, including in plants, in the atmosphere, in 

the soil, and in living organisms. They are synthetically interesting molecules that find 

connections into a variety of fields including the life sciences, material science, and 

natural products chemistry.1 Organotrisulfides elicit a range of biological activities that 

include antimicrobial,2 antioxidant,3 antithrombotic,4 antiatherosclerotic5 as well as 

antitumor6-8 properties. Trisulfide natural products of the type R1SSSR2 have a broad 

variation of R1/R2 groups, which can be the same (homotrisulfide) or different 

(heterotrisulfide), covering both (hetero) aromatic and aliphatic groups (linear or 

branched). The following sections describe various classes of organotrisulfide natural 

products. 

1.2 Trisulfide Natural Products 

1.2.1 Epitrithiodioxopiperazines 

This class of naturally occurring trisulfide based on biosynthesis from an amino acid 

dating back to 1966 and is categorized by the presence of a trisulfide bridge over a 

dioxopiperazine core, Figure 1.1. 

 

Figure 1.1: General structure of the epidithiodioxopiperazine natural products. 

The class can be sub-divided based on biogenetic origin depending on the aromatic amino 

acid (tyrosine, phenylalanine, or tryptophan) precursor. Mass spectroscopy as well as 

NMR spectroscopy have proved to be powerful characterization tools for establishing 
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their structural integrity, particularly in assigning trisulfide over disulfide or tetrasulfide 

counterparts. Epitrithiodioxopiperazines secondary metabolites have been shown to 

possess potent antifungal, antibacterial and anticancer biological activities in which the 

R1, R2, R3 and R4 groups (Figure 1.1) are variable.9-14 A range of natural products derived 

from tyrosine and phenylalanine are shown in Figure 1.2 below together with their year 

of discovery and principal bioactivity.  

 

Figure 1.2: Tyrosine and/or phenylalanine - derived epidithiodioxopiperazines. 

Members of another class of epidithiodioxopiperazines that are tryptophan-derived are 

shown in Figure 1.3 from various fungi.15-20 They exhibit a variety of potent biological 

activity ranging from antifungal to antinematodal as well as anticancer properties typical 

of indole-derived moieties. In contrast, Sporidesmin C does not yet have data on its 

biological activity. 
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Figure 1.3: Tryptophan-derived epidithiodioxopiperazines. 

More complex dimeric tryptophan-derived16,18,21-24Epitrithiodioxopiperazines are known 

as shown in Figure 1.4, building on the monomeric motifs displayed in Figure 1.3.  
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Figure 1.4: Dimeric epidithiodioxopiperazine trisulfide alkaloids. 

1.2.2 Varacin Family 

In the early 1995’s, new trisulfides containing a cyclic trisulfide appended to an aromatic 

ring were reported by Makarieva and co-workers25 as Varacin 18 and its derivatives 19, 

20, Figure 1.5. These compounds were isolated from marine sources and shown to 

exhibit potent antibiotic, cytotoxic, and antiviral activities.25 This was followed by the 

discovery of similar structures such as Lissoclmotoxin A 21 and the methylthio derivative 
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12 that were isolated from tunicates lissbclihum perfuratum26 and Lissoclinium cf. badium, 

respectively.27  

 

Figure 1.5: Varacin family and its derivatives.   

1.2.3 Functionalised Cyclic Trisulfides 

Another interesting class of organotrisulfide comprises having the motif as part of a 

medium-sized carbocyclic ring system, often with other sulfurs present. In 1966, Morita 

and Kobayashi28,29 successfully extracted the first organic cyclic trisulfides pentathiepane 

23 and its analogue30 24 from Shiitake mushrooms extract. These compounds have been 

reported to show antibacterial activity as well as platelet aggregation inhibition. This was 

followed by the discovery of the cyclooctane trisulfide analogue 25, which was isolated 

from ‘stink bean’ Parkia speciose31,32 as displayed in Figure 1.6. One year later in 2002, 

R ezanka and Dembitsky isolated substituted 1,2,3-trithiocane cycles 26 from the sea 

squirt Perophora viridis.33 Thereafter, the last two decades of the 20th century 

experienced the emergence of a new natural product family of cyclic trisulfides containing 

the 1,2,3-trithiane ring.34 Examples 27-3035-39 shown in Figure 1.6 were isolated from 

various plants and shrubs (asparagus, alga Chara globularis, Aplidium and Cassipourea 

guianensis), and they showed a range of biological properties. 
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Figure 1.6: Naturally occurring cyclic trisulfides. 

1.2.4 Enediyne-Containing Trisulfides 

The final and probably the most inspiring class of trisulfide natural products is to be found 

as the enediyne class of natural products, which have attracted significant attention from 

top synthetic organic chemists for total synthesis programmes because of both their 

complexity and their extraordinary antibiotic and antitumor activities. The first members 

isolated were Esperamicin 3140-41,42 and Calicheamicin 32,43 Figure 1.7, in 1985 and 

1987 respectively from bacterial origin. Both compounds 31 and 32 were prepared by 

total synthesis a few years later by Nicolaou and his group in 199244 and 199345 

respectively. Their biological mode of action has been extensively studied to involve 

binding to the minor groove in DNA, after which trisulfide cleavage initiates a cascade of 

reactions resulting in a Bergman-type cyclization to generate a diradical species. This 

abstracts a hydrogen atom from the deoxyribose (sugar) backbone of DNA leading to 

strand scission.46 Other fascinating members of this family include Namenamicin 3347 

and Shishijimicin A–C48 34, Figure 1.7. These two compounds are very attractive 
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molecules for total synthesis, which have also been conquered by Nicolaou and coworkers 

in recent studies,49-51 (Shishijimicin synthesis will be mentioned in Chapter Two). 

 

 

Figure 1.7: Examples of naturally occurring enediynes trisulfide compounds. 

1.2.5 Miscellaneous 

A cyclic trisulfide recently discovered in 2023 by Shen et al.52 is the bridged angucycline, 

Neogrisemycin 35, from Streptomyces albus bacteria. However, this compound did not 
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exhibit antibacterial activity nor anticancer activity at low concentrations under the 

tested conditions, Figure 1.8. 

 

Figure 1.8: Structures of Neogrisemycin. 

1.3 Acyclic Trisulfides 

1.3.1 The Alliaceae Family 

In 1971, Boelens et al. reported on the first trisulfides from the Alliaceae family, which is 

the most famous family containing organosulfur compounds (OSCs). This family includes 

the genus Allium, which contains many species of flowering plants, including onions, 

garlic, shallots, leeks, and chives. The study analysed steam-distilled onion oil,53 which 

was found to contain various  homo- and hetero-trisulfides 36-47 depicted in Figure 1.9. 

The structure of these compounds was elucidated by a combination of gas 

chromatographic and mass spectrometric techniques.53-55 

 

 

Figure 1.9: Naturally occurring organotrisulfides from steam-distilled onion oil. 
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Extensive studies over the last few years has been directed at diallyl trisulfide 36 (DATS) 

in view of its various biological activities such as anti-cancer, anti-bacterial, anti-

thrombotic,7,8 anti-inflammatory and immunomodulation.6 DATS will be extensively 

discussed in Chapter three on the Biology Review. In 2006, Ariga et al. reported that allyl 

methyl trisulfide (AMT), 45, is the most active of the garlic derivatives against platelet 

aggregation both in vitro and in vivo.4 

1.3.2 Functionalised Linear Trisulfides 

Further unsymmetrical trisulfide substructures have been discovered from a tropical 

plant named Scorodophloeus zenkeri with significant anti-bacterial and anti-fungal 

activity.56 They are usually found as an inseparable mixture with their symmetrical 

derivatives. Figure 1.10 shows 48, 49 and 50 as examples, which all contain an extra 

sulfur-based functionality as either a thioacetal or a thioaldehyde beyond the trisulfide. 

Compounds 51 and 52 are also found along with 48 and 49 in extracts of the plant 

Tulbaghia,57 which is known as wild garlic, and is native of South Africa, Tanzania and 

Mexico where it has been widely used in traditional medicine.   

 

Figure 1.10: Naturally occurring linear trisulfides. 

Other functionalized natural product trisulfides bearing extra functionality isolated from 

a range of bacteria and sea sponges58-64 are shown in Figure 1.11. 
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Figure 1.11: Examples of functionalized-trisulfide containing compounds. 

The trisulfide analogues of cystine and glutathione disulfides 58 and 59 shown 

respectively in Figure 1.12 have also been reported as natural products.65 They have been 

shown to contribute to the control of 5-aminolaevulinate synthetase activity in Rhodop-

seudomonas spheroids, which plays a major role in the control of bacteriochlorophyll 

synthesis.65 

 

Figure 1.12: Cysteine and Glutathione trisulfide.     

In summary, this Chapter has presented several classes of naturally occurring trisulfides 

occurring in Nature, with many of them demonstrating an impressive array of potent 
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biological activities. Taking modern biological studies on simplified synthetic 

organotrisulfides as a model, these beautiful trisulfide natural products presumably exert 

their biological activity through their ability to regulate hydrogen sulfide (H₂S), a crucial 

signalling molecule involved in cardiovascular health and inflammation. This is an 

important topic of this thesis and will be described in detail in Chapter five. The next 

Chapter will review synthesis methodologies available for organotrisulfide synthesis. 
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CHAPTER 2: Review of Methodologies for Organotrisulfide 

Synthesis 

2.1 Introduction 

This review Chapter is based on our Review on organotri-and tetrasulfides published in 

SynOpen66 in 2021 building on previous reviews of the field.67,68 The formation of the S-S-

S triad through heterolytic approaches is the sole focus of this review, as predictive radical 

or concerted methodologies are unknown in the field. In this review, as with Chapter 1, 

we will adopt the popular and much used (particularly in the older literature) ‘’sulfide’’ 

throughout rather than the IUPAC nomenclature of ‘’sulfane’’. The terms 

symmetrical/unsymmetrical trisulfide and homo/heterotrisulfide will also be used 

interchangeably. The recent emergence of a range of organopolysulfide motifs in a range 

of expressions and applications including natural products,51 as cytotoxic agents,69 the 

design  of substrates for H2S production as a bio-gasotransmitter,70 as linkers in antibody-

drug conjugates,71 and as high-capacity materials for cathodes in rechargeable lithium 

batteries72 reflects the importance of the field of which trisulfides are an important sub-

class. Key examples are shown in Scheme 2.1. 
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Scheme 2.1. An overview of the application of polysulfide motifs.  

The remainder of this Review will focus exclusively on methodologies available for 

organotrisulfide synthesis. 

2.2 Mechanistic Considerations for Organotrisulfide Synthesis 

In the present era of rational synthesis (retrosynthesis), it is useful to start this review by 

rationally identifying the various heterolytic disconnection points on offer to the 

synthetic chemist for trisulfide synthesis. Figure 2.1 identifies the two disconnection 

points for a symmetrical (homo) case, translating to a variety of heterolytic nucleophilic 

and electrophilic sulfur synthons ultimately.  

 

Figure 2.1: Disconnection points for a symmetrical trisulfide. 
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An examination of known literature methodologies for accessing the two disconnection 

points shown in Figure 2.1 reveals that only two types of overall disconnection sequence 

have representation in the literature. These involve the coupling of either two synthons 

(from a one-bond disconnection involving either disconnection A or B in Figure 2.1) or 

three synthons (from a two-bond disconnection sequence). Each type assumes that a one-

pot reaction can access the respective target. While one-bond disconnections can 

satisfactorily access unsymmetrical (hetero) trisulfides (and therefore also 

homotrisulfides), two-bond disconnections are realistically only suitable for 

homotrisulfide synthesis. The various methodological approaches known are illustrated 

in Table 2.1, in which the nucleophilic partner is always placed first in the combination 

description in brackets, and the numbers refer to the number of sulfurs in any synthon. 

The two-bond disconnections are placed first because they are the oldest known.  

Table 2.1: Known methodologies for synthesizing trisulfides 
(R = organic group; M = H or metal; Lg = leaving group) 

 

2.3 Methodology A – Double Alkylation of a Trisulfide Dianion 

Methodology A involving the double alkylation of an inorganic trisulfide anion is the 

oldest known of all the methodologies in Table 2.1. Though there are reports on the 

reaction of polysulfide anions with alkyl halides dating back to the late nineteenth and 

early twentieth century, they suffer from low purity in the sulfide starting material. This 

methodology predates methodologies B-E in which sulfenylating agents are required 

Table 2.2 summaries the various alkylating agents used for this option over more than a 

century. 

 

Designation in 
text 

Number of 
disconnections 

Combination Synthon 
description 

A Two [3 + 0 + 0] MS3M + RX + RX 

B Two [1 + 1 + 1] MSM+ RSLg + RSLg 

C Two [1 + 1 + 1] RSM + LgSLg + RSM 

D One 
[1 + 2] 
[0 + 3] 

RSM + RSSLg  
RM + RSSSLg   

E One [2 + 1] RSSM + RSLg 
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Table 2.2: Homotrisulfides via methodology A 

 
 
 

 

The earliest report of dialkylation of a trisulfide dianion was more than a hundred years 

ago73 when Strecker (that is Willem, not Adolph, the latter famous for the Strecker 

reaction) demonstrated that dimethyl trisulfide could be prepared by reaction of Na2S3 

(prepared from Na2S + 2S) with dimethyl sulfate in about 80% isolated yield. The 

trisulfide was purified by vacuum distillation (bp14 mmHg, 60-2°) out of the mixture of 

polysulfide products and analysed by combustion analysis since NMR was not available. 

In more recent times (e.g., the 2013 paper in entry 5), the trisulfide dianion was accessed 

from reacting sulfur and anhydrous sodium sulfide in water, but this too results in an 

equilibrium mixture of polysulfide dianions.74,77 Hence, the main limitation of this method 

is the formation of the corresponding di-, tetra- and pentasulfides. Understandably, 

separating compounds with non-polar R groups is problematic because of their similar 

Rf values on TLC, and is only possible using C18 reverse-phase silica chromatography.77 

This separation challenge also means that methodology A is only effective for 

 
Entry 

 

 
Year/ Author 

 
M  

 
R-Lg 

 
RSSSR % yield 

1 1908/ Strecker.73 Na 
  

2 1946/ Fuson et al.74 Na  
 

3 1957/ Feher et al.75 K 
 

 

4 
1989 /  Penczek  et 
al.76 

K 

 
 

5 2013 /  Wirth  al.77 
 

Na 
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homotrisulfide synthesis in view of the added difficulty of separating the homo- and 

heterotrisulfides produced when using two different alkylating agents. Although the 

authors didn’t explicitly comment on mechanism, one can safely assume that the reaction 

likely proceeds via a rapid SN2 process. 

A number of groups in the early period reported that higher polysulfide dianions such as 

tetrasulfide and pentasulfide could also be used to access homotrisulfides, albeit in an 

indirect way. Table 2.3 shows some examples.  

Table 2.3: Homotrisulfides prepared from tetra- and pentasulfides via methodology A 

 

 

In the publication in 1908 mentioned in Table 2.3,73 Willem Strecker showed that 

trisulfide (MeSSSMe) could also be accessed from the pentasulfide (MeSSSSSMe) via 

distillation, in which sodium pentasulfide (Na2S5) was used as the first reported case of 

using a sulfur dianion source with high sulfur content in a trisulfide synthesis. 

Furthermore, trisulfide was also obtained from sodium tetrasulfide (Na2S4) via an unclear 

mechanism.73 Entry 2 also shows another case from using pentasulfide as the starting 

material that was developed by Riding and Thomas between the Universities of Cape 

Town  and Liverpool, which was reported in J. Chem. Soc in 1923.78 In their work, diethyl 

pentasulfide could be obtained by treating ethyl iodide with pure potassium pentasulfide 

(the source of this wasn’t given) in ether at room temperature. On heating the crude 

pentasulfide, disulfide and elemental sulfur were produced, which then reacted 

(recombined) to afford the trisulfide on distillation. Once again, a separation issue would 

 
Entry 

 
Year/ Author M2Sn R-Lg RSSSR % yield 

1 1908/ Strecker.73 
 

Na2S4 
Na2S5   

2 1923/Riding and Thomas.78 K2S5 
 

 
  

3 1965/ Dannley and Zazaris.79 Na2S4 
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have been encountered, and mechanistic details, given that it was reported almost a 

hundred years ago, were absent. Scheme 2.2 summarises these events:  

 

Scheme 2.2: Homotrisulfide synthesis via pentasulfide bisanion (S5-2).78 

Similarly, tetrasulfide dianion (Table 2.3, entry 3) could be accessed by dissolving 3 

equivalents of elemental sulfur (S8) into molten sodium sulfide (Na2S). This was then 

reacted with 3-nitro-4-chlorotoluene in ethanol in an SNAr reaction to yield the trisulfide 

ultimately.79 No details were provided for the sulfur extrusion. In summary, one can start 

with Na2S (this is stable) and add appropriate equivalents of sulfur to convert to the tri 

(Na2S3)80 or tetrasulfide (Na2S4) dianions,81 but these will always exist in an equilibrium 

of polysulfide anions.  

A recent study reported that the interconversion and alkylation of polysulfides operate 

under Curtin–Hammett control, indicating that the rates of equilibration and 

interconversion of polysulfides are faster than the electrophilic labeling process.82 

Overall, the challenge of generating specific functionalized polysulfides is influenced not 

only by the reactivity of the nucleophilic sulfide species but also significantly depends on 

the characteristics and behaviour of the electrophiles employed in the labeling process. 

No-one has found a solution to this problem as yet (possibly they never will), and hence 

the best that one can conclude for this methodological option is that although 

straightforward to carry out, it is limited in both the production of a questionable purity 

in the product and only being able to access mixtures of homopolysulfides.79 Rather than 

start with the inorganic sulfide, reacting  sulfur with an inorganic hydroxide together with 

an alkyl halide is also known83 in which it is safe to assume that reaction proceeds via a 

polysulfide anion or dianion and hence suffers from the same limitations. Similarly, one 

may start from S8 using a tin/copper promotor (Scheme 2.3),84 but once again, reaction 

with RX yields a range of polysulfides.  
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Scheme 2.3: Example of methodology A via elemental sulfur and alkyl halide. 

Interestingly, reaction of sulfur in DMF and ammonia with acrylonitrile has also been 

reported to yield a moderate yield (49%) of the trisulfide, Scheme 2.4.76 

 

Scheme 2.4: Homotrisulfide synthesis via elemental sulfur and acrylonitrile. 

Cyclic trisulfides are also known to be available using methodology A and have been fully 

reviewed,67,85 but once again, mixtures of polysulfides are invariably produced. In the 

following section, we will examine the second of the two-bond disconnection 

methodologies as a [1+1+1] protocol. 

2.4 Methodology B – Double Sulfenylation of a Mono Sulfide Dianion 

The next sub-division as formulated in Table 2.4 chronologically, methodology B, 

involves the central sulfur of the trisulfide acting as a nucleophilic source (S-2), reacting 

twice with a suitable electrophilic partner, RSLg, and was developed from the 1960s once 

sulfenylating agents had become available. Table 2.4 depicts various examples spanning 

an almost sixty-year timeframe to the present day. 

Table 2.4: Homotrisulfides prepared from mono sulfide dianions via methodology B 

 

Entry Year/ Author M RSLg RSSSR % yield 

1 
 
1961/Swan et 
al.86,87  

 
Na 
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2 1962/Pitombo.88 H 

 
 

3 
 
1967/Field et 
al.89   

 
K,Na 

 

 
 

4 
 
1982,1986 / 
Field et al.90,91  

Na  

       

5 
 
1989/Capozzi et 
al.92 

TMS 

  

6 
 
2019/Bhabak et 
al.93 

Na 

 

 

7 
 
2019/Tanini et 
al.94 

TMS 

  
 

One can see that most cases use a group 1 metal as counter-ion for the M2S synthon, 

although silicon (entries 5 and 7) has also been used. Seminal work by Brian Milligan and 

John Swan in the early 1960s86,87 established the first examples of trisulfide synthesis 

using this methodology in which a Bunte salt (an S-alkyl or S-arylthiosulfate salt as 

RSSO3M) was used as the sulfenylating agent for sodium sulfide (Na2S), which is the most 

reliable of all the sulfide salts in regard to purity and constitution (Table 2.4, entry 1). 

Bunte salts first appeared in the literature in 1874 when Hans Bunte reacted thiosulfate 

with ethyl bromide,95 and Xuefeng Jiang’s group have recently reviewed their usage in 

sulfur-carbon bond formation.96 The Bunte salt can be obtained via a number of different 

routes as shown in Scheme 2.5 as: (i) mono-S-alkylation of thiosulfate, (ii) S-sulfenylation 
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of sulfite with a disulfide, or (iii) by reaction of tetrathionate ion with a thiol, with 

expulsion of sulfur from the leaving group in the substitution: 

 

 

Scheme 2.5: Bunte salt formation via three methods. 

Milligan and Swan et al.86,87 utilized a large excess of the Bunte salt as the electrophile to 

access homotrisulfides, and the reaction proceeds via mixing the reactants in water or a 

water/ethanol mix (to dissolve the sulfide) at room temperature to give bis alkyl/phenyl 

trisulfides in moderate yields (65-70%), using a phosphate buffer to maintain a constant 

pH of 8. To enhance the purity, Milligan and Swan later on87 improved the method by 

adding formaldehyde to prevent the sulfite by-product from attacking the trisulfide, 

resulting in the formation of a disulfide as an undesirable by-product.87 The reaction was 

revisited by Bhabak et al. very recently in 2019 (Table 2.4, entry 6). They optimized 

Milligan and Swan’s method by lowering the reaction temperature to 0 ºC and limiting the 

equivalents of sodium sulfide nonahydrate to 0.5.93 Overall, their optimization afforded 

aliphatic and substituted benzylic homotrisulfides in low to high yields (24–97%). 

Scheme 2.6 illustrates the proposed mechanism of sulfenylation by a Bunte salt. 



Page | 21  
 

 
Scheme 2.6: Proposed mechanism for the formation of homotrisulfide using a Bunte salt. 

Milligan and Swan also went on to use their method to prepare cyclic trisulfides from di-

Bunte salts (see Scheme 2.7).97 Indeed, cyclic polysulfides can only be realistically 

accessed using two-bond disconnections (three synthons) but where one of the 

substrates accommodates two of the synthons. 

 

Scheme 2.7: Synthesis of a cyclic trisulfide using a di-Bunte salt. 

Recent advancements in the chemistry of Bunte salts have achieved a novel methodology 

utilizing S-substituted sulphenylthiosulphates as a versatile and scalable reagent for the 

construction of unsymmetrical organotrisulfides.98 This approach allows for the efficient 

coupling of various alkyl electrophiles, including bromides, chlorides, iodides, and 

tosylates, with thiourea as an additional sulfur source. The method demonstrates 

excellent functional group compatibility and has been successfully applied to the late-

stage modification of drug-like molecules, thereby expanding its utility in medicinal 

chemistry. Notably, the in-situ generation of thiosulfenyl iodide is identified as a key 

intermediate in the reaction mechanism, facilitating the formation of trisulfide bonds 

under mild conditions.98  

Several other mono-sulfur electrophiles have also been used for trisulfide synthesis via 

methodology B including a sulfenyl bromide or chloride (entry 2 in Table 2.4), an N-

thiophthalimide (entry 7) as well as various examples of an S-thiosulfonate (entries 3 and 

4) by Field et al. Scheme 2.8 shows the sequence of mechanistic events for entry 4b with 

an S-thiosulfonate, in which soft-soft S-S bond formation drives the process. 
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Scheme 2.8: Trisulfide synthesis via double alkylation with a thiosulfonate.  

Entries 5 and 7 in Table 2.4 use bis(trimethylsilyl)sulfide (hexamethyldisilathiane) as 

nucleophile and not the metal sulfide. For instance, Capozzi et al.92 reacted (TMS)2S with 

the electrophile (either a thiosulfinate or a thiosulfonate) in anhydrous chloroform at 60 

°C to afford the trisulfide in an excellent yield (73-95%), with hexamethyl disiloxane or 

silyl sulfinate ester as by-product respectively. The mechanisms are non-obvious. Scheme 

2.9 shows the steps involved, which reveals that the driving force, not unexpectedly, is 

formation of the strong silicon-oxygen bond. 

 

 
Scheme 2.9: Proposed mechanisms92 of reactions in entry 5 in Table 2.4. 

In summary, methodology B affords trisulfides in good yields and reasonable purity. 

However, as with methodology A using trisulfide anion, it can only access homotrisulfides 

in view of product separation issues in which Field’s thiosulfonate methodology (entries 

3 and 4) is arguably the most efficient option. In the upcoming section, we will investigate 
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the final two-bond disconnection [1+1+1] protocol that utilizes an electrophilic source, 

(Lg)2S, for the central trisulfide sulfur and which is applicable to the synthesis of 

unsymmetrical organotrisulfides. 

2.5 Methodology C – Double Substitution of an Electrophilic Sulfur 

(Lg)2S 

There are a number of methods in the literature for synthesis of an alkyl/aryl trisulfide 

having the central sulfur as the electrophilic centre (Lg)2S, here designated as 

methodology C. The reagent of choice in the early years was sulfur dichloride (SCl2) as a 

bifunctional synthon for S+2, which despite its ungreen character has survived to the 

present day. SCl2 was and still is prepared by the reaction of excess chlorine with S8, the 

conversion proceeding via S2Cl2 (disulfur dichloride). Early examples of methodology C 

used a variety of metal thiolates or surrogates in which no base was needed since MCl is 

produced. Some examples with SCl2 as the electrophilic source covering an almost 

seventy-year span are shown in Table 2.5.   

Table 2.5: Homotrisulfides prepared from sulfur dichloride (SCl2) and RSM via 

methodology C 

 

 
Entry 

 
Year/ Author RSM RSSSR % yield 

1 1920/ Bloch and Bergmann.99 

 
 

2 
 

1927/ D.Twiss.100 
 

 
 

3 1958/ Feher et al.101 

  

4 1964/ Abel and Armitage.85 
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5 1971/ Wardell and Clarke.102 

 
 

6 1984 / Barany and Mott.103 
 

 

7 1987/ Knoth and Gatto.104 
 

 

8 1993/Munavalli et al.105 

 
 

 

The method requires distilling the sulfur dichloride fresh to achieve a high yield and 

purity of the final product. As seen in the table above, early cases involved a range of 

metals (M in RSM) involving various protected thiolates such as potassium thiobenzoate 

(entry 1), potassium O-ethyl monothiocarbonate as a derivative of Bender’s salt (entry 

2a), potassium ethyl trithiocarbonate (entry 2b), and potassium methyl xanthate (entry 

7). However, other surrogates for M are also known such as the S-silyl compound (entry 

4) thiostannane (entry 5) and thiocuprate (entry 8), all of which deliver a nucleophilic 

sulfur. Entry 6, involving a non-metallic sulfur source in the form of a xanthate, deserves 

mentioning. The paper103 describes evolution of methyl chloride (a gas at room 

temperature), which fits with the mechanism shown in Scheme 2.10. Note the preference 

for loss of the methyl group from MeO rather than the MeS.  

 

Scheme 2.10: The mechanism of entry 6. 

However, despite these early examples, by far the most popular nucleophile used has been 

thiol. The earliest example of this dates back to 1947, and they have been routinely used 

ever since. A base is normally used to neutralize the HCl produced in which a variety of 

amine bases such as triethylamine106 and pyridine106,107 have been used for this purpose. 

Table 2.6 summarises examples spanning a number of decades and once again involving 

SCl2 as the electrophilic source.  
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Table 2.6: Homotrisulfides prepared from sulfur dichloride (SCl2) and thiol via 
methodology C 

 

 
Entry 

 
Year/ Author R of RSH Base RSSSR % yield 

1 1947/Clayton and Etzler.108 C16H33 
No base 
added 

 

2 1964/Nakabayashi et al.109 (C6H5)3C 
No base 
added 

 

3 1994/Derbesy and Harpp.106 

 
R or R' = tBu, 
nBu, iPr, 
tBuPh, Bz, p-
Cl-Bz, allyl 
 

  

 
 

 

4 2003/Harpp and Colman.107 
Ph, 

p-Tol, 
C6H5NO2   

 

Of note are the contributions by Professor David Harpp at McGill University in Canada 

shown in entries 3 and 4.106,107 His method utilizes a nitrogen base to neutralize the HCl 

produced and remains as one of the easiest and most efficient ways to prepare 

homotrisulfides. Using this method published in a seminal paper in Tetrahedron Letters 

in 1994, Harpp and Derbesy also successfully synthesised a few examples of 

heterotrisulfides in high yield and purity106 by adding one equivalent each of two different 

thiols sequentially (entry 3, Table 2.6). Harpp reported on the use of his method for 

optimizing the production of homotrisulfide in a paper in 2003107 in which both R groups 

were aromatic. However, as with all the cases for this methodology type so far, the one 

drawback is the use of the relatively ungreen reagent, SCl2. The mechanism for 

methodology C hasn’t been studied, but an SN2 process is likely, Scheme 2.11, although a 

single-electron transfer (SET) alternative can’t be ruled out. 

 

Scheme 2.11: Proposed mechanism of alkyl/aryl trisulfide synthesis prepared from SCl2. 
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Several later methods involved replacing both chlorines of SCl2 with nitrogen leaving 

groups (imide, imidazole or triazole-based; entries 3 and 4) or one chlorine with a sulfur-

based leaving group to afford a mixed, manageable reagent (entry 5) as shown in Table 

2.7 below. N-thionylaniline has also been used (entry 1). Importantly, both entries 1 and 

5 can achieve heterotrisulfide synthesis.  

Table 2.7: Homotrisulfides prepared from a Lg-S-Lg source and 2RSH/2RNu via 
methodology C 

 

Entry Year/ Author Lg-SS-Lg R of “RSH” RSSSR % yield 

1 
1960/Kresze.
110 

 

Ph, Et, nPr, p-
OMe-Ph 

 

2 
 
1966/Vineyar
d.111,112 

S8 
 

R = nBu, Bu, tBu, 
iPr  

3 
 
1978/Harpp 
et al.113 

 

Benzyl 

 

4 

 
1980/Banerji 
and Kalena.114 
 

 

R = tBu, nBu, iPr, 
npr, allyl, Bn,Ph 

 

5 
 
1984/Barany 
andMott.115,116 

 

R of RSH = Me, 
iPr, EtOH, 
EtNH2.HCl 
R' = Tol, Bn, Bz  

 
6 
 

 
 
2006/ An et 
al.117 
 

 

R = x Bn 
x = H; p-Me, tBu,   
p-F, p-Cl, p-Br 
m-CF3, m-Me, 
 o-Cl, 2,4,6-tri-Me 

 

 
7 
 

 
2010/ An and 
Mo.118  

 
p-F-Bn 
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Entry 2, belongs to intriguing work by Billy Vineyard111,112 of the Monsanto company in 

the 1960s, who showed that sulfur reacts with a thiol and an amine base as catalyst to 

afford homotrisulfides in decent yields and purity depending on the nature of the thiol R 

group and thiol to sulfur stoichiometry. Mechanistically, Vineyard rationalised this 

fascinating conversion as involving attack of the thiolate on the S8 chain (as LgSLg) to 

generate a polysulfide anion that would undergo further S-S bond substitution by a 

second equivalent of thiolate. Further S-S exchanges would then be disproportionate to 

give the eventual dominant product according to the RSH/S stoichiometry. Given the 

nature of the starting electrophilic reactant S8, the chemoselectivity is remarkable. Entry 

3 involves nitrogen-based leaving groups developed by Harpp and published in a seminal 

JACS paper in 1978113 in which the group leaves as the free amine base. Once again, a 

disadvantage of the method is that the electrophilic reagents are prepared from SCl2 via 

double nucleophilic substitution. Mechanistically, it was first assumed that these reagents 

undergo facile direct substitution by the thiol. However, this was disproved by Harpp in 

favour of an acid-catalysed mechanism involving leaving group protonation followed by 

thiolate nucleophilic attack on the electrophilic sulfur atom as illustrated in Scheme 2.12 

below: 

 

Scheme 2.12: Proposed mechanism of alkyl/aryl trisulfide synthesis from entry 3 in Table 

2.7.113 

Two years later in 1980, Banerji and Kalena114 published a look-alike reagent to Harpp’s 

as  diimidazolyl sulfide, involving imidazole as the leaving group (entry 4, Table 2.7). 

Once again, though, the reagent was prepared from SCl2 but using N-

(trimethylsilyl)imidazole in hexane (this generates the volatile TMSCl which is easily 

removed). Once formed, the dimidazolyl sulfide reacts with two equivalents of thiol at low 

temperature to form the organotrisulfide, producing imidazole as by-product, which 

precipitates out and can be filtered off. Yields using these types of reagents (entries 3 and 
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4) are decent but still only applicable to synthesizing homotrisulfides, again because of 

forming mixed products when using two different thiols. Recently, An et al. have used 

Banerji’s method to synthesise a library of substituted dibenzyl trisulfides for cancer-cell 

cytotoxicity evaluation (entry 6),117 in which the parent dibenzyl trisulfide is a natural 

product that can be isolated from the roots of Petiveria alliacea.59 A strong cytotoxic 

candidate shown in entry 7, bis(4-fluorobenzyl) trisulfide (Fluorapacin), emerged from 

the study, which was patented by An in 2010.118 Similarly, S-based leaving groups have 

been developed by Barany and Mott,115 (entry 5), who used MeO2CSSCl (methoxycarbonyl 

disulfanyl chloride) as a mixed form of SCl2 in which Cl and MeO2CS (a carbonothioate) 

each act as leaving groups, with Cl the more reactive one. Mott and Barany’s bifunctional 

reagent, MeO2CSSCl, was prepared through multiple steps starting from commercially 

available methoxythiocarbonyl chloride, which was treated with SCl2. This was followed 

by a demethoxylation process using a catalytic amount of ferric chloride,116 and the 

resultant (chlorocarbonyl)disulfanyl chloride then reacted cleanly with methanol to give 

the final product as shown in Scheme 2.13. 

Scheme 2.13: Synthesis of MeO2CSSCl.116 

Although synthesis of the bifunctional reagent is challenging, the method allows the 

synthesis of heterotrisulfides using two different thiols based on the different leaving 

abilities of the two leaving groups (Cl as the more reactive). Scheme 2.14 illustrates the 

sequence. 

 
Scheme 2.14: Synthesis of heterotrisulfides via Barany’s method.115 

This method has certainly stood until the present time119 as a popular way of preparing 

heterotrisulfides as illustrated in Scheme 2.15. However, more recent and improved 

methods (particularly given the long synthesis of the methoxycarbonyl disulfanyl chloride 
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using ungreen reagents) are now available for heterotrisulfides and are likely to find 

greater usage in the future. 

 

Scheme 2.15: Recent synthesis of a heterotrisulfide using MeO2CSSCl.119 

The final word on this variation of methodology C should be given to the intriguing 

chemistry in entry 1 from the German literature of 1960.110 Here, N-thionylaniline is 

reacted with a thiol, which adds at sulfur to afford an N, S-mixed sulfite. A second thiol 

equivalent adds, with expulsion of aniline, to form an S, S-sulfite, which substitutes further 

at the divalent S to afford a disulfide and a thiosulfenic acid (RSSOH), which then 

undergoes further substitution to afford the trisulfide. As with other earlier 

methodologies, a mixture of di- and trisulfide products is obtained. Heterotrisulfides are 

formed by varying the R groups between the thiol and the N-thionylaniline, but this 

produces complex mixed systems. Alternatively, an S, S-sulfite (RSSO(SR)) can be used 

instead of the N-thionylaniline as the starting point. Scheme 2.16 below presents the 

sequences of reaction steps for producing homotrisulfide. 

 

Scheme 2.16: Sequence of steps for entry 1 in Table 2.7.110 

The next section investigates suitable approaches for efficiently producing 

unsymmetrical organotrisulfides that are free of symmetrical trisulfide byproducts. In 

this section, one can pick up on a number of rational design themes. 
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2.6 Methodology D: RSSLg + MSR 

The first approach of the [1 + 2] hetero methodologies as methodology D involves the 

disulfur component as the electrophile and the S1 component as the nucleophile, which 

presents a thiol as an unambiguous choice. The earliest example of an electrophilic 

disulfanyl species RSSLg in context was with Lg as chloride,120-122 which was first studied 

extensively by Bo hme et al. in the 1950s. This outcome was followed by varying the 

leaving group of the disulfanyl species RSSLg. We will start this section by covering the 

popular case of using chlorine as the leaving group in which the methodology is suited for 

producing heterotrisulfides. Table 2.8 depicts a range of examples of methodology D 

involving RSSCl over a forty-year period for preparing heterotrisulfides.  

2.6.1 Using Lg = Cl 

Table 2.8: Heterotrisulfides prepared from R-SS-Cl+ R’SH via methodology D 

 

Entry Year/ Author RSH R’SS-Cl R” SSSR %yield 

1 
 
1952,1954/ 
Böhme et al.120,122 

 
R = Me, Et, Bn, 

Ph 
2-naphthyl 

  

2 
 
1964/Nakabayashi  
et al.109 

 

TrSH  
 

3 
 
1994, 2006/Harpp 
et al.123-125 

RSH 

R = Bn, p-Cl-Bn 
p-OMe-Bn, p-Cl-
Ph, p-OMe-Ph, p-
NO2-Ph, p-Br-Ph, 
2-naphthyl 
p-phenyethylene 
 

 

TrSSCl 
 

 

Various methods, all using toxic chlorinating agents by modern-day standards, for 

accessing the disulfanyl chloride component have been reported, starting with seminal 

work by Bo hme in the 1950s using the reaction of chlorine with diacetyl disulfide, which 

gave a separable mixture (by vacuum distillation) of acetyldisulfanyl chloride and acetyl 
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chloride.120,122 Bo hme went on to show that sulfuryl chloride (SO2Cl2) could also be used 

as the chlorinating agent starting with either a disulfanyl acetate (formed from AcSCl + 

RSH), or a trisulfide.121 Another popular method for accessing RSSCl due to Feher is to 

react a thiol with sulfur dichloride.126 Regarding the results in Table 2.8, the first example 

(entry 1) of heterotrisulfide synthesis reported in the chemical literature via coupling of 

RSSCl with a thiol was reported by Bo hme, who made AcSSSR in which R could be either 

an aliphatic or an aromatic group.122 In a follow-up paper120 in 1954, Bo hme showed that 

the acetyl group of RSSSAc was a useful handle that could be deprotected by HCl in ethanol 

or methanol to give the trithiol RSSSH, which was then oxidised to the homo hexasulfide 

RSSSSSSR with iodine. This was the first mention of the synthesis of RSSSH in the chemical 

literature. A few years later, Nakabayashi et al.109 followed up on his synthesis of 

unsymmetrical trisulfides from perthiols127 (these will be discussed in methodology E) 

by demonstrating that thioacetic acid could be used as starting material in reaction with 

sulfuryl chloride for producing the pivotal AcSSCl, the reaction presumably proceeding 

via diacetyl disulfide as with Bo hme’s original method. Nakabayashi reacted the AcSSCl 

with TrSH (tritylthiol) to form TrSSSAc in 85% yield in which TrSSSAc can act as a 

precursor of TrSSSH via acid hydrolysis109(entry 2). On the subject of using a trityl group, 

Harpp used TrSSCl (prepared using Feher’s method of TrSH with SCl2) in this D 

methodology for the formation of trityl-protected heterotrisulfides (entry 3).123,124,128 

Harpp’s work on the synthesis and application125of Tr(S)nCl (n = 1-3) makes use of  

various aspects of the trityl group that include imparting crystallinity and stability to the 

compounds as well as interesting chemical properties based on the chemistry of the S-Tr 

bond. Importantly, such Tr(S)nCl reagents have been used for various expressions in this 

D category. For instance, Harpp reacted n-BuSH with TrSSCl to prepare the unsymmetrical 

trisulfide, TrSSSBu125 in 72% yield. Similarly, as a little-known RSSSLg + RM variant 

equivalent to a [0 + 3] coupling, Harpp reacted TrSSSCl with n-BuLi (THF, -78 °C) or 

BuMgBr (ether, 0 °C) to prepare the trisulfide, TrSSSBu, in yields of around 50% after 

purification by chromatography.125 Additionally, some intriguing heterolytic insertion 

reactions of TrSCl into polysulfides have been reported in a several papers.124,129-132 For 

instance, TrSCl (as the electrophilic partner) reacts with a disulfide (as the nucleophilic 

partner) to generate a sulfonium salt, which undergoes a secondary 

fragmentation/recombination with expulsion of TrCl to afford a trisulfide as shown in 

Scheme 2.17.131 
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Scheme 2.17: Mechanism of homotrisulfide synthesis via heterolytic insertion reactions of 

TrSCl into a disulfide.131 

This chemistry has recently been put to good use in natural product total synthesis by 

Mohammad Movassaghi’s group for constructing the trisulfide bridges of the 

epipolythioketopiperazine alkaloids (see Chapter One in 1.2.1), chaetocin C and 

dideoxychetracin A.133 Here, the trityl group plays an important role in bridge closure, in 

which addition of the sulfur of the STr  moiety onto an iminium ion to form an 

intermediate cyclic sulfonium ion is followed by loss of a trityl cation to form the trisulfide 

bridge. The sequence constitutes a [3 + 0] coupling overall in which the 3 corresponds to 

the RSSSTr moiety as nucleophile and the 0 as the iminium ion (a carbon electrophile). 

Importantly, the trityl group provides a synchronised stabilization of the incipient 

positive charge in addition to being lost as its cation to furnish the final neutral bridge 

trisulfide ultimately. Scheme 2.18 depicts an example of this chemistry.133 

 

Scheme 2.18: Synthesis of trisulfide bridge in Chaetocin C via [3 + 0] approach.133 

Despite their usefulness in context, chlorodisulfides present a number of challenges in 

their usage. These include their reactivity towards water as well as their thermal 

instability, making the separation of mixtures of RSSCl and RSCl formed in their 

preparation challenging. Additionally, they require the use (to date, at least) of harsh 

chlorinating agents in their preparation.  
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2.6.2 Using Other Lg Variants 

RSSCl synthons have inspired the development of other more stable derivatives of the 

form RSSLg in which Lg covers phthalimide,128 phosphorodithioate,134 and p-

tolylsulfinate,135 as well as alkoxy.1 Each of these important types are summarized in 

Table 2.9. 

Table 2.9: Heterotrisulfides via methodology D using R-SS-Lg with Lg not as chlorine 

 
 

Entry 
 

 
Year/Author 

 

 
RSH 

 

 
R’SS-Lg 

 

 
RSSSR’ %yield 

 

1 

 
 
1971/Harpp and 
Ash.128 
 

R = Bn, p-Tol 

  

2 2010/Witt et al.134 

R' = (CH2)11NHBoc,  
(CH2)11OH, 
(CH2)10CO2H, 
(CH2)10CO2Me, ®-
CH2CH(NH2) CO2Et 
®CH2CH(NHAc)CO2H, 
Ph, 4 MeOC6H4, 2 
naphthyl 

  

3 2018/Jiang et al.1 
 

R = tBu, iPr 
octyl, dodecyl, allyl 

 

 
 

R' = Bn, iPr, tBu,nBu, iBu 
octyl, dodecyl, allyl, Ad  
C2H4OH, C2H4OH, 
C2H4OHC2H4(CF2)7CF3, 
C2H4Si(OEt)3, p-tBu-Bn, p-
OMe-Bn, p-OMe-Ph, p-
Tol. 

 

4 2018/Xu et al.135 
 
R = Ph, p-Br-Ph 
Bn, naphthyl 

 

 

 
 

5 
 
2020 / Jiang et 
al.136 

R = Tol, p-Br-Ph 
Dodec, ad, 
p-OMe-Bn 
C2H4OH, 
C4H4N2 
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6 
 
2020 / Jiang et 
al.137 

R = 1-ad, p-tol, 
cyclopentyl, 1-
dodec,2-naphthyl, 
acetamido-3 
methylbutanoate 

 

 

 

Entry 1 shows one of the most popular non-chlorine leaving groups due to Harpp in the 

form of an imide (S-phthalimide) as a member of his transfer reagents in which the 

number of sulfurs can be varied. The disulfanyl imide, RSSPhth,  shown in entry 1 was 

prepared by reacting phthalimide with sulfur dichloride with triethylamine as base for 

the HCl produced to furnish N,N’-thiobisphthalimide, which is exchanged with a thiol to 

produce the stable RSSPhth electrophilic sulfenylating agent.128 Heterotrisulfides were 

reported in moderate yield (entry 1) via substitution of RSSPhth with a thiol. Recently, 

MeSSPhth has gained recognition for its role in the synthesis of enediyne antibiotics, 

including the calicheamicins and shishijimicins.119 These architecturally impressive 

natural products contain a methyltrithio (MeSSS) warhead and are potent antitumour 

agents (shishijimicin A has an IC50 = 0.48 pM against P388 leukaemia cells and is thus 

ideal for incorporation as the payload into an antibody-drug conjugate or ADC). 

Synthetically, Nicolaou, has improved on synthesis of this reagent in his shishijimicin A 

synthesis119 using first reaction of sulfur monochloride (S2Cl2) with phthalimide to 

furnish bis(1-phthalimidyl) disulfide, (PhthN)2S2, which could be efficiently converted 

into phthalimidosulfenyl chloride, (PhthNSCl), with SO2Cl2 in 98% overall yield for the 

two steps. The sulfenyl chloride was found to be stable in a desiccator at room 

temperature for several months, making it a very useful Lg1SLg2 reagent for 

heterotrisulfide synthesis for the future (see methodology C). Thereafter, inspired by 

previous work by Harpp,138 reaction of PhthNSCl with TMSiSMe led to the required 

transfer reagent, PhthNSSMe, in essentially quantitative yield after removal of the 

relatively volatile TMSCl. PhthSSMe reacted rapidly with a thiol group of the natural 

product at room temperature with loss of phthalimide, installing the required 

methyltrithio fragment. These innovations have greatly expanded the use of PhthNSSR as 

an important disulfanyl transfer agent. Scheme 2.19 depicts these steps. 
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Scheme 2.19: Synthesis of Shishijimicin A using PhthNSSMe.119 

The second variant of Lg in RSSLg to be discussed uses Dariusz Witt’s cyclic 

phosphorodithioate,134 which also comes up in methodology E in the next section as the 

RSLg partner in RSSH + R’SLg.139 For accessing the RSSLg partner here, Witt used an 

intriguing synthesis in the style of methodology C involving a one-pot reaction of an 

equimolar mixture of the cyclic, diesterified phosphorodithioic acid and dodecane-1-thiol 

(as the two “thiols”) with one equivalent of sulfur dichloride at -30 °C in DCM, using 

triethylamine as base as shown in Scheme 2.20. 

 

Scheme 2.20: Synthesis of cyclic phosphorodithioate according to Witt’s method.134  

Despite the homo-coupling possibilities, the mixed substitution product as R1SSLg (Lg = 

cyclic phosphorodithioate fragment) was isolated in 68% yield after column 

chromatography. Substitution of the phosphorodithioate of R1SSLg (note the sulfur 

leaving group here) with R2SH proceeded cleanly and rapidly in DCM at rt, again using 

triethylamine as base, to afford unsymmetrical trisulfides containing a range of both 

aliphatic and aromatic R groups in > 75% isolated yield.134 However, in order to avoid 

producing a complex mixture of symmetrical and unsymmetrical di- and trisulfides 

products from the final substitution, it was important to have the R1SSLg component in 

slight excess so as to consume the thiolate of R2SH. 
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The third example135 of RSSLg to be covered is due to the group of Zhenghu Xu who 

demonstrated that Lg can be p-tolysulfonyl in R1SSTs (entry 4). The one limitation is that 

the only R1 group covered was t-butyl, which was probably due to it being known from 

previous work by Harpp that sulfenyl thiotosylates (RSSTs), particularly with aromatic R 

groups, extrude sulfur in polar solvents to afford RSTs.140 In Xu’s case, the t-BuSSTs was 

readily accessed from reaction of the sulfenyl chloride, t-BuSCl, with TsSK, see Scheme 

2.21. 

 

Scheme 2.21: Synthesis of t-BuSSTs according to Xu’s method. 

Reaction with a small library of aromatic and aliphatic thiols as R2SH with t-BuSSTs (1.5 

eq) in DCM at rt with loss of sulfinate ion gave the desired unsymmetrical trisulfide in 

moderate to excellent yields (50-91%) as shown in Scheme 2.22. 

 

Scheme 2.22: Synthesis of heterotrisulfides via Xu’s method.135 

Not having to use a base for the final step is a clear advantage, but the method is limited 

by restrictions in the R1 group (t-Bu only). As part of the work, Xu showed135 that t-BuSSTs 

can be cross-coupled with a boronic acid, R2B(OH)2, using CuSO4/NaHCO3 to afford 

unsymmetrical disulfides, R1SSR2. 

The final word on methodology D is left for describing Xuefeng Jiang’s1 recent innovative 

work on disulfanyl transfer agents. In this, he has significantly extended the usefulness of 

synthons of the type RSSLg and LgSSLg for preparing organopolysulfides using a variety 

of stepwise substitutions of S, N and, importantly, also C-based nucleophiles. Building on 

earlier work that demonstrated that a disulfanyl acetate (RSSAc) could be deprotected to 

its perthiol in situ and oxidatively coupled with a boronic acid, RB(OH)2, to afford 
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unsymmetrical disulfides,141 in later work,1 Jiang used this protocol for converting RSSAc 

into the useful electrophilic synthon RSSOMe as depicted in Scheme 2.23.  

 

Scheme 2.23: Synthesis of electrophilic synthon RSSOMe via Jiang’s method.1 

The conditions for the cross-coupling involved using Li2CO3 for thioacetate deprotection 

in methanol, PhI(OPiv)2 as S-H oxidant (to S-I) and a ligated Cu(II) catalyst for the cross-

coupling with methanol. The RSSOMe products could be chromatographed without 

decomposition or rearrangement and then coupled with thiols in DCM at rt to afford a 

range of unsymmetrical trisulfides R1SSSR2 with excellent scope for the R groups in 50-

99% yield as shown in entry 3, Table 2.9.  

However, Jiang clearly had his eye on a bilateral disulfanyl transfer reagent that would 

have greater versatility in producing a range of organopolysulfides through the sequential 

substitution by N or C-based nucleophiles. In 2020, he published136 his first paper (entry 

5, Table 2.9) on the design and development of such a construct, building on work from 

Shinichi Motoki142 from 1977 who had demonstrated that homodialkoxy disulfides, 

ROSSOR (R = Me, Et), underwent stepwise substitution (the intermediate R1SSSOMe 

could be isolated via distillation) with thiols to afford unsymmetrical trisulfides in good 

yields. Jiang’s design136 rested on incorporating the dialkoxydisulfanyl moiety into a cyclic 

scaffold in which the chemoselectivity of substitution could take advantage of ring-strain 

release in the first step, making substitution much faster for the first substitution. After 

considerable trial and error, he established that a ten-membered scaffold built onto a 1,1-

binaphthyl template provided the desired chemical outcome. Using this template, 

substitution with an arylboronic acid as a carbon nucleophile source using Cu 

(MeCN)4PF6 and 2,2’-bpy as ligand in DCM at rt smoothly generated a mono disulfanyl 

ether that could be purified. However, for trisulfide production, it was more convenient 

to carry out the second substitution in a one-pot fashion using a thiol with B(C6F5)3 as 

promoter in DCM at rt, generating unsymmetrical trisulfides bearing an aryl group for R1 

and either an aryl or alkyl (including hindered R groups) group for R2 in a 52-80% overall 

yield (entry 5).136 The substitution chemoselectivity (mono versus di-) was ensured by 
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virtue of a (calculated) 9.53 kcal/mol energy difference between the two S-O bond 

dissociation energies. Scheme 2.24 depicts the sequence of these steps. 

 

Scheme 2.24: Synthesis of heterotrisulfides via Jiang’s method using O-S based Lg-SS-Lg.136  

In a more recent publication,137 Jiang has improved his concept further using a six-

membered scaffold fused onto an aromatic ring, incorporating a disulfonamidosulfanyl 

motif (TsNSSNTs) for disulfanyl transfer as seen in entry 6, Table 2.9. Unsymmetrical 

trisulfides could be accessed using first substitution with R1SH at 0 °C in DCM followed 

by an acidic carbon nucleophile (e.g., a β-dicarbonyl type) using DMAP as promoter in 

DCM at rt as depicted in Scheme 2.25. 

 
Scheme 2.25: Synthesis of heterotrisulfides via Jiang’s method using N-S based Lg-SS-Lg.137  

Fourteen diverse examples covering a yield range of 73-90% were reported.137 These 

innovations serve to demonstrate that some considerable progress has been made in 

unsymmetrical trisulfide synthesis. However, it should be noted that all of Jiang’s bilateral 

creations stem from using S2Cl2 to synthesise the scaffolds. The next subsection will 

examine the final case as a [2 + 1] approach in which the electrophile is now a mono-

sulfur species (RSLg), while the disulfur moiety is the nucleophile in the form of RSSH. 

2.7 Methodology E: RSSH + R’S-Lg     

In this methodology E, coupling occurs via a [2 + 1] mode in which the disulfanyl 

nucleophilic component is a perthiol RSSH (also known in the literature as a 

hydrodisulfane, hydrodisulfide, or a persulfide) or its thiolate form. Table 2.10 presents 

various examples of this approach from 1960 till the present day in which a range of 

chemotypes have been utilised as electrophilic sources, including sulfenyl chlorides 
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(entries 1 and 3), and leaving groups based on sulfenyl imides (entries 2 and 5), 

thiocyanates (entry 1), 2-thiobenzothiazoles (entry 5), thiosulfonates (entry 6) and an 

interesting phosphorothioate from Witt’s group in entry 4. This methodology is 

eminently suited to preparing heterotrisulfides.  

Table 2.10: Heterotrisulfides prepared from R-SSH + R’-SLg via methodology E 

 
 

Entry 
 

Year/ Author RSSH source R’SLg RSSSR’ % yield 

1 
 
1960/Nakabayash
i and Tsurugi.127 

 
RSSAc, EtOH, HCl, 30oC 

R = Bn, Bz 

 
R'SCl, R'SSCN 

R' = o-NO2Ph, o, p-
NO2Ph, p-Cl-o-
NO2Ph, 2--naphthyl,  

 

2 
 
1970/Harpp et 
al.143 

 
BnSSAc, EtOH, HCl, 30 °C 

 
 

 

3 

 
(i)1992/Oberham
mer et al.144 
(ii)1993/Munavall
i et al.105 

 
(i) CF3SCl, H2S(g), -78 °C 
 
(ii) CF3SCl, H2S(g), DMAP, 
DCM, -78 °C 

CF3SCl 

 

4 2013/Witt et al.139 

RSSAc, NaOMe, 0 °C, 
MeOH 

 
R = (CH2)11Me, (CH2)11OH 
(CH2)10CO2H, 
(CH2)11NHBoc 

 
 
R' = (CH2)11Me, 
(CH2)11OH, NHBoc, 
(CH2)10CO2H,(CH2)11
(CH2)10CO2Me 

 

5 2018/Xian et al.145 

RSSFm, DBU, rt 

 

 

 

6 
 

2019/Hunter et 
al.146 

RSSAc, NaOMe, -78 °C, 
THF 

R =nPr, nHex, npropargyl, 
allyl, ndodec, p-tolyl, p-
MeOC6H4 

 
R' = allyl, Bn, Cy, Ph, 
(CH2)3OH, n- dodec, 
p-FC5H4, p-MeOPh,  
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Two aspects stand out for this methodology, which are the nature of the leaving group in 

RSLg and how the perthiol RSSH is accessed from a surrogate. Regarding the latter aspect 

first, perthiols are well known in the biological literature in conjunction with sulfur redox 

biochemistry and were first recognized synthetically in the 1950s by Bo hme et al.120 He 

demonstrated that the perthiol RSSH was reasonably stable in acidic medium (far less so 

in a basic one) and managed to prepare it via acid deprotection of a disulfanyl acetate 

RSSAc (formed by coupling of acetylsulfenyl chloride with a thiol) using methanolic HCl 

under mild conditions. Very recently, Ming Xian’s group have generated a perthiol from a 

cyclic acyl disulfide using an amine as the unmasking agent.147 Scheme 2.26 shows 

Bo hme’s important synthesis methodology for producing a perthiol . 

 
Scheme 2.26: Böhme’s Synthesis of RSSH.120 

In the early 1960s, a Japanese group headed by J. Tsurugi 148extended Bo hme’s method to 

the synthesis of organotrisulfides as depicted in entry 1 of Table 2.10. Without purifying 

the perthiol RSSH (R as alkyl or benzyl/ benzoyl), they showed that heterotrisulfides 

could be prepared using a sulfenyl chloride or thiocyanate as electrophile.127 The 

synthesis of the two electrophilic reagents had been reviewed previously by Norman 

Kharasch,149 and generally involved oxidising either a disulfide or a thiol with chlorine or 

bromine to afford the sulfenyl halide, which could be substituted with thiocyanate ion for 

producing the sulfenyl thiocyanate. By the 1970s, Harpp made use of this accessibility of 

perthiols by reacting BnSSH with PhthNSBn (a Harpp transfer reagent) to form dibenzyl 

trisulfide (entry 2) in excellent yield (98%).143 Entry 3 in the Table shows an interesting 

way of accessing the perthiol from a sulfenyl chloride and H2S,144 in which the perthiol 

could be reacted with a second equivalent of sulfenyl chloride to afford the trisulfide. 

Although the paper only mentioned homotrisulfide synthesis, in principle this method 

could be used for accessing hetero cases. The same method was optimized one year later 

by Munavalli et al.105 by adding 4-(dimethylamino)pyridine (DMAP) as a catalyst, which 

improved the yield to 75% with excellent purity of 96% as measured by GLC.  

The first example of exploiting base deprotection of a disulfanyl acetate for 

heterotrisulfide synthesis appeared from Witt’s group in 2013 when he used sodium 
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methoxide in dry methanol at 0 °C under N2 to generate the corresponding perthiolate 

(RSS-) without loss of sulfur (entry 4).139 However, importantly, the perthiolate was 

liberated insitu in the presence of a novel sulfanyl cyclic phosphorodithioate (the two 

oxygens diesterified in the form of a ring) as the electrophilic RSLg partner, which had the 

added advantage that it could also be used to source the disulfanyl acetate via its reaction 

with KSAc.139 Undoubtedly, given the high instability of perthiolates, S-S bond formation 

ensued rapidly once the perthiolate was liberated to afford alkyl heterotrisulfides (no 

aromatic cases) in excellent yield and high purity, the chemistry of which is summarized 

in Scheme 2.27. 

 
Scheme 2.27: Synthesis of heterotrisulfides via Witt’s method.139 

A few years later in 2018, Ming Xian’s group145 reported on a novel methodology for 

accessing the perthiol source via base deprotection of a 9-fluorenylmethyl disulfide 

(RSSFm) in which the focus was on R as a cysteinyl group (entry 5, Table 2.10). The 

deprotection to the perthiol RSSH (or perthiolate, RSS-) was achieved using DBU (2 eq.), 

taking advantage of the relatively acidic nature of the benzylic hydrogen of the Fm group 

(like the principle governing FMoc deprotection in peptide deprotection chemistry) as 

shown in Scheme 2.28 below. The perthiolate coupled to SuccNSR, or 2-benzothiazole 

disulfide in low to excellent yield (32-95%). The targeted nature of these two recent 

methods ensures that homotrisulfides do not overly interfere as by-products. 

 
Scheme 2.28: Synthesis of heterotrisulfides via Xian’s method.145 
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My own work at UCT (presented in Chapter Four in this PhD thesis) published in JOC in 

2019 also used a [2 + 1] approach for developing a new method of synthesizing a wide 

range of heterotrisulfide in high yield and purity and relatively free of polysulfides.146 The  

method involved the low temperature sulfenylation of a perthiolate generated using 

Witt’s methoxide methodology by an organothiotosylate (entry 6). This method will form 

the basis of Chapter Four on methodology and won’t be discussed further here.  

Finally, two groups have cleverly exploited certain disulfanyl reagents of the type RSSX 

that can generate in situ both the electrophilic (RSLg) and nucleophilic reagent (RSS-) for 

methodology E. The reaction constitutes a homo-coupling with two prerequisites. Firstly, 

the X group of RSSX should be removeable via an SNAc mechanism to liberate the 

perthiolate anion RSS-. Secondly, the SX group should also act as a leaving group in 

another molecule as depicted by the Scheme in Table 2.11.  

Table 2.11: Homotrisulfide prepared from R-SS-Lg base deprotection 

 

 

Clearly, such a variant of methodology E is only applicable for synthesizing 

homotrisulfides, and the prototype reaction, as already mentioned, was discovered by 

Harpp in 1976.151 It involved reacting a sulfenyl thiocarbonate (MeOCO(SSR)) with 

methoxide in methanol as solvent at 0 °C, which gave a mixture of the homotrisulfide and 

homodisulfide. However, as the steric bulk of the promotor increased, the percentage of 

Entry Year / Author RSSLg Promoter RSSSR %yield 

1 
 
(i) 1976/Harpp et al.44 

(ii) 2019/ Pluth et al.45 

 
 

R = C2H5, C3H7, (CH3)2CH 
(CH3)3C, Ph, Bn 

 
(i)tBuOK, MeOH 
  
(ii)tBuOH, tBuOK, 
THF, H2O 

 

2 2014 / Witt et al.150 

 

 
 
R = (CH2)11Me, 
(CH2)11OH, (CH2)10CO2H, 
(CH2)2OH, 4-C6H4-CH3  
(R)CH2CH(NHBoc)CO2Et 

TBAF 
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trisulfide dramatically improved, resulting in t-butoxide as the promoter of choice. 

Logically, the nucleophilic promotor stoichiometry must be less than half of the RSSX 

concentration. The sequence of events is illustrated in Scheme 2.29. 

 

Scheme 2.29: Harpp’s method for homocoupling. 

Although perthiolates have the advantage of being considerably more (soft) nucleophilic 

than their thiolate counterparts due to a hyperconjugative a-effect, they suffer from the 

grave disadvantage of desulfurising to the thiolate,152 explaining why so many procedures 

using perthiols result in a mixture of di- and trisulfide. Recently, Pluth used Harpp’s 

method to prepare dibenzyl trisulfide (BnSSSBn) for studying its reaction with thiols to 

generate H2S as a biotransmitter.153 In their work, benzylsulfinyl thiocarbonate was 

treated with t-BuOK in methanol to afford an inseparable mixture of di- and trisulfides. 

The chemoselectivity problem was solved by switching to a mixture of tetrahydrofuran 

and water, which generated hydroxide ion as promoter, resulting in the formation of 

BnSSSBn cleanly, albeit in a low yield of 36% (Table 2.11, entry 1).153  

The other example of this intriguing methodology for homotrisulfide synthesis is due to 

Witt,150 using a sulfanyl phosphorodithioate. In his case, TBAF acted as a hard, 

nucleophilic promoter, reacting at the harder phosphorus centre over the softer sulfur 

one (Table 2.11, entry 2). Although elegant in principle, as already mentioned, the 

method can only access homotrisulfides and runs the risk of the disulfanyl anion 

intermediate losing sulfur to form a competing thiolate nucleophile leading to a disulfide 

by-product, Scheme 2.30 shows the sequence of steps.  

 

Scheme 2.30: Witt’s method for homocoupling.150 

Both methodology D and E are considered the most reliable way for accessing homo and 

hetero trisulfides with greater selectivity relatively free of polysulfides. Notably, both 

protocols provide a convenient and efficient method for accessing the trisulfides of 
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significant biomolecules such as amino acids, saccharides as well as heterocyclic 

derivatives. 

In summary, this Chapter has reviewed the synthetic methodologies available for 

accessing trisulfides, which have become increasingly important in both biology and 

materials science. While current methods rely heavily on the use of starting materials 

such as SCl2 and S2Cl2, the demand for green and sustainable, catalytic methods is 

growing. Recent innovations in disulfide synthesis offer potential avenues for trisulfide 

construction, but the unique challenges of creating unsymmetrical targets remain. The 

use of sulfur as a starting material and the development of aqueous systems represents 

promising areas for future research. The upcoming Chapter of this thesis will describe our 

novel and relatively green and innovative method for preparing unsymmetrical trisulfides 

in high yield, purity, and excellent selectivity.  
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CHAPTER 3: Organosulfur Compounds in Cancer 

Chemoprevention 

3.1 The Burden of Cancer 

Cancer is a broad term used for a set of diseases that may develop in any part of the body 

when abnormal cells proliferate out of control. This abnormal growth is invariably 

followed by the cancer, which may advance further by migrating or metastasising to the 

other organs,154,155 this part of the disease is responsible for over 90% of cancer 

fatalities.155 The descriptions of a neoplasm and “malignant tumour” are two terms 

commonly used to describe the early and advanced stages.156 According to the World 

Health Organization, cancer represents the leading cause of mortality worldwide, with 

about 10 million deaths reported in 2020 accounting for nearly one in every six deaths.157 

In 2017, the yearly number of new cancer cases was predicted to rise from 14.1 million 

in 2012, to 21.6 million by 2030, according to the WHO’s institutional repository for 

information system (IRIS).158 Much evidence points towards a contemporary lifestyle and 

urbanization as key factors contributing to the increase in the number of cases, however, 

a nutritious diet which is tobacco-free, with regular exercise, avoiding UV radiation, 

maintaining a healthy body weight, and limiting exposure to pollutants. Therse actions 

can prevent 30–50% of all cancers. In South Africa, almost 110,000 new cancer cases 

were diagnosed with more than 56,000 fatalities in 2020 (Figure 3.1). However, this 

considerable burden is likely to grow in the following decades, with the number of new 

cancer cases expected to climb to 138,000 and 175,000 in 2030 and 2040, respectively.159 

 



Page | 46  
 

Figure 3.1: Summary cancer incidence in South Africa, 2020. Taken from WHO.159 

On molecular level, cancer is defined as a genetic disorder resulting from DNA mutations 

that may arise either spontaneously, or as a result of environmental exposures. Chemicals, 

radiation, viruses, and germline variants all are examples of environmental factors which 

may cause a genetic mutation.160 While non-genetic risk factors can be minimised, 

preventing genetic harm remains the most difficult challenge. There is a tight relationship 

between tumour development and the inhibition of apoptosis, which leads to cell 

immortality. As a result, genes that regulate apoptosis and DNA repair have the potential 

to function as proto-oncogenes or tumour suppressors.160 There are two types of genes 

that prevent cancer development and these are often mutated and dysfunctional in 

carcinogenesis. These are tumour suppressor genes, which restrict cell growth and 

division, and proto-oncogenes, which promote cell growth and division (Figure 3.2). The 

latter type when upregulated or mutated, drive carcinogenesis.161 Tumour-suppressor 

genes on the other hand inhibit cancer growth while also promoting normal cell 

development. Furthermore, genes involved in DNA repair are often mutated in cancer 

thus allowing dysfunctional genes to often persist.160 

 

Figure 3.2: Cancer development showing the role of oncogenes and tumour suppressor 
genes. Created using Biorender. 
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3.1.1 Carcinogenesis: Stages of Cancer Development 

Carcinogenesis is a multi-step process that starts with the accumulation of genetic 

changes ultimately leading to an altered phenotype in which normal cells are transformed 

into cancer cells. According to Pitot et al. (1989), carcinogenesis can broadly be divided 

into three stages as initiation, promotion and progression,162 (Figure 3.3). 

 

Figure 3.3: Carcinogenesis multistep process that turns a normal cell into a cancerous 
tumour. Created using Biorender. 

The first stage, initiation, occurs when the carcinogen interacts with the cell DNA, 

triggering a mutation, which results in daughter cells produced from the mutant cell 

likewise containing the mutation.163 Such modified cells become sensitive to promoter 

effects in which dietary and hormone factors play a significant role.162 The last stage, 

progression, results from instabilities accumulated after the initial mutation, continued 

exposure to a carcinogen, and spontaneous further mutations. Altogether they eventually 

lead to a malignant neoplasm. Additionally, critical traits such as invasion, metastasis, 

anaplasia, and enhanced growth proceed to higher levels of malignancy.164 For a more in-

depth examination of the molecular pathogenesis of cancer, it is preferable to consider 

cancer-related genes as grouped within fundamental changes to the cell physiology. 

These are commonly referred to as ‘’cancer hallmarks’’ which are described in the 

following section. 

3.1.2 The Hallmarks of Cancer 

Hanahan et al. have classified the “Hallmarks of Cancer” into 14 types, covered in three 

papers published in 2000,165 2011166 and 2022.167 These hallmarks are considered as a 
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classification for condensing the complexity of cancer phenotypes and genotypes into a 

collection of fundamental principles describing the mechanism of cancer development. 

(Figure 3.4) 

 

Figure 3.4: The Hallmarks of Cancer, taken directly from Hanahan et al.167  

The “Sustained proliferative signalling’” covers a large proportion of the growth signals 

promoting carcinoma cell proliferation derived from the tumour’s stromal cells. 

Proliferation of these cells is a tightly regulated process, triggered by growth signals that 

can originate either within or outside the cell.166 Normal cell growth and division are 

controlled by the synthesis and release of growth-promoting signals which maintains 

homeostasis of cell numbers. In contrast, these signals are altered when cancer cells take 

control and generate their own proliferation signaling molecules.166  

‘’Evading growth suppressors’ is another hallmark that is strongly related to 

maintaining proliferative signaling, in which any signals that control cell proliferation 

programs are dependent on tumour suppressor gene activation. Many of these tumour 

suppressive mechanisms have lost function for the advantage of the cancer cell in 

malignancy.166,168  

The concept of ‘’Resisting cell death’’ is based on the idea that programmed cell death or 

apoptosis, acts as a natural barricade to cancer formation by clearing the damaged 

cells.166 The apoptotic machinery is organized into two categories: sensors and 
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effectors.165 Sensors are mainly responsible for monitoring the extracellular and 

intracellular environments and determining whether a cell should live or die based on the 

conditions of normality or abnormality. Through their response to pro-apoptotic signals 

as well as through the release of cytochrome C, mitochondria play an important part in 

programmed cell death.160 

"Inducing angiogenesis or vasculature" may occur early in the multistage progression 

of invasive malignancies in both animal models and humans.166 Tumour vascularization 

is required for growth and is governed by the balance of angiogenic and antiangiogenic 

substances produced by tumour and stromal cells. Even with all of the outlined growth 

advantages, tumours cannot grow larger than 1 - 2 mm in diameter unless they are 

vascularized.160 Similar to normal tissues, tumours demand nutrition and oxygen as well 

as the ability to expel metabolic wastes and carbon dioxide.166 As a result, cancer cells can 

drive neoangiogenesis, in which new vessels emerge from previously existing capillaries, 

or vasculogenesis.169 Vascularization influences tumour development in two ways: 

perfusion provides the required nutrients and oxygen, and newly created endothelial cells 

encourage tumour cell growth through the secretion of growth factors.160 Hypoxia can 

also promote angiogenesis by inhibiting the transcription of the pro-angiogenic factor, 

(vascular endothelial growth factor (VEGF) by Hypoxia-inducible factor 1 (HIF-1). Many 

genes involved in angiogenesis, glucose metabolism, cell proliferation/survival, and 

invasion/metastasis are activated by HIF-1.170 In addition, another variable influence to 

angiogenesis is p53, which induces synthesis of the angiogenesis inhibitor TSP-1.160 

Overall, angiogenesis is necessary for tumour growth providing access to the vasculature 

and thus metastasis. 

‘’Activating invasion & metastasis’’ is an additional critical and fundamental hallmark 

of cancer. Tumour spread is a complicated process requiring a series of processes known 

as the invasion–metastasis cascade. These processes include local invasion, followed by 

intravasation into the blood and lymph that transit through the vasculature. This step is 

followed by the migration of cancer cells from the lumina of these vessels into the 

parenchyma of distant tissues leading to micrometastases, and growth of 

micrometastases into macroscopic tumours. The last step is known as colonization160,166 

involving cell invasion and vascular dissemination and homing of the tumour cells. In 

some cancer types, the primary tumour’s location can predict the metastatic site. Many 

cancers come to a halt in the first capillary bed that they encounter, often the lungs and 
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liver. Some cancers show organ tropism, which is thought to result from  activation of 

adhesion or chemokine receptors whose ligands are expressed by endothelial cells at the 

metastatic location.160 Normal cells, however, include adhesion mechanisms that allow 

them to adhere to neighbouring cells and the ECM. Cancer cells, in contrast, lose their 

adhesion structures, allowing them to break free from proto-growth and migrate to 

distant locations via the lymphatic and vascular systems.171 Hence, invading cells can 

break through the surrounding tissue, to gain access to the blood vessel or lymph 

network, survive in the bloodstream, and find a foothold in a remote region.172   

The ‘’Reprogramming cellular metabolism’’ is a key aspect of cancer development. 

Cancer cells, despite sufficient oxygen, undergo a metabolic shift known as the Warburg 

effect.160 They switch from using oxygen-dependent mitochondria to relying on glycolysis 

for energy production.160 This metabolic switch occurs even in the presence of adequate 

oxygen levels, indicating the establishment of genetic alterations within tumour cells. The 

activation of oncogenes and mutation of tumour suppressor genes drive this change and 

provide advantages for cancer cells, such as enhanced proliferation, evasion of controls, 

and resistance to apoptosis.166 Reprogrammed energy metabolism, particularly the 

reliance on glycolysis, is considered an important hallmark of cancer, highlighting its 

significance and independence from other core hallmarks. 

"Evading immune destruction" The immune response is our body's ability to resist 

harmful diseases, which is activated when antigen-specific antibodies identify foreign 

molecules or cellular structures. The immune system however does not respond to 

antigens that are native to the body.173 Immune surveillance is a long-standing idea that 

claims an ever-alert immune system and constantly monitors cells and tissues.166 As a 

result, the immune surveillance is responsible for recognizing and killing the vast 

majority of incipient cancer cells and hence nascent tumours. According to this rationale, 

solid tumours that do grow have either escaped recognition by the immune system's 

numerous arms, or have been able to restrict the degree of immunological killing, 

allowing them to evade eradication.166 Cancer cells may also express antigens that avoid 

immune detection, and produce immune suppressive factors.174 

‘’Replicative immortality’’ is another significant hallmark that is needed to create 

macroscopic tumours through limitless replicative potential immortality. In contrast, 

normal cells go through a limited number of cell division and growth cycles. This is 

controlled by two types of cell death: (1) senescence, which is an irreversible transition 
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to a non-proliferative but viable state, and (2) cell death which is at crisis.166 Some cells 

may induce senescence during cell division, which is followed by a crisis period in which 

the vast majority of cells die. The cells that emerge from a population in crisis, usually do 

so with unlimited replication ability.175 The characteristic of unlimited proliferation is 

regulated by telomeres, which are the protective caps on the ends of chromosomes.176 

The telomere sequence becomes shorter with each replication. The length of telomeres, 

however, can be increased by a DNA polymerase known as telomerase176,177 which are 

abundant in cancer cells as a means of avoiding senescence and achieving immortality.166  

The final hallmark is "unlocking phenotypic plasticity". Phenotypic plasticity is 

generally restricted in order to avoid or escape terminal differentiation and this is a major 

component of cancer pathogenesis.167 In most circumstances, the end effect of cellular 

differentiation is anti-proliferative, posing an obvious barrier to the continued 

proliferation required for neoplasia.178 As a result, nascent cancer cells derived from a 

normal cell that has progressed down a pathway toward or adopting a fully differentiated 

state, may revert to progenitor-like cell states by dedifferentiating. On the contrary, 

neoplastic cells derived from a progenitor cell that is destined to follow a pathway leading 

to end-stage differentiation may short-circuit the process, keeping the cancer cells in a 

partially differentiated, progenitor-like state.167  

In summary, normal cells often develop into a neoplastic state over time, and there are a 

series of hallmark alterations that occur along the way. This allows cancer cells to acquire 

characteristics that lead to tumour development and malignancy. Understanding the 

hallmarks of normal cells and unhealthy cells, relating them to the hallmarks of cancer, 

and trying to break the relationship may prove to be the key to cancer prevention.167 The 

complexity and variability of treating cancer, at all levels of consideration, is to remain a 

big challenge. However, the impact of the hallmarks of cancer in conceptualizing new 

discoveries and helping to simplify this complexity into a science has been recognized 

with some success over the years. While the hallmarks model is a good description of 

what goes wrong in cancer cells, it does not address why those alterations are made in 

the first place. Hence, understanding cancer hallmarks has helped scientists acquire 

insights into therapeutic targets but not into disease prevention. In this regard, targeting 

cancer prevention by eating foods high in phytochemicals has been demonstrated in 

many studies to reduce the risk of cancer. There are several dietary bioactive compounds 

present in dietary plants which have strong anticancer and chemopreventative 
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capabilities, according to epidemiological and experimental studies. One of these plants, 

garlic, has been shown to reduce the risk of cancer, and has thus received considerable 

attention. This thesis will go into more details on this topic. 

3.2 Garlic Organosulfur Compounds and their Anti-Cancer Activity 

The anticancer properties of natural products and their derivatives have been extensively 

examined in cancer treatment and chemoprevention. These compounds are attractive 

because of their safety, low toxicity, antioxidant properties, and widespread use as dietary 

supplements.179 One of the most well-known botanical natural products with 

chemopreventive activity is Garlic (Allium sativum), which is thought to have originated 

in central Asia, and is now grown around the world.180 For over 5000 years, people have 

known and exploited the therapeutic properties of garlic. It’s traditionally uses include 

the treatment of  colds, infections, heart disease, diabetes, aches and pains, constipation, 

eye infections, snake bites, dandruff and tuberculosis.181 In 1858, Louis Pasteur showed 

the antimicrobial effect of garlic.182 Scientific studies have shown that garlic can lower 

blood pressure and cholesterol levels and protect against arteriosclerosis.183 Some of the 

other important medicinal effects of garlic are antibacterial, antioxidant, antithrombotic, 

immunomodulatory, antidiabetic, drug metabolism modulation a well as anticarcinogenic 

properties.181,183-186 One of the oldest medical texts, the Egyptian papyrus, Codex Ebers in 

1550 BC describes garlic as a therapy for abnormal growths and abscesses.185  In 1957, 

Weisberger and Pensky reported for the first time that anti-tumour effects of some 

organosulfur compounds from garlic.187,188 Since then, much epidemiological research 

has shown that garlic consumption can protect against cancer. The relevant literature is 

summarized in the next sections. 

3.3 Epidemiological Evidence for the Cancer-Preventive Effects of 

Dietary Garlic 

The consumption of garlic has been shown to have beneficial medicinal effects and may 

aid in the prevention of cancer. This has been shown in epidemiological studies which 

have linked a lower cancer risk in people who eat allium vegetables (these include onions, 

garlic, leeks, scallions, chives, and shallots), in countries ranging from the Mediterranean 

to South and East Asia. Table 3.1 summarises the research findings on this subject. 
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Table 3.1: The epidemiological evidence on garlic consumption and incidence of cancer 

Entry Authors  Study's conclusion Cancer type Country Year/Ref 

1 You et al. 

A significant reduction in 
gastric cancer risk with 
increasing consumption 
of allium vegetables. 

gastric cancer China 1989189 

2 Buiatti et al. 

A reduction of risk 
factors for gastric cancer 
associated with 
consumption of garlic. 

gastric cancer Italy 1989190 

3 
Iscovich et 
al. 

Consumption of garlic is 
associated with 
decreased risk of colon 
cancer.  

colon cancer Argentina 1992191 

4 
Hansson et 
al. 

A high consumption of 
garlic was associated 
with reduced gastric-
cancer risk. 

gastric cancer Sweden 1993192 

5 
Steinmetz et 
al. 

Consumption of garlic 
was inversely associated 
with risk of colon Cancer. 

colon cancer USA 1994193 

6 Witte et al. 

This study supports the 
hypothesis that high 
intake of allium 
vegetables decreases the 
risk of colorectal 
adenomatous polyps. 

 
Colorectal 
cancers 

USA 1996194 

7 Dorant et al. 

The consumption of 
allium vegetables may 
considerably reduce the 
risk of stomach cancer. 

 
Stomach 
cancer 

The 
Netherlands 

1996195 

8 
Franceschi 
et al. 

Garlic intake inversely 
associated with cancer of 
the colon, rectum and 
breast. 

 
colon, rectum 
and breast 
cancer 

Italy 1998196 

9 Gao et al. 

Garlic frequency intake is 
associated with a 
reduction in the risk of 
esophageal and stomach 
cancer. 

 
esophageal 
and stomach 
cancer 

China 1999197 

10 Levi et al. 

This study suggested that 
a potentially broader 
favourable effect of garlic 
on digestive tract 
carcinogenesis. 

 
digestive tract 
cancer 

Switzerland 1999198 

11 
Fleischauer 
et al. 

High intake of garlic may 
be associated with a 
protective effect against 
stomach and colorectal 
cancers 

 
stomach and 
colorectal 
cancers 

USA 
2000199, 
2001200 
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12 
Takezaki et 
al. 

Frequent garlic 
consumption contributes 
to low mortality rates for 
esophageal and stomach 
cancers. 

 
esophageal 
and stomach 
cancers 

China 2001201 

13 Muñoz et al. 

Allium vegetables have 
been associated with a 
decreased risk of gastric 
cancer. 

gastric cancer Venezuela 2001202 

14 
 
De Stefani et 
al. 

Allium vegetables have 
been shown to be 
effective in preventing 
stomach cancer. 

 
stomach 
cancer 

Uruguay 2001203 

15 
 
Setiawan et 
al. 

The protective effect of 
allium vegetables 
(especially garlic and 
onions) against stomach 
cancer. 

 
stomach 
cancer 

China 2005204 

16 
 
Galeone et 
al. 

These studies confirm 
the inverse association 
between the frequency of 
use of allium vegetables 
and the risk of several 
common cancers.  

 
 
several 
common 
cancers 

Italy 2006205 

17 Ngo et al. 

7 studies confirm the 
inverse association, with 
a 30% reduction in 
relative risk in colorectal 
cancer. 

 
colorectal 
cancer 

Australia 2007206 

18 Shukla et al. 

Several epidemiological 
studies link a lowered 
risk of stomach, 
oesophageal and 
colorectal cancer to a 
high dietary garlic 
consumption. 

 
stomach, 
oesophageal 
and colorectal 
cancer 

India 2007207 

19 
Pourfarzi et 
al.  

People consuming allium 
vegetables more 
frequently, experienced a 
significantly lower risk of 
gastric cancer. 

gastric cancer Iran 2009208 

20 
Annema et 
al. 

Garlic consumption has 
been linked to a reduced 
risk of colorectal cancer 
(CRC). 

 
colorectal 
cancer 

Australia 2011175 

21 Zhou et al. 

Consumption of high 
levels of Allium 
vegetables reduced the 
risk for gastric cancer 
risk. 

gastric cancer China 2011209 

22 Zhu et al. 
No evidence that higher 
intake of Allium 

colorectal 
cancer 

China 2014210 
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vegetables reduced the 
risk for colorectal cancer. 

23 
Nicastro et 
al. 

The study indicated that 
associations of Allium 
vegetable consumption 
with decreased risk of 
gastrointestinal tract 
cancer. 

 
gastrointestin
al tract cancer 

USA 2015169 

24 Turati et al. 

Frequent consumption of 
Allium vegetables was 
associated with reduced 
risk of several cancers 

several 
cancers 

Italy 2015211 

25 Wang et al. 

Consumption of garlic 
were correlated with 
reducing the related risk 
factors of colon cancer. 

colon cancer China 2018212 

26 Kim et al. 

The study does not 
support the hypothesis 
that high garlic intake 
reduces risk of gastric 
cancer. 

gastric cancer USA 2018213 

27 Li et al. 

Garlic intake was 
associated with a 
statistically significant 
reduced risk of death due 
to gastric cancer. 

gastric cancer China 2019214 

28 Wu et al. 

Consumption of allium 
vegetables is associated 
with a reduced risk of 
colorectal cancer. 

 
colorectal 
cancer 

China 2019215 

29 Yuan et al. 
Consumption of garlic 
may help to protect 
against gastric cancer. 

gastric cancer China 2020216 

30 Wang et al. 

An association between 
garlic intake and reduced 
risk of gastric and 
colorectal cancers was 
identified. 

 
colorectal 
cancers 

China 2022217 

 

Thus, dietary changes suggest a cost-effective in reducing cancer risk since a multitude of 

epidemiological studies point towards garlic preparations and its components as likely 

preventative agents in cancer. The epidemiologic literature on garlic uses covers 

malignancies of the stomach, colon, lung, breast, oesophagus and prostate, as well as head 

and neck cancer.200 Of the 30 publications reported in Table 3.1, twelve are reported on 

garlic and gastric cancer, with nine on colorectal cancer, which are thus the predominant 

cancer types covered in these studies. The first study was reported in 1989 by You et al. 

in China, where stomach cancer rates are high.189 Here it was found that  an increased 
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consumption of allium vegetables resulted in a considerable reduction in gastric cancer 

cases (Entry 1). The publications from specific case-control studies of stomach and 

colorectal cancer reveal a strong case in favour of the preventive benefit of raw and/or 

cooked garlic. Although a previous meta-analysis found that the protective effect of garlic 

on gastric and colorectal cancer may be exaggerated,199 the results of comprehensive 

analysis published very recently by Wang et al.,217 (Entry 30) have presented other data 

to indicate that garlic can help prevent gastrointestinal cancers. However, a small number 

of studies have found no link between garlic consumption and the incidence of colorectal 

and gastric cancer (Entries 22 & 26).210,213  

Garlic is known to produce organosulfur compounds (OSCs) such as allicin, ajoene, S-

allylmercaptocysteine (SAMC), S-allylcysteine (SAC), diallyl sulfide (DAS), diallyl disulfide 

(DADS), diallyl trisulfide (DATS) and diallyl tetrasulfide (DATTS), that have a strong 

anticancer property. There is convincing evidence to show that these compounds are anti-

cancer agents. The organosulfur compounds in garlic will be discussed in the next section. 

3.4 Phytochemical Overview of Garlic and its Organosulfur 

Compounds 

Garlic (Allium sativum L.) belongs to the Lillaceae family of plants. The term "garlic" is 

thought to have come from the Anglo-Saxon word "gar leac," which means "spear 

plant".218 The genus “Allium” is derived from the Celtic word “al” which means pungent 

or burning, whereas the species “sativum” indicates planted or cultivated.185 Garlic has a 

strong and pungent flavour, as well as an aromatic and unique odour for which it is used 

as a spice. Garlic phytochemical analysis has shown the existence of both sulfur-

containing and non-sulfur-containing chemical components which contribute to garlic’s 

numerous pharmacological and therapeutic benefits. The non-sulfur compounds include 

polysaccharides, alkaloids, phenolic compounds, proteins, essential amino acids, 

flavonoids, saponins, sapogenins, glycosides, adenosine, allixin, steroidal glycosides, 

lectins, anthocyanins, prostaglandins, fructan, pectin, vitamins B1, B2, B6, C and E, biotin, 

nicotinic acid, fatty acids, glycolipids, and phospholipids and minerals.219-225 Garlic is also 

a rich source of OSCs, with over 33 different types produced following crushing226 

Chemically, garlic OSCs are divided into two categories as water-soluble and oil-soluble, 

with both forms exhibiting anti-proliferative effects against cancer cells.227,228 In 1985, 
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Block et al.229 demonstrated how the garlic extraction procedure plays an important role 

in the type of OSC isolated, Scheme 3.1. 

 

Scheme 3.1: Different methods of garlic extraction result in the isolation of different 
OSCs.229,230 

It has been found that the OSCs extracted from garlic depend on the extraction solvent 

used for example water, alcohol or hexane.229,231 While the high temperature of a steam 

distillation will prefer the formation of thermodynamically stable compounds such as 

DADS,229 the isolation of important OSCs precursors such as allicin and alliin is achieved 

by nonpolar solvents with lower temperature extraction conditions. In 2006, Ichikawa et 

al. reported that a 90% methanolic solution containing 0.01 N hydrochloric acid at room 

temperature was suitable to isolate alliin, isoalliin, methiin, cycloalliin, and γ-L-glutamyl- 

S-methyl-L-cysteine.232 Recently in 2022, Yingngam et al. discovered a novel method for 

extracting garlic oil rich in diallyl trisulfide using solvent-free microwave extraction 

(SFME) as an environmentally friendly technology, Scheme 3.1.230 The two primary OSCs 

precursors found in whole garlic cloves are S-allyl-L-cysteine sulfoxide (alliin) and γ-

glutamyl-S-allyl-L-cysteine (GSAC).233 The starting point for the biosynthesis of OSCs is 

the conversion of GSAC into S-allyl-L-cysteine sulfoxide (alliin) by γ-glutamyl 

transpeptidase and oxidase in the cytoplasm of garlic clove cells,226 (Scheme 3.2). Alliin 

is chemically stable and non-volatile, making it a main OSCs in both fresh and powdered 

garlic, with garlic cloves containing approximately 8 g/kg alliin.234 
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Scheme 3.2: Enzymatic transformation and biosynthetic origin of alliin.226 

Notably, GSAC (γ-glutamyl-S-alk(en)yl-L-cysteine) is transformed to S-allylcysteine (SAC) 

and S-allylmercaptocysteine (SAMC) via a direct catabolism pathway. Both metabolites 

(SAC) and (SAMC) are water-soluble OSCs that are less odorous than the oil-soluble OSCs. 

When raw garlic is diced or crushed, the vacuolar enzyme alliinase is brought into contact 

with alliin. An elimination ensues to produce allylsulfenic acid, pyruvic acid, and 

ammonia. Following this, the allylsulfenic acid then rapidly condenses to generate allicin 

and water. Allicin, a chemically labile thioallyl ester of allylsulfinic acid, (Scheme 3.3), is 

responsible for crushed garlic’s characteristic strong odour and also its antimicrobial 

properties. It readily decomposes into a wide range of products, including diallyl sulfide 

(DAS), diallyl disulfide (DADS), diallyl trisulfide (DATS), diallyl tetrasulfide (DATTS), 

dipropyl disulfide (DPDS), allyl methyl sulfide (AMS), allyl methyl disulfide (AMDS), allyl 

methyl trisulfide (AMTS) which are all found in steam-distilled garlic oil or cooked garlic. 

The other two sub-families of E-ajoene/Z-ajoene and 2-vinyl-4H-1, 3-dithiin/3-vinyl-4H-

1, 2-dithiin are found in oil-extracted garlic. The rate of these transformations have been 

shown to be solvent-dependent, proceeding in a few hours at ambient temperature, and 

within minutes when heated.226,235 The chemical structures and transformation pathways 

of the commonly investigated organosulfur compounds are depicted in Scheme 3.3. 
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Scheme 3.3: Biosynthetic and enzymatic reactions of allicin to generate the oil soluble OSCs 
present in garlic.226 

Allicin is a thiosulfinate whose chemical structure was identified by Stoll and Seebeck in 

1948.236 Mechanistically, there are four separate allicin decomposition pathways, which 

were elucidated by Block in the 1980s,237 Scheme 3.4 illustrates four different chemical 

pathways for the transformation of allicin to produce some of the key lipophilic allyl sulfur 

compounds. 
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Scheme 3.4: Pathways for allicin transformation to produce oil-soluble second-generation 
OSCs. 

Diallyl disulfide is produced by substituting allyl mercaptan at the sulfur of the 

thiosulfinate molecule via pathway A. Further substitutions with perthiol sulfinates in the 

presence of water will produce higher polysulfides as adducts such as DATS and DATTS 

through pathway B. Another possible allylization pathway D may occur when two allicin 

molecules undergo self-condensation via thioallylation to produce an intermediate 

sulfonium ion, which then undergoes elimination and Michael addition of 2-

propenesulfenic acid to give ajoene. Lastly, pathway C utilizes a coordinated Cope-type 

elimination to produce 2-propenesulfenic acid and thioacrolein.223 Diels-Alder 

cycloaddition of two molecules of thioacrolein produced by the elimination of allicin can 

produce vinyldithiins.233 Recently in 2018, a multistep method was reported describing 

the condensation of two molecules of 2-propenesulfenic acid followed by a [3, 3]-shift and 

[2+3]-cycloaddition to produce a family of ajothiolanes according to Block et al.238 In-

depth discussion of the diallyl polysulfides, the family of interest, which do not exist in 

fresh cloves, but are produced during high temperature thermal processing of fried or 

baked garlic, will be the subject of the next section. 
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3.5 Diallyl Polysulfides Compounds from Garlic 

The largest family of garlic OSCs are the diallyl polysulfides (R1-(S)n-R2 (n = 1-6), which 

have bioactivity due to sulfur's ability to form S-S bonds through redox reactions.239 The 

various bioactivities, especially anticancer activity, raise some fundamental chemical and 

physiological questions about the mode of action of polysulfides in biological systems, 

particularly di, tri and tetrasulfides.240 Scheme 3.5 depicts the range of secondary 

metabolite polysulfides produced from allicin as the primary garlic product.184,226   

 

Scheme 3.5: The range of diallyl polysulfides found in garlic. Produced from allicin. 

Because of their increased stability, functionality and target specificity, diallyl polysulfides 

have a bioactivity that is comparable to or better than allicin.239 DADS is the primary 

diallyl disulfide compound identified in crushed garlic241 (> 50%) and is generated as a 

direct result of allicin degradation via substitution pathway A (Scheme 3.4). In 2000, 

Maslin et al. reported that garlic oil, produced from a particularly potent British garlic 

variety, contained 530 mg/g of DADS, followed by DATS (115 mg/g), DAS (106 mg/g), 

DATTS (43 mg/g), diallylpentasulfide (DAS5) (1.5 mg/g), and diallylhexasulfide (DAS6) 

(0.14 mg/g).242 In addition to methyl allyl and dimethyl sulfides, Maslin's analysis 

revealed that higher polysulfides were only present in very low concentrations. DAS, 

DADS, DATS, and DATTS have recently attracted sufficient interest, and in vitro evidence 

on tumour growth and toxicity points towards the tri and tetrasulfides being particularly 

potent. Indeed, several biological experiments have shown that, as the number of sulfur 
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atoms in a polysulfide increases, so does its anticancer activity, leading to assumption that 

"the more sulfur atoms in the polysulfide, the more active it is’’.239 In general, the ability of 

OSCs to inhibit tumour cell proliferation is ranked as follows, from most active to least 

active: ajoene, DATS > DADS, allicin > DAS > SAMC > SAC, with the presence of an allyl 

disulfide or allyl trisulfide backbone in the molecule being an essential structural 

features.243,244 Munday et al. in 2003 reported that the anticancer activity increased in the 

order of tetra- > tri > disulfide, with the allyl moiety being more potent than the propyl.245 

In 2009, Cerella et al. discovered that DATTS was the most active at inducing apoptosis in 

U937 lymphoma cells, followed by DATS. DAS and DADS, however, were rather inactive.246 

The general trend shows that DAS is poorly active, DADS has modest activity, and 

polysulfides with three or four sulfur atoms exhibit enhanced activity. According to 

Munchberg et al., the increased activity is due to their oxidizing ability and thiol 

production. DATS and DATTS are significantly more active, possibly due to the production 

of perthiols (RSSH). However, the decreased stability of penta- and hexasulfides prevents 

further enhancement of activity, despite higher perthiol production.239 The bioavailability 

and pharmacokinetics of each OSC should be investigated first in order to fully support 

the considerable evidence for the chemotherapeutic and chemopreventive effects of 

garlic OSCs, which will be discussed briefly in the following section. 

3.6 Metabolism and Bioavailability of OSCs Derived from Garlic 

Pharmacokinetic properties are highly dependent on water solubility.247 SAC being a 

water-soluble, and allicin as an oil-soluble OSC, have received the most attention.226 The 

bioavailability of garlic phytochemicals has been shown to be affected by whether they 

are taken together with other food components.248 When fresh garlic is crushed or 

blended, allicin is formed well before intake249 and the majority of the OSCs in garlic come 

from allicin. Allicin is not detected in blood or urine following consumption of substantial 

quantities of garlic, indicating that it is rapidly metabolised.235,250,251 Allicin reacts with 

components of the plasma membrane and is trapped before absorption, and cannot 

circulate in the blood.251 Figure 3.5 illustrates the metabolism and bioavailability of the 

main garlic OSCs.  
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Figure 3.5: Schematic of garlic organosulfur absorption, metabolism, and distribution 
in the GI tract.247 

The bioavailability of allicin varies depending on the form of garlic consumed. The 

findings revealed that even if alliinase is destroyed during cooking, cooked garlic still has 

a high bioavailability. It was also concluded that the body must have another ways to 

metabolise alliin.252 When delivered intravenously, allicin was found to rapidly disappear 

from circulation after administration and converted to secondary metabolites, including 

E-ajoene, 2-ethenyl-4H-1, 3-dithiin, and DADS ,which can be found in blood, urine, and 

faeces.247 Notably, water-soluble OSCs, such as SAC and SAMC, are found in aged garlic 

extract (AGE) and exhibit different pharmacokinetic characteristics to oil-soluble 

organosulfur compounds.253 DADS, another allicin metabolite, was not detected in the 

urine but was briefly detected in the plasma. However, its metabolites, the most 

significant of which is allyl methyl sulfone, were detected in the urine, liver, and 

stomach.254 In 2013, Wang et al. reported that the examination of volunteer’s breath 

found allyl methyl sulfide (AMS), allyl methyl disulfide (AMDS), DAS, DADS, DATS, 

dimethyl sulfide (DMS), and acetone after ingesting 38 g of raw garlic.255 Significantly, 

allicin, ajoene, diallyl disulfide, and 1, 2-vinyldiithin are all metabolised to allyl mercaptan 

in whole blood. SAMC, allicin, diallyl trisulfide, and ajoene all undergo rapid metabolism, 

whereas 1, 2-vinyldithin and diallyl disulfide take more time.256 In one study, DATS was 
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detected in the stomach of rats up to 24 h after a single oral dosage, while rats treated 

with single intravenous dose of DATS (10 mg) were found to have a peak blood 

concentration of roughly 30 µM. Diallyl trisulfide is metabolized to allyl mercaptan, allyl 

methyl sulfide, allyl methyl sulfoxide, and allyl methyl sulfone, the latter of which is the 

most prevalent metabolite.254  

3.7 Garlic OSCs Targeting Cancer Hallmarks 

Garlic OSCs have been shown in laboratory experiments to target the hallmarks of cancer 

as shown in Figure 3.6. 

 

Figure 3.6: Overview of the anticancer potential of OSCs that target cancer hallmarks, taken 
directly from.240  

Important aspects of  garlic-derived OSCs anticancer activity is their ability to inhibit cell 

proliferation by causing cell cycle arrest in the G2/M phase.257 For example Yagdi et al.240 

found that garlic OSCs caused cell-cycle arrest at the G2/M phase with changes to the 

microtubular network, modulation of Bcl-2 family, protein expression patterns, and 

changes to the redox status of the cells.241 By activating the transforming growth factor 

(TGF)-β pathway, SAMC inhibited the proliferation of metastatic colon cancer cells and 

liver cancer HepG2 cells.258 Similarly, DADS259,260 and DATS261 induced cell-cycle arrest in 

G2/M phase followed by apoptosis via caspase-3 cleavage and apoptotic DNA 
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fragmentation. In addition to altering the redox balance, the interaction of OSCs with thiol 

groups, such as cysteines and GSH, causes conformational changes in various protein 

families, including the OSC targets tubulin and Bcl-2 proteins. Because of their 

importance in cell proliferation and stress response, microtubules have become attractive 

targets in cancer therapy research.262 For instance, DATS and DATTS have been shown to 

induce tubulin depolymerisation and tubulin polymerization inhibition263 whereas DADS 

and DAS did not show any effect.264 Importantly, the Bcl-2 family of proteins are an 

attractive target for the development of anti-cancer treatments since they participate in 

the mitochondrial apoptotic pathway. DATTS,265 DATS266 and DADS267 reduced Bcl-2 

protein expression in different cell lines leading to apoptosis in T24 bladder cancer cells. 

The pro-apoptotic function of garlic-derived OSCs has been identified in a variety of 

cancer cell lines and mitotic arrest in the G2/M phase is usually followed by apoptosis. 

Many discoveries indicate kinase-dependent mechanisms precede and modulate OSC-

mediated apoptosis as shown for allicin,268 SAMC269 and DATS.270 For example, some 

studies have indicated that the production of ROS maybe important in the anticancer 

mechanism of garlic OSC via activating the JNK/p38 pathway, partially causing lung 

adenocarcinoma cells to undergo apoptosis.271 In view of this, our research team at 

UCT/SU272 reported that ajoene functions as a regulator of ER stress and the unfolded 

protein response (UPR). S-thiolation of ajoene disrupts protein folding, which causes an 

accumulation of misfolded proteins along with ER stress and UPR activation.272 The 

underlying activities are thought to be based on thiol modification, which as a key 

determinant, presumably explaining regulation of the cellular targets outlined above.240  

In conclusion, several studies have shown that OSCs derived from garlic have a wide range 

of anti-cancer effects due to their cytotoxic, anti-proliferative, cell cycle-regulatory, 

antioxidant, anti-inflammatory, anti-invasive, and antiangiogenic properties,226 (Figure 

3.6). The regulation of different signalling pathways and genes involved in invasion and 

metastasis may explain why garlic OSCs have these anti-tumour effects. The next section 

discusses the anti-cancer properties of DATS through an in-depth examination of its 

chemistry and biochemistry in cancer cells. 
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3.8 The Chemistry, Biosynthesis, and Biochemistry of DATS in Cancer 

Cells 

Numerous studies are currently concentrating on understanding the mechanism of action 

of DATS's antitumor properties, which is summarised elegantly in the review by Puccinelli 

and Stan.273 Proposed mechanisms include induction of apoptosis and cell-cycle arrest, 

the inhibition of metastasis and angiogenesis,274,275 the migration and invasion,276-278 the 

modulation of multi drug resistance (MDR),279,280 the enhancement of cancer drug 

sensitivity,281,282 the metabolism of carcinogens,283-286 and the modification of proteins in 

different cell lines.287 For instance, several investigations have shown that DATS can affect 

various cancer cell lines via apoptotic pathways as a result of regulating the intrinsic and 

extrinsic pathways in lung,288,289 prostate,290-293 gastric,294 sarcoma295-297 and bladder 

cancer cells.270 DATS arrests cancer cells in the G2/M phase in  prostate,298,299 gastric,300 

colon,301 liver,302 bladder303 and thyroid304 cancer cell lines. As a whole, DATS possesses an 

attractive combination of sulfur content, electrophilicity, steric accessibility, and 

lipophilicity/cell membrane permeability, making it chemically reactive and bioavailable. 

These properties make DATS an attractive target compound for metastatic cancer which 

is more aggressive and may be located in distant areas.  

Moving to DATS’s derivatives, its dibenzyl counterpart DBTS, has also garnered attention 

for its promising anti-cancer and chemopreventive properties across various studies.93,305 

DBTS is a derivative of DATS that has been chemically synthesised93 although it is also a 

natural product found in Petiveria alliacea L (Guinea hen weed, anamu).306 It has been 

reported to have potent antiproliferative effects against triple-negative breast cancer, also 

effectively inhibiting their migration.307 In other studies, DBTS has demonstrated efficacy 

across a range of cancer cell lines, including lung, pancreatic, breast, and prostate cancers, 

with nanomolar IC50 values in the range 340 - 840 nM.308 Its mechanism involves 

activation of the MAP Kinases ERK 1 and ERK 2, which are known to influence various 

cellular processes associated with cancer. DBTS has also shown potent anticancer activity 

in murine models, as well as in leukemic cows.309 In 2018, a proposed clinical trial 

(ClinicalTrials.gov Identifier: NCT04113096) carried out in the West Indies aimed to 

evaluate DBTS as a chemotherapeutic agent in Stage IV cancers of the breast, prostate, 

cervix, and colon. Following promising in vitro results, this randomized, placebo-

controlled study administered DBTS capsules (20 mg daily for 6 months) to patients 
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across four experimental arms, each corresponding to a specific cancer type.310 However, 

the specific results of the DBTS trial remain to be disclosed. 

A study by Bhattacherjee et al. (2019),93 examined the anti-proliferative activity of DBTS 

derivatives with para-benzyl substituents (methyl, fluoro, chloro, and bromo) as well as 

ortho or meta substituents (nitro, chloro, and bromo) on MCF7 cells. The cytotoxicity IC50 

values were in the low micromolar range. Within the para-substituted trisulfides, the 

methyl derivative was the most active with an IC50 of 1.26 μM against MCF-7 cell lines, 

followed by the chloro derivative and fluoro derivatives 2.77 μM and 3.03 μM, 

respectively, while the bromo derivative showed a slightly reduced efficacy at 4.11 μM. 

It's noteworthy that the activity of the parent DBTS (sub = H) was not reported in this 

context. Similarly, ortho or meta-substituted trisulfides had similar activities. For 

example, the nitro, chloro, and bromo derivatives had IC50 values of 4.34, 3.75, and 3.87 

μM, respectively. In addition, some derivatives demonstrated a sustained release of H2S, 

indicating potential benefits for H2S-mediated protective effects.93  

In particular, the para-fluoro derivative of DBTS has been given the generic name 

Fluoropacin, 60 (Figure 3.7) and has shown promising results in a number of studies.310 

Fluorapacin significantly inhibits tumor growth by modification of β-tubulin at Cys 12 and 

suppression of microtubule dynamics.311  

 

Figure 3.7: Chemical Structure of Fluorapacin, 60.305,311 

In another a study, An et al.118,310 investigated Fluorapacin's effects on human histiocytic 

lymphoma U937 cells, demonstrating that it disrupts the microtubule network by 

inducing tubulin depolymerization and preventing normal microtubule formation. This 

disruption leads to G2/M cell cycle arrest and apoptosis which is independent of reactive 

oxygen species (ROS) produced but rather involves the activation of c-Jun N-terminal 

kinase and proteolysis of the antiapoptotic protein Bcl-2. The kinetic response pattern of 

Fluorapacin was found to be similar to that of the cancer chemotherapeutic paclitaxel.118 

Animal model data for Fluorapacin has not emerged as yet. 
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Similarly, Fluorapacin has reached Phase 1 clinical trials for various advanced cancers, 

showing promising initial outcomes (score of 10.17).310 A number of trials have been 

conducted in China by the organization ACEA. These include Phase 2 trial for Advanced 

Malignant Solid Neoplasm in 2022, as well as Phase 1 trials for Non-Small Cell Lung 

Cancer in 2013 and Advanced Cancer in 2009. Once again, Detailed outcomes for these 

trials are not provided by the publishers. 

3.8.1 The (Bio)synthesis of DATS 

DATS is not biosynthesised within the garlic plant, but is rather a chemical rearrangement 

of allicin, the latter produced enzymically when a garlic clove is crushed, as described in 

section 3.4. The proposed steps of its biosynthesis form allicin,312 are depicted in Scheme 

3.6 below: 

 

Scheme 3.6: Biosynthetic hypothesis for diallyl trisulfide. 

Mechanistically, two allicin molecules are proposed to self-react to form a sulfonium ion 

through sulfenylation of the soft electrophilic thiosulfinate sulfenyl sulfur. Deallylation by 

water yields a homoelongated thiosulfinate that undergoes a further sulfenylation under 

acidic catalysis, resulting in the loss of allylsulfenic acid. Desulfinylation as the last step 

results in DATS as shown in Scheme 3.6. DATS may be considered as an oxidant, capable 

of converting two protein thiols to a mixed disulfide through a thiolation reaction 

(substitution of H of SH by R), which results in protein dysfunction and cell death.313  
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3.8.2 The S-Thiolation Reaction 

According to a growing body of preclinical research,273 once it has entered the cancer 

cell,314 DATS undergoes S-S exchange (thiolysis) reactions with  biological thiols such as 

glutathione,315 cysteine,316,317or a cysteine residue on a  protein.  

The immediate product of this exchange is a mixed disulfide. Regioselectively, it has been 

shown that the first thiolysis step involves the biological thiol attacking the trisulfide 

terminal sulfur rather than the central one, an issue that will be covered in section 3.8.4. 

As a result, this process has several consequences as depicted in Scheme 3.7.  

 

Scheme 3.7: Schematic overview of thiolysis exchange of DATS with protein thiol. 

In the first step, DATS can generate S-allyl modified proteins by reacting with an exposed 

cysteine residue of a protein, which may alter protein function.4 Because this results in a 

mixed disulfide (a substituted thiol) at the protein site, the process is known as thiolation 

(akin to a substitution of the thiol H by an SR group, which functionally constitutes an 

oxidation of that thiol).239 Secondly, allylperthiol (ASSH) as a reactive perthiol (RSSH) is 

formed as the other thiolysis product, which can undergo further thiolysis to form 

another equivalent of disulfide and H2S, the latter being an important cell signalling 
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molecule (details in section 3.9). In this second, crucial step, SH groups may be in their 

conjugate anionic form depending on their pKa (RSH and RSSH) in which perthiols are 

more acidic (lower pKa) than their thiol counterparts. The presence of both neutral and 

conjugate forms makes for a number of coupling possibilities. However, from a reactivity 

point of view, the faster reaction will be the one involving a protein thiolate (nucleophile) 

reacting with the perthiol (RSSH as electrophile) since this combination diminishes the 

HOMOnuc/LUMOelec gap in the transition state. Hence, Scheme 3.7 depicts it that way 

round (see 3.8.4.1 for more in-depth discussion on this intriguing aspect). This aspect 

implies that proteins with acidic cysteine residues (e.g., catalytically active ones) would 

be more prone towards S-thiolation by this pathway. The effects of mixed disulfide 

formation on a catalytically active cysteine could have a detrimental effect on cell 

function. Generation of the perthiol can also increase the production of toxic oxidants 

such as hydrogen peroxide and superoxide (details in 3.9.5), with an increase in oxidative 

stress.318 Simultaneously, cellular low molecular weight (LMW) thiol concentrations will 

decrease, making cells more vulnerable to oxidative stress. Wattenberg et al. were the first 

to describe the S-thioallylation properties of DATS in 1988. They showed that DATS reacts 

with the thiol group of cellular glutathione, leading to increased glutathione S-transferase 

(GST) activity in the stomach cancer tumours of mice.319 Saturated analogues such as 

dipropyl trisulfide essentially had no inhibitory effect, highlighting the significance of the 

double bond of the allyl groups and implying that a structure-activity relationship likely 

exists for the R group of the trisulfide. More indication on this is that DATS, which has two 

allyl groups, is more active than allyl methyl trisulfide (AMT), which only has one.319 No 

explanation for this intriguing selectivity has been forthcoming, but the pathway depicted 

in Scheme 3.7 strongly points to an increase in S-electrophilicity when R = allyl. 

According to Pinto et al.,320 the development of chemopreventative or therapeutic drugs 

that promote pro-apoptotic proteins or inactivate carcinogenic factors may well benefit 

from focusing on the S-cysteinylation of signalling proteins and transcription factors. 

DATS has been reported by Seki et al.321 to directly oxidise cysteine residues on β-tubulin, 

resulting in microtubule network disruption during early mitosis. In a different 

investigation on DATS, Hosono et al. inhibition of cell proliferation and apoptosis in 

human colon cancer cells (HCT-15 and DLD-1) through the S-thioallylation of Cys-12β and 

Cys-354β in β-tubulin.287,321 Similarly, the antitumor natural product trisulfide 

calicheamicin undergoes thiolation via reaction with GSH, producing a diradical species. 
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This diradical abstracts hydrogens from the deoxyribose backbone of DNA, causing DNA 

scission in the minor groove.322 Together, these modifications can affect the growth of 

cancer cells by modifying the sulfhydryl groups of redox-sensitive signalling proteins and 

affecting the proliferation and apoptosis of cells. In conclusion, the chemistry of DATS in 

a biological environment can include several types of protein modification, H2S release, 

perthiol synthesis and ROS production, all contributing to effective tumour growth 

suppression. In the next section, we will take a closer look at the factors that affect 

trisulfide S-thiolysis in context. 

3.8.3 Factors in the Thiolysis Exchange 

3.8.3.1 Thiol Nucleophilicity 

As mentioned above, garlic OSCs act predominantly as oxidative thiolating agents capable 

of forming mixed disulfides with low molecular weight thiols such as cysteine316,317 and 

glutathione.315 Indeed, OSCs having electrophilic sulfur atoms such as allicin, ajoene and 

polysulfides (R2Sn with n > 2) have been intensively studied for their S-thioallylation 

properties,7,320,323,324 as illustrated in Scheme 3.8 for allicin and DATS. Here, the 

nucleophilic cysteine residue is used in its thiolate form although the degree of ionization 

is obviously dependent on the biological thiol under consideration. Note here the 

regioselective nature of this process as already alluded to.  

 

Scheme 3.8: Thiol-disulfide exchange reactions between DATS or allicin and cellular thiols 
to yield S-thioallyl conjugates. 

Thiolysis exchange reactions (also referred to as thiol-disulfide exchanges) are 

bimolecular nucleophilic substitution processes. The kinetics of the thiol-disulfide 

exchange is an important determinant in cancer cell cytotoxicity and links to thiol pKa 

which in turn determines the ratio of thiolate to thiol at any specific pH (7.0-7.4 for a 
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biological medium) in which the former is super nucleophile. The difference in 

nucleophilicities is so significant that in many cases, the reaction proceeds even when the 

thiolate is a very minor species in the equilibrium (i.e., at pH values below the thiol 

pKa).325 Using a homotrisulfide (RSSSR) (to simplify regioselectivity aspects) a thiolate 

nucleophile attacks a terminal sulfur atom (designated as SEN for non-sulfane 

electrophilic sulfur) to produce a linear, anionic tetrasulfide transition state. Ejection of a 

perthiolate leaving group then creates the disulfide product as shown in Scheme 3.9. 

Under conditions of excess thiol, H2S is produced by proton-shuffle to convert the 

perthiolate anion RSS- into its protonated form, which is followed by a second nucleophilic 

attack by the thiol anion to form hydrosulfide ion.326-328  

 

Scheme 3.9: Thiolysis sequence for DATS. 

The kinetic and regioselectivity aspects of thiolysis are determined by trisulfide reactivity 

which in turn underpins the selectivity towards cellular thiol targets. There are three 

sulfur atom types involved in the exchange process as incoming nucleophilic sulfur 

(SNuc) from the cellular thiol, an electrophilic central sulfur (SEC), and two electrophilic 

non-sulfane terminal sulfurs (SEN), i.e., ones having carbon and sulfur connections rather 

than two sulfur connections (sulfane type), see Scheme 3.9. The SEN are equivalent in a 

homotrisulfide. 

Two important aspects governing DATS thiolysis are the rate and regioselectivity. The rate 

is governed by two controlling factors namely thiolate concentration (versus thiol) and 

the thiolate nucleophilicity. A thiol RSH with R as an alkyl group is a weak acid (pKa 9-10), 

but it is stronger than its alcohol counterpart ROH (pKa 16-18) due to its bigger sulfur 
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atom. Cysteine, owing to the presence of electron-withdrawing groups adjacent to the 

thiol has a lower pKa still of around 8.6, and in biological proteins, this can be lowered 

even further due to conjugate base stabilising effects through intermolecular interaction 

such as hydrogen bonding. Of importance here is the pH of the medium where the 

Henderson-Hasselbalch equation (Scheme 3.10) describes the relative concentrations of 

ionized and unionized species. The equation tells us that when the pH of the medium (7.0-

7.4 in cells) equals the pKa of the thiol, an equal concentration of thiolate to thiol will 

persist. However, once the pKa of the cells drops below that pH, the thiolate concentration 

rises exponentially (log-dependent).  

 

 

 pH = p𝐾a +  log
[RS−]

[RSH]
     or 10(pH− p𝐾a) =  

[RS−]

RSH]
 

Scheme 3.10: Henderson-Hasselbalch equation relating thiolate concentration to thiol pKa 

at constant pH. 

For instance, Cys-SH and GSH deprotonations correlate to the second and third pKas of 

Cys-SH and GSH, respectively. According to their pKa values, 10.5 % of Cys-SH (pKa = 8.33) 

and 5.2 % of GSH (pKa = 8.66) will exist in their thiolate forms at physiological pH of 7.4.328 

Once the pKa drops below 7, the thiolate concentration dominate over that of the thiol, 

indicating a considerable increase in the system's nucleophilicity and a significant 

increase in the rate of thiolysis exchange (relative to that due to the corresponding thiol). 

However, thiolate concentration isn’t the only parameter, as then reactivity should rise 

exponentially with a lowering of thiol pKa.  

The second parameter is thiolate nucleophilicity, which can be understood through 

Frontier Molecular Orbital theory. Nucleophilicity, a kinetic term in organic chemistry, 

indicates reaction rates. Thiolates are more nucleophilic than alkoxides with soft carbon 

electrophiles, resulting in higher reaction rates. Within a chemotype like thiolate, 

nucleophilicity varies based on stability, influenced by the pKa of the conjugate acid. 

According to HSAB theory, thiolates are soft nucleophiles with high-lying HOMOs that 

overlap well with low-lying LUMOs, such as C-Br/I bonds. The Klopman-Salem equation 

explains that this overlap lowers activation energy, speeding up the reaction. 
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However, as the HOMO energy drops, (which is the case when lowering the thiol pKa, 

resulting in a more acidic thiol with a more stable conjugate base), the thiolate 

nucleophilicity reduces. Whiteside appreciated the oppositional nature of these two 

factors (thiolate concentration increasing with lowering of pKa; nucleophilicity dropping 

with reducing the pKa) in the late 1970s329 and through experimentation established that 

the thiolysis rate (of a disulfide) with a thiol as the nucleophile follows a Bell-curve 

relationship.325 Importantly, the apex of the curve was at a thiol pKa of 7, which reflects 

the quite drastic reduction in thiolate nucleophilicity due to its stability increasing with a 

lowering of pKa, Whiteside’s findings175 illustrated in Figure 3.8. Logically, one can 

anticipate a similar profile for trisulfide thiolysis with a range of protein-SH groups with 

varying pKas. 

 

Figure 3.8: Rate constant calculated as a function of thiol pKa for the thiol-GSSG exchange 
reaction at pH 7.325,330 

The reaction is reversible (although only indicated as one-way in Scheme 3.9). Certainly, 

the back reaction will be slowed if the R’SH has a pKa further away from 7 compared to 

that of the RSH. However, the position of equilibrium will depend on the normal DG 

thermodynamic difference in which the stability of the various species will need to be 

considered. Overall, the pKas of the two thiols feature prominently since this influence 

both nucleophilicity (kinetic) and the leaving ability (both kinetic and thermodynamic for 

the equilibrium).  

In summary, the pKa of a biological thiol needs to have a pKa of around 7 for a fast thiolysis 

exchange. Cysteine residues in proteins can vary significantly, depending on their 

environment suggesting a likely selectivity in favour of residues with pKas at around 7. 
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3.8.3.2 Trisulfide Electrophilicity 

Another important parameter in the thiolysis rate is the electrophilicity of the sulfur being 

substituted. Trisulfide electrophilicity (as with thiol nucleophilicity) is a kinetic 

parameter that links to sulfur regioselectivity. The regioselectivity issue dates back to the 

studies by Hiskey and Carroll in 1961331 in which they carried out the first investigations 

into the nucleophilic cleavage of mixed disulfides RSSR’. They concluded that the 

regioselectivity was determined by the better leaving group, which in turn involved the 

thiol with the lower pKa (more stable conjugate base). We also observed this effect in 

cancer cells (Smith et al 2016). More recently, Nagy325 in 2013 and Cuevasanta et al.332 in 

2015, extrapolated Hiskey and Carroll’s concept to the nucleophilic attack on RSSSR, 

concluding that substitution would be favoured at the SEN (terminal) sites because of the 

greater stability of the perthiolate over the thiolate (from substitution at SEC), in turn 

based on the lower pKa of the perthiol compared to that of the thiol. Therefore, exchange 

on the trisulfide is favoured on the terminal sulfur because of an enhanced electrophilicity 

compared to the central sulfur.326,328 Even in a thermodynamic and reversible scenario, 

this would still be expected to hold on thermodynamic grounds (RSS- more stable than 

RS-). In 2017, Cai et al. tackled the theoretical questions around polysulfide thiolysis by 

way of a computational calculation involving density functional theory on DATS reacting 

with cysteine (Cys-SH) and glutathione (GSH) in their anionic forms.328 They reported 

three possibilities (a-c in Scheme 3.11). Firstly, the sulfur atoms of DATS (pathways b 

and c) were found to be substantially more electrophilic towards nucleophilic attack by 

the thiolate anions than the α-carbon of the allyl groups (pathway a). The study also 

established that nucleophilic attack of the thiolate anions on the terminal sulfurs (SEN) 

of DATS (pathway c) is more favourable both kinetically and thermodynamically than on 

the central sulfur atom (SEC), resulting in the production of allylperthiol anion (AllylSS-

or ASS-) rather than allylthiolate ion (AllylS- or AS-). The three possibilities are depicted 

in Scheme 3.11.328  
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Scheme 3.11: Pathways proposed for the reactions of DATS with a thiol.328 The dashed, solid, 

and bold arrows indicate the order of likeliness, from the least to the most likely, respectively. 

Thus, following pathway c, exchange is favoured to furnish ASS- and the cysteine mixed 

allyl disulfide (RSSA). Thereafter, ASS- first undergoes proton exchange with excess Cys-

SH or GSH to afford ASSH, which is then in a more suitable electrophilic form for the 

second thiolysis with the biological thiol (now in its more nucleophilic thiolate form) to 

form H2S. Figure 3.9 shows the potential energy surfaces (PESs) of the reactions for DATS 

(pathways a-c) proceeding via pre-reaction complexes to products. The profile clearly 

identifies pathway c as having the lowest activation energy as predicted (attack at SEN) 

even though the lowest DG (highest numerical value as a negative) is from a pathway 

attacking carbon (pathway a). 
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Figure 3.9: Energy profiles for the thiolysis reactions of DATS with Cys-SH. Taken from Cai 
et al. 328 

This theoretical finding is interesting in that it supports the findings of Huang et al. 

published in Org. Lett. in 2015 (two years before the theoretical study).333 They reported 

experimentally that GSH's nucleophilic attack on DATS's allylic sulfur (here designated as 

SEN) generated GSSA and ASSH followed by H2S release, making it a rapid H2S donor. On 

the other hand, diallyl disulfide (DADS), as a poor perthiol source (via attack at DADS’s 

allyl carbon), was evaluated as an extremely poor H2S donor.  

3.8.3.3 Perthiol Electrophilicity 

Thiolysis exchange between SEN of DATS and a biological thiolate is only the first step in 

the process. In the second step, H2S is the end product. The energy profiles of the release 

of H2S by the reaction of ASSH/ASS- with Cys-SH was also explored by Cai et al. as shown 

in Figure 3.10. 
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Figure 3.10: Energy profiles for the reactions of AllylSS- with Cys-SH.328 

The profile reveals the preference for proton exchange between ASS-and CysSH 

(encouraged by relative stoichiometry) over the attack of ASS- directly on the cysteine 

methylene carbon (SH bearing) to generate HS- that way (Figure 3.10, in blue). Once the 

exchange has taken place, regioselective preference of CysS- for the non-perthiol sulfur of 

ASSH (the sulfur attached to the carbon of the allyl group) gives HS- and cysteine allyl 

disulfide (TS is 14.3 kcal/mol on Photoelectron spectroscopy, Figure 3.10, in red) over 

attack at the perthiol sulfur (terminal sulfur) as a perthiol exchange (15.3 kcal/mol, 

Figure 3.10, in black). Overall, and according to these findings, biological thiols Cys-SH 

and GSH are able to liberate H2S/HS- out of the central sulfur of DATS.328 Several studies 

have compared the relative potency of Cys-SH and GSH for releasing H2S from DATS. For 

instance, Benavides et al. demonstrated that GSH is more efficient in releasing H2S from 

DATS than Cys-SH at a physiological pH.334 According to the computational study above, 

the calculations predicted GSH to be more potent at liberating the perthiol anion ASS- in 

step 1, with Cys-SH better at liberating HS- from ASS- in step 2. The mechanism emerging 

from this work also implies that the rate of H2S release is pH sensitive.328 By comparison, 

DATTS (diallyl tetrasulfide) is significantly more complex because it has two potential 

electrophilic attack sites,239 one at each of the two terminal S–S-bonds and the other at 
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the central S–S bond. Attack by a biological thiolate on the central bond resulting in the 

production of a trisulfide (RSSSR) and a perthiolate (RSS-) appears to be favoured 

according to Munday et al.245 In contrast to this, the production of a disulfide (RSSR) and 

a trisulfide anion (RSSS-) from attack at the terminal sulfur should not be fully discounted 

at this stage. In fact, the formation of RSSS- would allow a new more complicated set of 

chemical reactions, such as S2 and reductive S2-2 release.68 In addition to the 

aforementioned exchanges, the cytotoxicity of a trisulfide links to the chemistry of the 

perthiol produced, which, in turn, may link to protein S-thiolation or ROS generation. 

These aspects will be discussed in the next section. 

3.8.4 The Chemistry of Perthiols 

A perthiol (also known as a hydropersulfide), like a thiol, is able to participate in a wide 

range of chemical reactions, including redox reactions, radical processes, catalysis, and 

metal binding.239,335 In the context of cancer biology, several studies have investigated the 

effect  of the perthiol on ROS production and H2S release.245,336 However, the exact 

mechanism by which a perthiol attenuates ROS levels is still not fully understood and 

likely involves complex interactions with various cellular components. Because this thesis 

concerns the central role of perthiol stability in the cytotoxicity of organotrisulfides, some 

of the important chemistry aspects of perthiols will be reviewed in the next section. 

3.8.4.1 Chemical Aspects of RSSH 

A perthiol is more acidic than its corresponding thiol and its SH group is softer and hence 

more nucleophilic than the corresponding thiol sulfhydryl group. It also possesses an 

electrophilic feature (at the S bonded to the R of RSSH) that thiols lack.337 In 1987, John L. 

Wood stated that a perthiol behaves like a sulfane sulfur compound with a sulfur atom 

bonded to an ionizable hydrogen.338 The bifunctional chemistry of perthiols is 

summarised in Scheme 3.12. 
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Scheme 3.12: An overview of perthiol chemical reactivity. 

In the processes outlined in Scheme 3.13, perthiols are significantly more acidic than 

their corresponding thiols, with a reduction in pKa of 1–4 units, equation b (e.g., pKa of 

GSH is 8.94, while GSSH is 5.45).339 This increased acidity is also observed in specific 

cases, such as allylmercaptan (pKa~9.9) compared to allylperthiol (pKa~8.5).340 The 

sulfane sulfur of a perthiol has a softer nucleophilically than the sulfur of a thiol due to a 

hyperconjugative a-effect in which an adjacent sulfur lone pair raises the SH (or 

perthiolate) HOMO energy (equation e). Electrophilically, unhindered perthiols prefer 

attack at the inner sulfur as described in Michael Pluths lab, to generate H2S as shown in 

equation a. However, steric hindrance in the R group of RSSH is a significant factor that 

can direct nucleophilic attack towards the outer sulfur in a transpersulfidation as a 

perthiol exchange.341 In their work, they utilized a combination of computational and 

experimental methods to demonstrate that the presence of electron-withdrawing groups 

on aryl perthiols increases the kinetic and thermodynamic preference for 

transpersulfidation. This shift in reactivity is attributed to the stabilization of the 

transition state for transpersulfidation, which is favored in sterically hindered 

environments.341 

Perthiols are modestly stable in aqueous solution while perthiolates are highly unstable, 

making them challenging as research tools.152 This is due to their nucleophilic and 
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electrophilic natures, which allow interactions between them, resulting in 

disproportionation as depicted in equation d. Acting as electrophiles, different 

compounds can be generated depending on which sulfur is attacked. The attack of the 

perthiolate on the outer sulfur of the perthiol, following proton exchange, produces a thiol 

and hydrotrisulfide anion RSSS-, the latter degrading to elemental sulfur and thiolate 

anion. Conversely, attack on the inner sulfur produces a trisulfide (this can go on to 

produce polysulfides) and H2S after protonation.342,343 A perthiol is also an efficient one-

electron reductant344 with generally a much stronger reducing ability than the 

corresponding thiol, resulting in rapid cellular SET processes. For instance, perthiolate 

can easily reduce ferric ion, manifesting as a yellow/orange to green colour change, see 

equation c. According to Fukuto et al.,345 glutathione perthiol (GSSH) has a significantly 

greater capacity to reduce ferric-cytochrome C compared to H2S and GSH. Despite recent 

research efforts to unravel many chemical aspects of perthiols, their understanding 

remains vague, and an improved understanding would facilitate the unravelling of the 

interplay between ROS, perthiols, and H2S.  

3.8.4.2 The Production of ROS from RSSH   

Reactive oxygen species, abbreviated in the literature as ROS, are chemically reactive 

molecules that contain oxygen and are produced naturally within cells during cellular 

metabolism. Examples of ROS include superoxide anion (O2-), hydrogen peroxide (H2O2), 

and hydroxyl and hydroperoxide radicals (HO• and HOO• respectively). Sulfur-containing 

compounds derived from garlic, such as DATS, have been shown to produce ROS and 

influence redox-mediated signalling pathways involved in the cell cycle, DNA repair, and 

cell death.346,347 Although there is no comprehensive mechanism explaining all facets by 

which DATS produces ROS, Saidu et al.192 in 2012 proposed a pathway depicted in 

Scheme 3.13 in which superoxide (an anion radical = O2•-) is produced in two ways. 
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Scheme 3.13: Schematic overview of redox chemistry of DATS. 

Thus, in the presence of GSH, DATS exchanges to a perthiol, which dissociates to its 

perthiolate anion. The latter can readily donate an electron to dioxygen (a diradical) to 

form superoxide ion and a perthiyl radical, the former going on to produce hydrogen 

peroxide radical via protonation or hydrogen peroxide via further reduction. The perthiyl 

radical, on the other hand, can also generate superoxide anion by first reacting with GSH 

in its anionic form to produce a trisulfide radical anion. The high redox potential of such 

a species enables the direct reduction of molecular oxygen again to produce a second 

source of superoxide anion, which can proceed to other ROS species as before.347-349 

Alternatively, the perthiyl radical may dimerizes to produce a tetrasulfide.347 It is 

important to note that ROS production from perthiols competes with H2S production, and 

the balance between the two pathways is a critical factor in the regulation of cellular redox 

balance, with significant implications for cellular signalling and homeostasis.335 The 

relative rates of perthiol-mediated ROS and H2S production in the cellular environment is 

complex and varies according to the specific conditions and the cellular context. The next 

subsection will explore the chemical relationship between perthiol and ROS, identifying 

the implications of this relationship. 
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3.8.4.3 The RSSH and ROS Biochemical Relationship 

Compared to thiols and H2S, perthiols (via their conjugate base) exhibit superior one-

electron reducing capability, in which they react with ROS to form a variety of products 

that influence biological function.350 In the study conducted by Gates et al., it was 

observed that under physiologically relevant conditions, ROS were produced due to the 

quick autooxidation of benzylperthiol (BnSSH). In this experiment, BnSSH and BnSH as 

incubated with supercoiled double-stranded plasmid DNA single-strand breaks occurred 

with BnSSH treatment but no with BnSH treatment under the same conditions. These 

results suggest that BnSSH may be a potential source of oxidative stress and DNA damage 

in biological systems.351 Another study reported under certain conditions, that 

glutathione perthiol rapidly reacted with H2O2 to produce perthiosulfenic acid 

(RSSOH).352 In 2022, P. Toscano et al.,353 suggested that RSSH scavenges ROS or activates 

endogenous antioxidant pathways, rendering it as an anti-oxidant with cytoprotective 

character. 

Although our study does not directly measure or examine the role of reactive oxygen 

species (ROS), it is important to recognize that their production and correlation with 

perthiols could provide significant insights. The interplay between perthiols and ROS, as 

suggested in various studies, impacts oxidative stress and cellular signaling pathways.  In 

conclusion, it is evident that the cytotoxicity of DATS cannot be solely attributed to 

perthiols and ROS, which is where H2S and its complex biochemistry comes into the play. 

This will be discussed in the subsequent section. 

3.8.5 The Importance of H2S 

H2S biochemistry is essential and important in the evolution of life, H2S having emerged 

as the third gaseous neurotransmitter along with carbon monoxide (CO) and nitric oxide 

(NO).354 It is now recognized that H2S, whether endogenously or exogenously produced, 

performs numerous functions in both physiological and pathophysiological 

processes355,356 in which the importance of its sulfur-containing products has lately been 

recognized in several reviews.273,337,355-357 In the following section, we will summarize the 

biologically relevant chemistry of H2S as well as its biosynthesis. 

3.8.5.1 Chemical Aspects and Background 

Hydrogen sulfide (H2S), initially discovered in 1777 by Carl Wilhelm Scheele, has long 

been considered a poisonous air pollutant with an unwanted rotten-egg odour.358,359 H2S 
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is a toxic gas, and the human nose is regarded as one of the most sensitive H2S sensors. 

Owing to the acidic character of its aqueous solutions, H2S was previously known as 

hydrosulfuric acid or sulfhydric acid; however, dihydrogen sulfide and dihydrogen sulfane 

are currently the names approved by IUPAC for H2S.356 The word "H2S" refers to the gas 

as well as the mixture of H2S and HS– (also known as bisulfide) in aqueous solution at a 

specific pH. H2S is a covalent hydride, and its structure is similar to that of water but with 

lower bond angles (93° versus 104°). The H2S molecular orbitals comprise a linear 

combination of the 1s orbitals of the two hydrogen atoms and the 3s and 3p orbitals of 

the sulfur atom.360 The HOMO orbital of HS– is higher in energy than that of H2S, revealing 

that HS– is more nucleophilic and basic than H2S, which is in line with their known 

reactivities. H2S has a modest water solubility at 25 °C,356 and its solvation is dominated 

by dispersive forces with no hydrogen bonding to water molecules in which it behaves 

more like a hydrophobic solute surrounded by hydrogen-bonded water molecules.361 

Scheme 3.14 displays the chemical reactivity and other chemical characteristics of H2S. 

 
Scheme 3.14: An overview of chemical reactivity of H2S. 

H2S is a weak diprotic acid with first and second pKas of 7.1 and 14.362 The fully 

deprotonated form as sulfide, S2-, constitutes a miniscule component at physiological pH 
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because of the high second pKa.363 Under physiological conditions (pH = 7.4), HS- and H2S 

are in rapid equilibrium, with proportions of 81 and 19%, respectively (see equation 1, 

Scheme 3.14).364 A general reaction of HS- with an electrophile (E1+ could be E1-Lg) is 

shown in equation 2 in which the homosulfide is formed via two substitutions and as such 

acts as a surrogate for a thiolate ion.356 Another example of nucleophilicity in context to 

this thesis is that HS- can react reversibly with disulfides (RSSR) to produce a perthiol and 

a thiolate ion (equation 3), which then undergoes a proton exchange due to the greater 

acidity of the perthiol over that of the thiol.365 This reaction has been termed 

sulfhydration, which has been postulated as a unique post-translational modification 

capable of transducing H2S effects.366 Similarly, the oxidation of H2S (HS- and S2-) by O2 has 

a complex stoichiometry, producing a variety of products and metastable intermediates. 

Hence, oxidised polysulfide ions S2O32-, SO3 2-, S2O62- and SO42- as well as S8 as products 

involving all of sulfur’s oxidation states can be generated,367,368 see  equation 4. On the 

other hand, H2S is known to decay in the atmosphere via single-electron oxidation 

processes to form HS2– ( = H2S2 in an acidic medium) via combination of intermediate 

HS•/S•- radicals, which in turn decomposes to generate Sn and H2S in a self-regenerative 

process.369  

However, recent research presents compelling evidence suggesting that the sulfide 

dianion (S²⁻) is essentially absent in aqueous solutions.370 This conclusion is supported 

by a range of spectroscopic techniques and reactivity analyses that challenge the 

conventional understanding of the sulfide species in water. The study indicates that under 

various conditions, particularly high concentrations of hydroxide ion, the formation of S²⁻ 

is not supported by empirical data. Instead, these findings propose that aqueous 

chemistry should pivot away from the assumption that S²⁻ exists, which has significant 

implications for the interpretation of sulfide equilibria and their broader applications in 

both environmental and industrial contexts. 

In summary, there are still several remaining questions at the molecular level regarding 

how H2S, HS-, and S2- might display a distinct chemistry and biology when surrounded by 

a pool of other thiols, some of which may be even more reactive (such as perthiols). The 

production of endogenous and exogenous H2S within living organisms will be covered in 

the following sections, starting with endogenous.  
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3.8.5.2 Endogenous Production of H2S    

H2S is synthesised endogenously either via a cellular enzymatic pathway, a non-enzymatic 

synthesis or via microbiome production.371 In vivo, generation of H2S via the enzymatic 

pathway involves the catabolism of cysteine enzymically by Cystathionine-γ-lyase (CSE), 

Cystathionine-β-synthase (CBS) and 3-Mercaptopyruvate sulfurtransferase (3-MST), 

which all utilise the reverse trans-sulfuration mechanistic pathway. 3-MST is 

predominantly found in the mitochondria and cytoplasm,372 whereas CBS and CSE are 

only found only in the cytoplasm.373 The usual cellular function of CBS is to catalyse the 

condensation of homocysteine with serine to produce cystathionine374 as depicted in 

Scheme 3.15. Thereafter, the enzyme CSE catalyses the transformation of cystathionine 

into cysteine.374 This is an important step in the biosynthesis of L-cysteine, which can then 

be employed as an H2S-producing substrate. CSE can also catalyse L-cysteine to produce 

H2S, with the by-products of pyruvate and ammonia. Alternatively, CBS converts cysteine 

into serine with H2S generation. Cysteine aminotransferase (CAT) is another enzyme that 

produces H2S by converting cysteine oxidatively to mercaptopyruvate, which is then 

transformed into H2S and pyruvate by 3-MST.375 These enzymatic conversions are 

summarised in Scheme 3.15. 
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Scheme 3.15: A diagram displaying the enzymatic and non-enzymatic biosynthesis of 
endogenous H2S in mammals.355,376 

The second mode of endogenous H2S production is via a non-enzymatic biosynthesis 

pathway and is also depicted in Scheme 3.15. Here, thiosulfate, persulfides, and 

polysulfides can be reduced to H2S in the presence of reducing agents such as NADPH and 

NADH, which are provided from phosphogluconate and glucose oxidation in glycolysis.376 

The gut microbiota is another source of H2S,377 which contributes considerably to H2S 
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homeostasis not only in the intestine but also in the plasma, tissues and organs.378 The 

mammalian microbiome controls systemic H2S bioavailability and metabolism. 

Alternatively, H2S may be introduced into the cell exogenously, which will be discussed in 

the following paragraph. 

3.8.5.3 Exogenous Production of H2S   

When a chemical H2S donor, introduced into the cell undergoes a chemical reaction to 

produce H2S, the literature refers to this as exogenously produced H2S.376 Such a 

compound could be a known to the cell, a natural product or a designed synthetic donor. 

Native compounds include the sulfide salts Na2S and NaHS, which are fast-releasing H2S-

donors, and are associated with cancer treatments.379 These salts demonstrated cytotoxic 

effects on several tumour types.380 Synthetic H2S donors are numerous and represent a 

growing field within biomedicinal applications. Some examples include the 

phosphinodithioate GYY4137, Lawessons’s reagent, and geminaldithiol TAGDD-1 all of 

which exhibit strong cytotoxic effects.381,382 Representative examples of each family are 

depicted in Figure 3.11. 

 

Figure 3.11: Native and synthesised exogenous H2S-based donors. 

The third class of compounds, and the topic of focus in this thesis, are naturally occurring 

compounds from allium vegetables. The most common pathway for H2S production from 

the natural product H2S donor DATS, involves thiolysis exchange. Another pathway from 

natural products is by raising the levels of H2S biosynthesis enzymes in tissues,383 an 

example being S-allylcysteine (SAC), a constituent of fresh garlic, which elevates CSE 
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protein expression levels in heart tissues after myocardial infarction (MI), leading to 

enhanced H2S levels in animal plasma.384 Similarly, DATS has been shown to increase the 

expression of CSE and CBS in isolated primary rat hepatic stellate,385 melanoma,386 

kidney,387 heart,388 and liver cells.389 Another member of natural H2S donors are the 

sulfur-rich isothiocyanates such as 4-methylthiobutyl isothiocyanate (erucin), allyl 

isothiocyanate (AIC), sulforaphane (SFN) and benzyl isothiocyanate (BITC) found in 

cruciferous vegetables such as broccoli, which are all cytotoxic to cancer cells. N-acetyl 

cysteine (NAC) and S-propargyl-cysteine (SPRC) are other H2S donors that have 

demonstrated cytotoxicity against a number of different cell lines.390 Figure 3.12 displays 

representative examples from this family.  

 

Figure 3.12: Natural exogenous H2S-based donors. 

Exogenously-produced H2S is used to affect cell signalling, cytoprotection, inflammation, 

metabolism, and ion channels.391,392 These H2S release mechanism of one of the synthetic 

donors TAGDD-1 is illustrated in Scheme 3.16 below. 
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Scheme 3.16: Non-enzymatic biosynthesis of exogenous H2S from TAGDD-1 in cells.  

Currently, the mechanism of action of exogenous H2S donors as cytotoxic agents is 

incompletely understood and further research is needed to evaluate their medicinal and 

biochemical aspects. The metabolism of H2S will be briefly reviewed in the next 

paragraph.  

3.8.5.4 Metabolism 

H2S is relatively short lived within the cell as it is metabolised in the mitochondria by 

rhodanese, bisulfide methyltransferase (BMT), and thiosulfate reductase (TSR) in the 

sulfide oxidation pathway,393,394 to produce thiocyanate, thiosulfate and methanethiol.336 

The latter is then transformed into dimethyl sulfide, as illustrated in Scheme 3.17.  

 

Scheme 3.17: The metabolism of H2S.395 

Thiosulfate can be converted to sulfite and then to sulfate via thiosulfate sulfurtransferase 

(TSST). In humans, sulfate is the primary end-product of hydrogen sulfide metabolism 

and eliminated in the urine252 but a free form of H2S can be stored inside the cell as bound 

sulfane sulfur for future release of H2S.396 H2S endogenous concentrations are 
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significantly influenced by the metabolic balance between its production and clearance in 

which H2S concentrations change more rapidly due to bound sulfane sulfur, which 

releases and absorbs H2S.397  

3.9 Understanding the Role of RSSH, H2S, and ROS in DATS Cytotoxicity 

This section will explore the roles of perthiols, H2S, and ROS for providing important 

insight into the mechanism of DATS-induced cancer cell death. 

3.9.1 Significance of RSSH in Inducing Cytotoxicity in Cancer 

In a biological system, perthiol provides an essential reactive sulfur species that is 

relevant to hydrogen sulfide's biological activity, including its anticancer properties. 

Scheme 3.18 presents an overview of the possible reactions of allylperthiol (ASSH) 

generated from the reaction of a biological thiol with DATS in an intracellular 

environment. In this depiction, we will use the protonated form rather than the anion 

because of its superior electrophilic nature over the perthiolate, although we appreciate 

that the latter is more reactive nucleophilically.  
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Scheme 3.18: Schematic overview of proposed biochemical activity of allylperthiols in vivo. 
Adapted from Münchberg et al. 239 

As discussed earlier in section 3.8.4.2, the production of perthiol–perthiyl-polysulfide 

radicals can lead to a pseudo-catalytic redox cycle that produces ROS which can damage 

cell membranes and proteins.239 A number of researchers, including Munday, Gates, and 

their co-workers, have interpreted this catalytic cycle as the principal explanation of 

polysulfide cytotoxicity involving compounds like DATS.245,351 Perthiol reactions are not 

restricted, though, to oxidants such as dioxygen or haemoglobin but also include metal 

binding, see Scheme 3.18, which makes them effective ligands for transition metal ions 

such as zinc, copper, and iron.239 For instance, in 1982, Sawahata and Neal demonstrated 

that benzyl perthiol inhibits hepatic cytochrome P450 while benzyl mercaptan does not. 
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They proposed that the primary reason for the cytotoxicity could be the coordination of 

the perthiol to the haem iron at the active site, among other possibilities such as cysteine 

thiolation via benzyl disulfide.398 The soft RSSH is anticipated to bind strongly to a variety 

of free and protein bound metal ions due to the perthiol’s low pKa.239 As a result, perthiols 

would be good inhibitors of copper, zinc, and iron enzymes, such as mitochondrial 

respiratory chain members, dehydrogenases, and hydrolases. Perthiols may also work as 

a ligands or at depleting the cytosolic pool of free metal ions.231 In such a way, this would 

diminish the amount of free metal ions with disruptive consequences for protein function 

pertaining to cancer cell function.239 In general, future research into enzyme inhibition by 

perthiols generated from natural polysulfides such as tri-, and tetrasulfides seems an 

appropriate topic for further investigation. Several of the bioactive properties of DATS, 

such as anti-inflammatory effects, blood pressure mediation, antibacterial capabilities 

and importantly anticancer activity overlap with the bioactivities currently attributed to 

H2S, which, of course, link to release mediated by perthiol formation.  

This mechanism is particularly relevant in the context of cancer biology. As previously 

mentioned, cancer cells, with their elevated metabolism and proliferation rates, generate 

more ROS than normal cells.399 Consequently, anticancer therapies aim to disrupt this 

redox balance by raising intracellular ROS levels, overwhelming the cell's antioxidant 

defenses and triggering apoptosis.400,401  Specifically, polysulfides (S≥2, e.g., DADS, DATS, 

DATTS) can produce ROS via GSH and single-electron transfer reactions, with ROS 

generation efficiency ranking: DATTS>DATS>DADS>DAS.245 Notably, DATS's GSH cleavage 

yields one perthiol, while DATTS produces two, likely explaining DATTS's greater 

cytotoxicity. In contrast, DADS, lacking perthiol intermediates, produces less ROS and 

H2S.402  Additionally, DATS disrupts iron homeostasis, increases Ca2+ levels, and induces 

ROS production in cancer cells, contributing to H2S-mediated apoptosis through 

mitochondrial and gene regulation pathways. 403-405 

3.9.2 Molecular Mechanisms of H2S Activity 

H2S functions in the cardiovascular, renal, neurological, and digestive systems.406-409 Many 

diseases, including metabolic and Down’s Syndrome, cardiovascular disease, 

neurodegeneration, and cancer, are associated with dysregulated H2S function.410-415 H2S 

easily passes across biological membranes leading to efficient intercellular signalling, 

which links to the high chemical reactivity of HS–.356,416 Importantly, H2S itself reacts too 



Page | 94  
 

slowly to have any biological effect,417 and its cellular concentration is low (10–30 nM) 

when compared to other thiol-based antioxidants such as glutathione (1–10 mM). 

However, free H2S occurs in thermodynamic equilibrium with a variety of different sulfur 

species, including perthiols, polysulfides, and a variety of sulfide sulfur-containing 

products and has a short half-life in most tissues, lasting only a few minutes.407 As was 

discussed previously, perthiols and polysulfides could react with GSH to produce a wide 

range of partly protonated Sn2- species.239 Given that GSH occurs in mammalian cells at 

millimolar quantities, the release of H2S from DATS and DATTS becomes viable. A full 

mechanistic understanding of the underlying chemical processes and biochemical 

mechanisms behind such activities has yet to emerge, although the interaction of HS– with 

metal ions, whether free or protein-bound, is seen to play a major role in the cascade of 

events based on the high nucleophilicity of HS–.239 Such biochemistry bears similarities to 

the chemistry of perthiolates and is summarised in Scheme 3.19.  
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Scheme 3.19: Schematic overview of proposed biochemical activity of hydrosulfide ion. 
Adapted from Münchberg et al.239 

A variety of biological responses to H2S/HS– are covered in several recent 

reviews,391,392,418  highlighting the biological significance of H2S. Firstly, it is known that 

H2S decreases the metabolic rate of mice by approximately 90% to generate a suspended 

animation-like state which protects them from lethal hypoxia.419 This is attributed to the 

hydrosulfide ion’s suppression of the iron protein cytochrome c oxidase,420 see Scheme 

3.19. In support of these findings, HS- has long been recognized to inhibit metalloenzymes 

such as carbonic anhydrase421 by functioning as a competing ligand to the zinc metal 

ion.239 It is also well established that HS- has a strong suppressive effect on monoamine 

oxidase.422 In addition, inorganic sulfide is able to exchange with disulfide bonds in 

proteins at the a-carbon to generate cysteine perthiolate ions (as shown in Scheme 3.19), 
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which promote protein post-translational modification leading to further modification, 

potentially perthiolate other SH residues in proteins.239 Protein disulfides may thus serve 

as targets for polysulfide-derived sulfur species, potentially causing cancer cell damage. 

Further possible reaction of HS- anion includes reaction with dioxygen to produce O2•– 

and H2O2 which are similar to those outlined for perthiols.239 Lastly, H2S could also 

interact with haemoglobin to form sulfhaemoglobin.  

In summary, several reviews have pointed out that H2S plays a dual role in the biology of 

cancer, promoting the growth of cancer cells on the one hand, while having cytotoxic 

effects on the other.354,355,423 Slowing cancer-cell progression can occur by either 

preventing cells from producing H2S or exposing them to exogenously supplied H2S 

donors. In terms of concentration, it has been reported that endogenous H2S or treatment 

with relatively low levels of exogenous H2S for a short time may promote or maintain the 

growth of cancer cells, whereas treatment with a relatively high concentrations of an 

exogenous H2S donor for a lengthy time has anti-cancer effects.414 This dichotomy will be 

discussed in the following sections starting with endogenous H2S.  

3.9.3 Endogenous H2S in Cancer 

Endogenous H2S is an important signalling molecule in humans and other mammals. H2S 

regulation determines the normal functioning of the cells depending on the cell type, and 

any dysregulation in endogenous H2S levels is associated with the development and 

metastasis of cancer.355,424 Numerous cancers have been identified to have high 

expression levels of the three H2S-producing enzymes CSE, CBS, and 3MST.425 This section 

will briefly discuss the ways in which endogenous H2S promotes cancer-cell growth by 

augmenting various cancer hallmarks as illustrated in Figure 3.13.  
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Figure 3.13: The potential role of endogenous H2S in cancer progression.  

Important empirical evidence is that growth of multiple cancer types has been linked to 

an increase in the concentration of H2S-producing enzymes. Conversely,  depletion of CBS 

or CSE activities inhibits tumour growth in breast, lung, prostate, and colon cancer.424 For 

instance, CBS downregulation reduced oxygen consumption and ATP production in both 

colon426 and ovarian cancer cells,427 indicating the importance of H2S in cancer 

metabolism. In addition, endogenous H2S encourages cancer cell migration and invasion 

by inducing ATP citrate lyase (ACLY) to facilitate EMT,424processes that are important in 

metastasis. In addition, several in vitro and in vivo studies have established that 

endogenous H2S acts as a pro-angiogenic factor.428 As a result of the release of endogenous 

H2S, high levels of antioxidants like GSH and thioredoxin (Trx) may be involved in the 

scavenging of ROS and RNS, providing cells with significant antioxidant protection.429 

Another aspect is that endogenous H2S facilitates mitochondrial DNA (mtDNA) repair 

through persulfidation, which helps to combat chemotherapy-induced apoptosis.430 In 

summary, several manifolds exist for cancer-cell protection by endogenous H2S that 

include apoptosis suppression, DNA repair, tumour growth promotion, cancer 

metabolism acceleration, metastasis and angiogenesis promotion. There are currently a 

few inhibitors for suppressing endogenous H2S production but these won’t be discussed 

in this thesis.424 The following section will turn towards aspects of exogenous H2S release 

for suppressing cancer-cell growth and disease progression. 
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3.9.4 Exogenous H2S Release in Cancer 

There are a number of literature articles that have investigated the role of exogenous H2S 

in tumour suppression. The aspects involve its exogenous effects on signalling pathways, 

angiogenesis, autophagy, proliferation, apoptosis and cell cycle. Treatment with an H2S 

donor such as NaSH inhibits the migration, proliferation, and division of human 

hepatocellular carcinoma cells by blocking the PI3K/AKT/mTOR signalling pathway and 

inducing cell autophagy.431 Exogenous H2S is a  gasotransmitter that regulates 

angiogenesis both in vitro and in vivo under physiological and ischaemic conditions.432 At 

high concentrations, exogenous H2S has been shown inhibit angiogensis.355 For example, 

exogenously applied high concentrations of NaHS suppresses angiogenesis. Exogenously 

applied H2S has also been found to induce a form of autophagy which leads to cell death 

in cancer cells.433 

Exogenous H2S can also target signalling pathways associated with proliferation.354,434 For 

instance, DATS treatment reduces cell viability and proliferation in osteosarcoma,296 

glioma,275 and gastric cancer435 by activating MAPK and suppressing PI3K/AKT cascades. 

Elevated ROS levels from exogenous H2S disrupts Ca2+ homeostasis, resulting in increased 

expression of p21 and p27,436 which can cause cell-cycle arrest. 

While several studies have explored the role of exogenous H₂S in tumor suppression, the 

evidence remains limited and somewhat inconsistent. The available results suggest that 

exogenous H₂S can affect various cellular pathways and processes such as angiogenesis, 

autophagy, proliferation, and apoptosis. However, these effects are highly dependent on 

the concentration of H₂S, the type of cancer cells, and the specific conditions of each study. 

Therefore, more comprehensive and well-designed studies are required to better 

understand the role of exogenous H₂S in cancer and to conclusively determine whether it 

is beneficial or detrimental in the context of cancer therapy. 

DATS has been shown to cause cell death in many cancer types by enhancing 

mitochondria-mediated DNA damage and by controlling the signalling pathways.240,355 

Figure 3.14 shows the various proposed effects by H2S on the mitochondria. 
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Figure 3.14: Mitochondrial cytotoxicity modes of action promoted by exogenous H2S. Taken 
form Khattak et al. 355 

It has been shown that cytochrome c oxidase is inhibited by H2S, which results in less 

efficient ATP synthesis. Furthermore, ROS are caused by reduced glutathione depletion355 

and high intracellular ROS levels make exogenous H2S more likely to cause DNA damage, 

as well as protein and lipid persulfidation. These H2S-induced processes may lead to 

apoptosis.355  

In summary, H2S may exert its anticancer effects through various mechanisms, such as 

inducing intracellular acidification, causing cell cycle arrest, and inhibiting cell survival 

signalling pathways to promote apoptosis although the evidence for these hypotheses is 

not overwhelming and there are more papers reporting the pro-survival effects of H2S 

than the pro-death effects (which is of relevance to cancer treatment). Both exogenous 

H2S (via H2S donors) and H2S biosynthesis inhibition can have therapeutic effects as 

described in Figure 3.15. Thus, low levels of endogenous H2S produced by CBS, CSE, 

and/or 3-MST, have been shown to be beneficial for tumour angiogenesis and growth as 

depicted by the green arrow. However, inhibitors of H2S synthesis enzymes or exogenous 

administration H2S donors may inhibit cancer growth, although there is mixed evidence 

for this.423,437  
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Figure 3.15: Mechanisms underlying the cancer promoting and inhibiting model developed 
by Hellmich et al.382 

Thus, it is therapeutically beneficial to inhibit the endogenously produced in green 

pathway ①, Or to activate the red pathway ② by enhancing the concentration of 

exogenous H2S.382 Hence, H2S donor compounds such as DATS may have an anti-cancer 

impact via endogenous H2S production.438 This model has stimulated research into agents 

that offer a slow release of H2S as an anti-tumour medicine.  

Overview of Literature Understanding – the Gaps and the Objectives of 
this PhD  

Chapter Three of this thesis focuses on the cancer biology of organosulfur compounds 

(OSCs), with a particular focus on DATS as the prototypical garlic-derived 

organotrisulfide. As alluded to in the Chapter, more research is required to elucidate a 

better understanding between the role players of perthiol, ROS and H2S from trisulfides.  

Hence, to this end, the thesis is divided into the following objectives: 

(i) To develop a new synthesis methodology for easy access to a range of homo- 

and heterotrisulfides for cytotoxicity structure-activity relationship (SAR) 

purposes in cancer cell lines. 
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(ii) To investigate the trisulfide mechanism of action for inducing cytotoxicity in 

cancer cells, with a focus on the effect and inter-relationship of H2S and 

perthiol. The study includes in vitro experiments, SAR analysis, and fluorescent 

studies for studying the H2S/perthiol relationship. 
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CHAPTER 4: Development of New Methodology for 

Unsymmetrical Organotrisulfide Synthesis 

4.1 Overview on Unsymmetrical Organotrisulfide Methodologies 

Following the literature review in Chapter Two, it was noted that most current 

methodologies for synthesizing unsymmetrical trisulfides suffer from notable limitations 

that include the use of highly toxic reagents and harsh reaction conditions, which renders 

them environmentally unfriendly and hence unsustainable long term. Moreover, only a 

limited number of these approaches qualify as a one-pot transformation with green 

features that can access unsymmetrical trisulfides. Based on this, it was decided to focus 

our efforts on developing a new methodology based on either a [1 + 2] or a [2 + 1] 

protocol. Recent successful methodologies of this type are summarized in Scheme 4.1. 

 

Scheme 4.1: A Summary of [1 + 2] and [2 + 1] methodologies for unsymmetrical trisulfide 

synthesis. 

For the [1 + 2] methods, using an RSSLg species offers the advantage of utilizing a thiol as 

the nucleophile, with several leaving groups explored for the electrophilic disulfanyl 

partner such as thiocarbonate,115 phthalimido,128 and chloride,126 as reported in Chapter 

Two. Recent research by Xu employs sulfenylthiosulfonate (with only t-butyl used as the 

R group of the RSSTs) as an electrophilic sulfur source in a [1 + 2] approach. However, it 

is worth noting that sulfenylthiotosylates RSSTs are generally unstable140 and tend to 

expel S in polar solvents (presumably t-butyl as the R group retards this). Similarly, Jiang's 
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method utilizes methoxy as a leaving group for the two-sulfur electrophile, but a catalyst 

is required for S-S coupling.1 

Moving onto the [2 + 1] approach, Xian145 demonstrated that 9-fluorenylmethyl disulfides 

could serve as suitable surrogates for hydrodisulfide production under base-mediated 

elimination conditions (DBU) at room temperature. This nucleophilic species could then 

be coupled with an electrophilic sulfur source to yield organotrisulfide. On the other hand, 

Witt139 and colleagues demonstrated that a perthiolate RSS- could be generated in situ 

from the corresponding disulfanyl acetate using methoxide ion and reacted with a novel 

sulfanyl-2-thioxo-1,3,2-dioxaphosphorinane S-electrophile to produce unsymmetrical 

organotrisulfides. 

Overall, several challenges still exist in terms of achieving high product purity and 

reaction scope. Moreover, all of the methods shown in Scheme 4.1 still rely on harsh 

reagents such as Br2 and SOCl2135,139 to prepare the various intermediates135 as well as 

sometimes long sequences to arrive at the precursor for coupling145,439 or involve 

catalysts to promote coupling.1 Finally,  none of the methods say very much about 

accessing aromatic-aromatic trisulfides as the most difficult class of organotrisulfides to 

produce. What follows is a description of our quest to develop a new unsymmetrical 

trisulfide methodology addressing these shortcomings. 

4.2 Establishing a Prototype 

We began by choosing to pursue a [1 + 2] protocol involving a thiol (or thiolate) as the 

nucleophile and an RSSLg species as the electrophilic partner. In part, this was to avoid 

proceeding via the perthiolate species (RSS-) in the [2 + 1] equivalent. Also, our choice 

was inspired by previous work440 from the group on unsymmetrical disulfide production 

involving BtCl as the oxidant as shown in Scheme 4.2, which proceeds via a less reactive 

(than RSCl) RSBt intermediate that minimizes homodisulfide formation. 

 

Scheme 4.2: UCT heterodisulfide synthesis methodology.440 

Our thinking was that perhaps we could extend the BtCl chemistry to generating RSSBt as 

a novel S2 electrophile via reaction of a perthiol, RSSH, with BtCl. In the event, however, 
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reaction of BnSSAc with BtCl in the presence of NaOMe (to deprotect the disulfanyl acetate 

to the perthiolate) at -78 °C in THF, while providing TLC evidence for formation of BnSSBt 

as a TLC spot close (above) to BnSBt as a reference standard, also revealed partial loss of 

sulfur to form BnSBt as the reaction with BuSH as R2SH in Scheme 4.2 proceeded. This 

was confirmed by work-up and chromatography to produce a mixture of di- and 

trisulfides as judged by 1H NMR spectroscopy in which BnSSSBu and BnSSBu could be 

differentiated by virtue of differing benzylic methylene 1H NMR chemical shifts for di and 

trisulfide (2.66 and 2.87 ppm triplet in CDCl3, respectively).   

Thus, we turned attention to the [2 + 1] protocol involving a perthiolate or its equivalent. 

At this point, we were given hope by Witt’s work in which methoxide had been used in 

situ (see Scheme 4.1 for details) and wondered if this could be transposed into an in-situ 

method involving the reaction of a disulfanyl acetate (RSSAc) with a thiotosylate at low 

temperature (Scheme 4.3), each of the reactants readily accessible via standard methods. 

 

Scheme 4.3: UCT heterotrisulfide synthesis methodology. 

We chose RSTs as a reliable soft and stable S1 source owing to its outstanding handling 

properties and facile access. For aliphatic R groups, production via alkyl halide 

substitution with commercially available sodium thiotosylate, the latter also accessible 

via reaction of sulfur with commercially available sodium p-tolylsulfinate salt in pyridine 

was used.441-443 For aromatic R groups (not amenable to SN2 substitution), reaction of the 

disulfide with iodine and sodium benzenesulfinate444,445 could be used as shown in 

Scheme 4.4.  
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Scheme 4.4: Synthesis of RSTs. 

Similarly, the disulfanyl acetate could be easily obtained via reaction of a thiotosylate 

(both aromatic and aliphatic) with potassium thioacetate (KSAc),141 as depicted in 

Scheme 4.5. Hence, both reactants were envisaged as being sourced from RSTs, the latter 

accessed in a relatively green manner using the chemistry depicted in Scheme 4.4. 

 

Scheme 4.5: Synthesis of RSSAc. 

For the first trisulfide experiment, we decided to use the disulfanyl acetate as limiting 

with RSTs in slight excess (1.2 eq) in THF at – 78 °C, both reactants together in the flask. 

Then, once the temperature had equilibrated, NaOMe (1 eq as reagent for acetate 

deprotection and made up fresh from Na and dry MeOH) as a solution in dry methanol 

would be added slowly via syringe. We were aware of time being a crucial factor and 

decided to use TLC to follow the reaction. Our choice of R groups for R1SSSR formation 

was based on several factors. Initially, PhSTs was selected as a starting material owing to 

its ready availability and strong UV activity for TLC purposes. For the disulfanyl R1 group, 

a hexyl group was chosen as a typical aliphatic representative for which 1H NMR a-

methylene (attached to sulfur) chemical shifts for both disulfide and trisulfide were 

known.139 The reaction is shown in Scheme 4.6 below. 
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Scheme 4.6: Synthesis of HexSSSPh, 61.  

In the event, the reaction was allowed to proceed for 10 minutes as a pilot run before 

quenching with ammonium chloride. Extraction followed by chromatography gave a 

product containing two closely running spots that couldn’t be separated using the non-

polar mobile phase of hexane with a small percentage of ethyl acetate. The yield was 

around 60% based on the trisulfide, and 1H NMR analysis returned a ratio of 65:35 for the 

tri- and di-sulfides based on the known chemical shifts of the methylene hydrogens 

attached to sulfur of 2.66 and 2.87 ppm for disulfide and trisulfide, respectively.139 Our 

first thought was that the disulfanyl anion had desulfurized to the thiolate (HexS-), which 

didn’t look good for our new method as it implied a competition between perthiolate 

sulfenylation and desulfurisation. However, we then realized that the phenyl group might 

also be labilising the S-S bond towards exchange reactions, leading to the disulfide 

ultimately (although the sequence of events involved was not clear). Thus, it was decided 

to change the thiotosylate R group to allyl, still maintaining a high sulfenyl electrophilicity, 

but with a methylene group separating the sulfur from the double bond. 

Therefore, in the next experiment, HexSSAc (1 eq) was used with allylSTs (1.2 eq), and 

sodium methoxide (1 eq) added last as before at -78 °C. The reaction time was reduced 

and stirred for 5 minutes. Upon analyzing the reaction mixture using TLC, a single less-

polar spot appeared to have formed, so the reaction was worked up with ammonium 

chloride and the product chromatographed to afford the anticipated trisulfide, 

HexSSSallyl, 62, in 92% yield. The identification and characterization of HexSSSallyl were 

facilitated using diagnostic peaks in the 1H NMR spectra. Specifically, the chemical shifts 

of the methylene protons in aliphatic and allyl groups served as reliable markers for 

trisulfide structures. According to the literature,139 the presence of methylene protons 

attached to sulfur in the trisulfide structure was indicated by chemical shifts in the range 

of 2.87-2.92 ppm (Figure 4.1). Furthermore, in line with previous findings (DATS),446 the 

chemical shifts of the methylene peak of allyl groups were observed to fall within the 

range of 3.50-3.55 ppm as doublet. This specific chemical shift range served as a 

distinguishing feature for identifying the presence of allyl groups attached to sulfur. These 
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results were summarized in Table 4.1, where a comparison with naturally occurring di- 

and tetrasulfides446 was also provided. 

Table 4.1: Literature 1H chemical shifts (ppm) for the methylene protons of the allyl group 

for DADS, DATS and DATTS 

 

 

 

 

 

 

However, we identified an impurity, as shown in Figure 4.1 of the 1H NMR spectra at 

around 2.30 ppm, and this prompted us to plan for a future study that would involve 

HPLC. The other conclusion was that the phenyl group in the earlier experiment was likely 

responsible for formation of the disulfide via an exchange process since hexyl perthiolate 

had been used in both experiments (Ph to allyl). 

 

 

Figure 4.1: 1H NMR spectrum of 3 from a 5-minute reaction time of 62. 
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At this point it was realized that the reaction was probably extremely fast, so a series of 

experiments were conducted with short time durations. The results are shown in Table 

4.2 in which yields refer to columned products and purities ascertained by C-18 reverse-

phase HPLC. 

Table 4.2: Screening of reaction time for the model study 

 
 

 

 

 

 

 

 

As seen from the results in Table 4.2, not unexpectedly, we found that the shortest time 

of 30 seconds gave the highest trisulfide purity (of 96%). However, somewhat surprising 

was that the yield stayed relatively high throughout the timeline, indicating that S-S 

exchanges weren’t operating to any great extent at this temperature, nor had the hexyl 

perthiolate desulfurized (or rearranged to other species), which was understood in terms 

of a fast S-sulfenylation. Figures 4.2 and 4.3 below show the 1H NMR spectrum and HPLC 

respectively for 62 from the 30 seconds run. 

Entry Eq. RSTs Eq. R1SSAc Eq. NaOMe Time Yield % Purity % 

1 1.2 1 1 30 sec 88 96 

2 1.2 1 1 2 min 86 95 

3 1.2 1 1 5 min 92 93 

4 1.2 1 1 30 min 87 85 
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Figure 4.2: 1H NMR spectrum of HexSSSallyl, 62, from a 30 second reaction time. 

Retention time (min) Area % 

27.84 96.24 

Figure 4.3: HPLC purity of HexSSSallyl, 62, from a 30 second reaction time. 

In addition, it is important to note that increasing the thiosulfonate to disulfanyl acetate 

ratio to 1.5:1 (as shown in Table 4.3 below), while maintaining the time and using 1 eq. 

of NaOMe, resulted in a decrease in both yield (to 80%) and purity (to 93%). Therefore, 

the optimal stoichiometry for future experiments was chosen as a 1.2:1 ratio of 

thiosulfonate to disulfanyl acetate. 
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Table 4.3: Screening of increasing thiotosylate on the reaction outcome (at -78 ºC) 

 

 

 

Similarly, it is also worth noting that using thiosulfonate as the limiting reagent and 

having a slight excess of disulfanyl acetate resulted in the formation of more by-products, 

likely due to subsequent exchange reactions involving the excess nucleophilic disulfanyl 

anion. Another intriguing finding revealed that full conversion within 5 minutes could be 

achieved with a sub-stoichiometric amount of methoxide promoter (Table 4.4 below), 

indicating that the sulfinate leaving group from the S-S coupling likely promotes acetyl 

deprotection via nucleophilic attack by the sulfur of the sulfinate ion (negatively charged, 

so relatively nucleophilic) as illustrated in Scheme 4.7. 

 

Scheme 4.7: Mechanism of the role of sulfinate ion in disulfanyl acetate deprotection. 

Table 4.4: Effect of reducing the equivalents of methoxide on the reaction outcome 

 

 

As a result of our pilot study, we felt confident of applying the optimized conditions shown 

in Scheme 4.8 below to a broader library of substrates. The results from it also suggested 

a mechanism as shown in Scheme 4.8, in which desulfurization (lower k1) is slower than 

perthiolate sulfenylation (higher k2). This was thus the major finding of the work. Also, it 

should be noted that S-sulfenylation was preferred to S-sulfonylation (via attack at the 

sulfonyl sulfur of RSTs) due to the greater softness of the sulfenyl sulfur.     

Entry Eq. R1STs Eq. RSSAc Eq. NaOMe Time Yield % Purity % 

1 1.5 1 1 30 sec 80 93 

Entry Eq. R1STs Eq. RSSAc Eq. NaOMe Time Yield % Purity % 

1 1.2 1 0.7 5 min 92 95 
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Scheme 4.8: Mechanism of our developed methodology. 

In the upcoming section, we will discuss the application of this methodology in the 

synthesis of a diverse range of trisulfide libraries, which were designed for pursuing 

chemical biology studies on the cytotoxic mode of trisulfide action towards cancer cells. 

4.3 Exploring the Scope of the Methodology 

Having established a prototype now led us to explore the influence of the various R 

groups, which were chosen based on their lipophilicity, functionality, and electronic 

properties. Establishing scope was also important for addressing a comprehensive 

structure-activity relationship (SAR) trisulfide profile later in biology. 

From a mechanistic standpoint, one had to take into account the influence of both R1 

(from the thiotosylate) and R (from the disulfanyl partner). Such groups, based on their 

influence on the reactivity of each reactant, could be classified into three main groups as: 

(i) aliphatic as a relatively non-activating or reactive group towards either the R1STs 

sulfur electrophilicity or the disulfanyl anion nucleophilicity, (ii) allyl and benzyl as 

labilising groups for the R1STs sulfur electrophilicity, and (iii) aromatic/heteroaromatic, 

comprising both electron-withdrawing and electron-donating groups as labilising for the 

R1STs sulfur electrophilicity as well as the trisulfide product regarding exchange 

reactions. Our primary objective focused on targeting heterotrisulfides, which 

automatically encompassed homotrisulfides as a subset. However, we were already aware 

that category (iii) posed a challenge based on the results for HexSSSPh, 61, in the first 

prototype reaction. Looking at the various combinations led us to conclude that nine were 
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possible as shown in Table 4.5, divided into three groups based on the reactivity 

classification above, keeping the R disulfanyl group constant for each group and varying 

the R1 group within each group (one gets the same overall library the other way round). 

From here, each group was analysed empirically.  

Table 4.5: Classification of trisulfides library based on R1 functional groups 

Entry Type (RSSSR1) 

Group (i) 

1 Aliphatic-Aliphatic 

2 Aliphatic-Allyl/Benzyl  

3 Aliphatic-Aromatic  

Group (ii) 

4 Allyl/Benzyl-Aliphatic 

5 Allyl/Benzyl-

Allyl/Benzyl 

6 Allyl/Benzyl-Aromatic 

Group (iii) 

7 Aromatic-aliphatic 

8 Aromatic-Allyl/Benzyl 

9 Aromatic-Aromatic 

 

4.3.1 Group (i) 

The first group studied was group (i) of Table 4.5, which covered three types (as entries 

in Table 4.5) of products all retaining an aliphatic R group from the disulfanyl partner 

while varying the three different R1 groups of the thiotosylate. The results of yield after 

chromatography and purity by HPLC are given in Table 4.6 corresponding to the various 

entries 1-3 in Table 3.5 using the optimal conditions as shown in the Scheme. The scale 

was on mmol. 
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Table 4.6: Library of heterotrisulfides from group (i). 

 

Entry Type R R1 Structure Yield%a Purity%b 

1 Ali-Ali n-Hex (CH2)3OH  89 98 

2 

 

Ali-All 

 

Ali-Ben 

 

n-Pr 

 

n-Hex 

 

Allyl 

 

Benzyl  

94 

86 

96 

99 

3 Ali-Aro 

Dodec 

 

n-Pr 

 

tButyl 

Ph 

 

p-F-Ph 

 

2-Pyridyl 
 

59 

56 

67 

55, 91c 

24, 94 c 

34, 87 c 

a After column chromatography. b Measured by HPLC on a C18 column. c After preparative 
chromatography. 

 

Yields and purities with both aliphatic and allyl or benzyl thiotosylates for entries 1 and 

2 were excellent, indicated that a reduction in reactivity of the thiotosylate partner in 

terms of sulfenylating electrophilicity going from allyl/benzyl to aliphatic (allyl 

contributes to positive charge stabilisation in the sulfenylation transition state) did not 

diminish the relative rates of sulfenylation vs desulfurisation detrimentally as depicted in 

Scheme 4.8. In confirming the structure of the trisulfide compounds, it was found that all 

three products were novel. However, the 1H chemical shift data for the SCH2 group aligned 

with those reported in the literature for similar structures.115,139 Importantly, an 

examination of existing literature revealed a significant and trustworthy chemical shift 

difference in the 1H NMR data for the methylene hydrogens of different types (allyl, 

benzyl, aliphatic) going from di- to tri- and tetrasulfide (the shift differences were less 

pronounced for the corresponding 13C NMR data). A summary is given in Table 4.7 below, 

showing good separation between the various classes of trisulfide. As observed, 

trisulfides from entries 1 and 2 (as 63, 45 and 64, respectively) all had their chemical 

shifts within the trisulfide range as illustrated in Table 4.7. 
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Table 4.7: Comparison of 1H NMR chemical shifts (ppm) between synthesized trisulfide 

and literature values for aliphatic, allylic, and benzylic methylene protons in di-, tri-, and 

tetrasulfides 

 

Similarly, the literature Infra-Red spectra of naturally occurring trisulfides like 

BnSSSBn448 demonstrate a distinct absorption band in the range of 470-489 cm−1 for its 

S-S stretching vibrations. This differs from the corresponding disulfide BnSSBn, whose S-

S stretching frequencies come higher up in the range 497-507 cm−1 as shown in Table 

4.8. S-C absorptions were also considered but only values for the disulfide were found (in 

the 620-730 cm-1 range). 

Table 4.8: Literature of Infrared spectroscopy absorptions for the S-S bond 

Stretch Di Tri Tetra 

S-S 497-507448 470-489448 not reported 

S-C 620-730 cm448 Not reported not reported 

 

However, the values for our compounds were generally at the upper end of this range or 

above (e.g., 788 cm-1 for 63) as shown in Table 4.9. 

Table 4.9: Infrared spectroscopy absorptions for the S-S bond of synthesised trisulfide 

Compounds 

Absorption (cm -1) of the 
library 

S-S S-C 

R of SCH2R 
Literature range of CH2(S)nCH2 

(ppm) Compounds 
δ for 

trisulfide 
(ppm) n = 2 n = 3 n = 4 

Aliphatic139 2.6-2.68 2.85-2.90 3.0-3.05 

 

2.88 

2.85 

2.83 

Allyl446 3.35-3.38 3.50-3.55 3.6-3.65  3.54 

Benzyl93,447 3.70-3.85 4.02-4.11 4.16-4.24 

 

4.10 
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 475 788 

 
476 722 

 
468 696 

 

Owing to concerns about over-relying on the NMR and IR results for the analysis 

(remember that analytical purity data had been established using reverse-phase HPLC), 

an extra structure analysis technique was used in the form of high-resolution mass 

spectrometry (HRMS). Initially, we were concerned about instability of the S-S-S moiety 

during ionization, but ultimately, an atmospheric solids analysis probe (ASAP+) gave a 

successful mass determination. The close agreement (well within the 25 mass units 

within 10,000) between the calculated and measured masses strongly supported the 

successful synthesis of the trisulfide compounds based on their [M + 1] + peaks as shown 

in Table 4.10.  

Table 4.10: High-resolution mass spectrum fragments 

  Compound [M+H] + obtained [M+H] + calc. 

 240.0677 240.0676 

 

181.0186 

273.0793 

181.0179 

273.0805 

 

Entry 3 within Group (i) involved one aromatic or heteroaromatic R group from RSTs, 

while keeping an aliphatic R group for the disulfanyl anion (with variations up to t-butyl) 

in which R was chosen as phenyl, p-fluorophenyl and 2-pyridyl as having an increasing 

degree of electron-withdrawal. The yields and purities obtained were given in Table 4.6 

before (recap below). 

Table 4.11: Third class of hetero trisulfides from group (i) 

Entry Type R R1 Structure Yield%a Purity%b 
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3 

 

 

Ali-
Arom 

 

Dodec 

 

n-Pr 

 
tButyl 

 

Ph 

 

p-F-Ph 

 

2Pyridyl 

 

59 

56 

67 

55, 91c 

22, 94c 

34, 87 c 

a After column chromatography. b Measured by HPLC on a C18 column. C after plate chromatography 

As seen above, the yields ranged from 56% to 67% as significantly lower than before and 

also with significantly lower purities (22-55%) for the column chromatography products 

(as a single spot). Interestingly, the compounds on purification via plate chromatography 

gave high purities (in red in Table 4.11), indicating them to be stable towards the silica 

gel. Thus, it could be concluded that that the low purities after column chromatography 

were due to polysulfide by-products formed during the reaction – see the HPLC section 

for discussion. For characterisation, as before, the methylene chemical shifts for 65 and 

66 in their 1H NMR spectra (2.81 ppm for 65 and 2.82 ppm for 66) were found to fall well 

within the aliphatic range of 2.85-2.90 (see Table 4.7). By comparison, compound 67 

containing a t-butyl group, presented a more challenging scenario. The t-butyl peak in the 

1H NMR spectrum appeared at 1.41 ppm, which matched the range reported in the 

literature for trisulfides at 1.37-1.42 ppm135 compared to disulfides at 1.31-1.34 ppm, but 

the difference was much smaller than the other ranges.135,440  

In addition, distinctive peaks were observed in the IR spectra of 65, 66 and 67 at 470 cm-

1, 473 cm-1, and 476 cm-1, respectively, which were in line with the trisulfide range as seen 

in Table 4.8. These data together with satisfactory HRMS data are shown in Table 4.12, 

all giving us confidence that the trisulfide entity in each case had been synthesised. HRMS 

data was not collected for the t-butyl derivative in view of its low purity (34% by HPLC). 

Table 4.12: Characterization data: supporting trisulfides formation 

RSSSR1 1H NMR IR 
HRMS for [M+H] + 

experimental calculated 

 
2.82 470 365.1399 365.1407 
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2.81 473 234.0007 234.0010 

 

1.41 476 Not measured Not 
measured 

 

The HPLC data for 65-67 gave further encouragement for trisulfide synthesis as well as 

providing some important insights into the chemistry of these compounds. Each 

compound will be considered in turn, starting with the dodecyl phenyl trisulfide 

(DodecSSSPh) product, 65, whose HPLC trace is shown in Figure 4.4 below. It is 

important to highlight that the HPLC analysis throughout this thesis was conducted using 

reverse-phase HPLC in which separation was achieved through an isocratic solvent 

elution consisting of 70% acetonitrile (ACN) and 30% water, with a constant solvent 

composition throughout the analysis. Furthermore, apart from the aromatic ring in these 

compounds, UV-detection was also provided by the SSS chromophore, so homosulfides 

with R = dodecyl could also be picked up on the trace.  

 

 

 

 

 

 

Figure 4.4: HPLC purity of 65 purified with column chromatography. 

The HPLC trace as shown in Figure 4.4 above revealed five components in the single spot 

that eluted off the column. Subjecting a sample of it to plate chromatography improved 

the purity to 91% (in red in Table 4.11) as shown by its HPLC trace shown in Figure 4.5 

Retention time (min) Height Area % 

5.19 4.54 7.34 

8.6 21.3 13.02 

12.8 61.6 55.18 

18.3 6.95 11.46 

19.9 7.23 11.27 
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below, revealing that the peak at 12.8 mins of the mixture was indeed the trisulfide, 

DodecSSSPh (seen as the major component in the 1H NMR spectrum too).  

 

 

 

 

 

Figure 4.5: HPLC trace of purified 65. 

That left assignment of the other four components. The first rationale brought to bear was 

that entries 1 and 2 from group (i), also involving an aliphatic disulfanyl anion (RSS-) as 

with entries 3 involving an aromatic/heteroaromatic group (from R1STs), had returned 

extremely high purities of > 96% (Table 4.6) by HPLC of the single spot off the column. 

This was extremely important because it allowed desulfurization of the aliphatic 

disulfanyl anion being a contributory factor to by-product formation to be eliminated. 

This left the cause of by-product formation to be due to the presence of an aromatic group 

in the trisulfide product in which S-S exchanges would be driven by the stability of any 

aryl- or heteroarylthio group as a leaving group. Putting all this together led to the 

following mechanistic interpretation shown in Scheme 4.9 for primary and secondary 

product formation. 

 

Scheme 4.9: Mechanism of primary and secondary product formation in reaction of 65. 

Retention time (min) Height Area % 

8.5 101 1.5 

12.8 412.0 91.2 

19.4 153.8 2.3 
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Hence, the second HPLC peak assigned was for the dodecyl homotetrasulfide, eluting at 

18.3 mins (11.5% peak area). The relatively large difference in retention time going from 

the heterotrisulfide to the homotetrasulfide was due to a decrease in polarity exchanging 

phenyl for dodecyl as well as the addition of an extra sulfur. That left the peak at 19.9 mins 

with the longest retention time and the two peaks with short retention times. Given that 

retention times increased with the number of sulfurs due to being reverse phase, the 

former (long retention time) was assigned as the aliphatic homopentasulfide while the 

former two both as disulfides, with the most polar 5.2 mins component assigned as 

diphenyl disulfide. A possible mechanistic rationalization of tertiary product formation is 

shown in Scheme 4.10.  

 

Scheme 4.10: Tertiary product formation for 65. 

Clearly, a more exhaustive analysis could have been carried out bringing in mass 

spectrometry (LCMS) to verify product structures. Nevertheless, the use of polarity on the 

reverse phase as indicator in conjunction with mechanistic considerations provided a 

fairly comprehensive picture of the likely ongoings during the 30 seconds reaction time.  

In a similar fashion, the HPLC data for the second compound, 66 for p-FPhSSSPr, which 

was isolated by column chromatography as a single spot provided additional 

understandings into the exchange mechanisms. The HPLC trace for 66, obtained using an 

isocratic solvent elution of 70% acetonitrile (ACN) and 30% water as for 65, is depicted 

in Figure 4.6 below, revealing four main components. 



Page | 120  
 

 

 

 

 

 

Figure 4.6: HPLC purity of 66 purified with column chromatography. 

As before with 65, plate chromatography (its HPLC is shown in Figure 4.7) identified (by 

1H NMR and mass spectrometry) the trisulfide 66, p-FPhSSSPr, as the 12.2 mins 

component, with a slightly lower HPLC retention time compared to that of 65 (12.8 mins) 

due to the presence of the fluorine.  

 

 

 

 

 

Figure 4.7: HPLC trace of purified 66. 

Retention time (min) Height Area % 

8.2 369.5 38.1 

12.2 179.4 23.9 

18.7 69.1 4.85 

24.7 111.6 32.3 

Retention time (min) Area (mAU’s) Area % 

5.3 15.2 0.5 

12.14 2659.4 94 

18.2 30 3.5 
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However, what was noticeable from the trace was that the more polar component in the 

disulfide region was the dominant product at 38% (8.3 mins). By analogy to the trace for 

66, this component could be assigned as p-FPhSSPr. It was at this point that a second 

mechanistic idea emerged – that this disulfide could originate from the desired trisulfide 

via either a desulfurisation or an exchange with the perthiolate. Such mechanisms would 

take advantage of the fluorinated ring’s ability to stabilise negative charge (Meisenheimer 

SNAr type), with entropic release of sulfur as a major thermodynamic driver. The 

mechanisms are shown in Scheme 4.11. Given that the neutral trisulfide is relatively 

stable, we concluded that the perthiolate anion exchange is the one occurring. 

 

Scheme 4.11: Exchange mechanism for disulfide formation for 66. 

In retrospect, it was realized that the disulfide PhSSDodec from 65 could also have arisen 

via the same exchange mechanism in which both para-carbon electrophilicity and 

stabilization of the negative charge in the Meisenheimer complex would have been lower 

(no fluorine). This would then account for the lower percentage of disulfide observed 

(13% at 8.6 mins).  
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The less polar (reverse phase) components eluting at 18.7 mins (5%) and 24.7 mins 

(32%) in 66 could be assigned as higher polysulfides, with the 18.7 mins component as 

the tetrasulfide (PrSSSSPr) in keeping with assignments made for 65 and formed via 

exchange involving the disulfanyl anion on the trisulfide. The 24.7-minute component 

suggested a much higher polysulfide such as a hexasulfide in view of its retention time, 

which invited the possibility of S-S (thiolysis) exchanges involving a polysulfide anion 

formed from disproportionation of the trisulfanyl anion from the disulfide reaction from 

Scheme 4.11. Scheme 4.12 depicts these ideas. 

 

Scheme 4.12: Disproportionation of 66 to higher polysulfides. 

The final aromatic case was the pyridyl t-butyl trisulfide target, 67, made using t-butyl 

disulfanyl acetate and 2-pyridyl thiotosylate. The t-butyl disulfanyl acetate, 70, was 

prepared using the “aromatic” method from t-butyl thiol, which was oxidized to the 

disulfide, 68 and reacted with iodine and sodium benzenesulfinate followed by reaction 

with potassium thioacetate. Meanwhile, 2-pyridyl thiotosylate, 72, was produced via a 

similar procedure using the commercially available 2,2’-dipyridyl disulfide (aldrithiol-2), 

71, under the same conditions. Both preparation steps are depicted in Scheme 4.13 

below. 
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Scheme 4.13: Synthesis of RSSAc and RSTs of 67. 

As before, a reaction was carried out at -78 °C for 30 secs and the major product isolated 

via column chromatography following a conventional extractive work-up to produce the 

HPLC trace shown in Figure 4.8, revealing two major components eluting at 5.8- and 8.8-

mins accounting for more than 90% of the material.  

  

 

 

 

 

 

Figure 4.8: HPLC purity of 67 purified with column chromatography. 

After preparative TLC analysis, the compound 67 eluting at 8.8 minutes (with a purity of 

87) as shown in Figure 4.9 was shown by spectroscopic analysis discussed on page 116 

to be the desired trisulfide. The faster eluting component at 5.8 mins was assigned as t-

butyl 2-pyridyl disulfide rather than di-t-butyl disulfide because of the polarity on TLC, 

and the three-minute difference between them was consistent with loss of a sulfur 

(making it more polar) in keeping with data from 65 and 66. 

 

 

Retention time (min) Area (mAU’s) Area % 

4.1 316.5 2.68 

5.8 716.6 58.6 

7.0 65.6 2.02 

8.8 3986.6 33.8 
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Figure 4.9: HPLC purity of 67 after preparative chromatography. 

4.3.2 Group (ii) 

Building upon the classifications in Table 4.5, we next studied Group (ii), keeping the 

disulfanyl R group as allyl or benzyl and varying the R1 group as before from aliphatic to 

allyl/benzyl, propargyl and finally aromatic. In this part of the work, we also sought to 

explore functionality in the R1 group using cysteine and sugar-based starting materials 

because of their relevance to the biology. The structures and results are shown in Table 

4.13. As before, yields were based on column chromatography only without resorting to 

using preparative TLC. The purities were obtained from reverse-phase HPLC.  

Table 4.13: Functional groups explored in aliphatic compounds 

 

Retention time (min) Area (mAU’s) Area % 

5.8 27.3 2.11 

6.4 472 6.7 

8.8 6185.1 87.3 

13.2 179.7 2.54 

Entry Type R R1 Structure Yield%a Purity%b 

 

 

 

4 

 
Allyl-Ali 
 
 
 
 
 
Progyl-
Ali 

n-Allyl 

 

 

 

Proparg 

 

n-Dodec 
 

 

97 

 

63 

 

52 

 

98 

 

84 

 

96 

 

5 

 

All-Ben 

 

 

Ben-Ben 

   

 n-Allyl 

 

 

Benzyl 

 

Benzyl 

 

 

Benzyl  

 

76 

 

89 

 

91 

 

95 
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a After column chromatography. b Measured by HPLC on a C18 column. 

We will start with the entries in 4 involving an allyl R group and an aliphatic R1 group to 

give the same type of target trisulfide as those in entry 2 from group (i) (aliphatic - allyl). 

Target 73 was chosen based on having R1 as the S-thiotosylate of cysteine, 79, protected 

as its N-Boc and methyl ester. The thiotosylate is novel and its synthesis is shown in 

Scheme 4.14 below using the tolylsulfinate disulfide (cystine) cleavage method. 

 

Scheme 4.14: Synthesis of CysSTs N-Boc, Me ester, 79. 

By comparison, the mannose S-thiotosylate, 86, synthesis for trisulfide 74 was a lot 

longer, involving six steps using the SN2 substitution method with thiotosylate salt for 

thiotosylate formation. The required 6-iodide could be accessed using a literature 

sequence449 as shown in Scheme 4.15. All synthesized compounds gave satisfactory NMR 

and HRMS data in accordance with literature data.449,450 

Scheme 4.15: Synthesis of mann-STs, 86. 

Thereafter, each S-thiotosylate was used in slight excess (1.2 eq) under the standard 

conditions (30 sec run for each) with allyl disulfanyl anion in each case to generate the 

6 

 
Allyl-
Arom 

 

n-Allyl p-OMe-Ph 

 

 

64 97 
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trisulfide product after chromatography in 97 and 63% yield for 73 and 74, respectively. 

In the Mannose case, despite achieving a full conversion of the limiting reagent, the yield 

was lower than expected, likely due to the small-scale reaction employed. Compounds 73 

and 74 were new compounds for which the S-allyl methylene for each fell in the range 

expected for a trisulfide (3.52 ppm vs 3.36 ppm for a disulfide – see Table 4.1). Similarly, 

both 1H and 13C NMR data correlated for a trisulfide based on trends observed thus far. 

Finally, HRMS data as shown in Table 4.14 gave definitive support for our trisulfide 

structures. 

Table 4.14: Characterization data of compound 73 and 74 

RSSSR1 
1H NMR IR 

S-S 

HRMS [M+H] +  

-SCH2 -SCH2 calc. obtained  

 

3.50 3.33 481 354.0869 354.0867 

 

3.49 3.42 477 585.1813 585.1803 

 

Finally, regarding purity, while cysteine derivative 73 returned an excellent single peak at 

a 98% purity, the mannose derivative, 74, showed small slower eluting peaks as shown 

in the HPLC trace shown in Figure 4.10 in a purity of 84%. This profile is reminiscent of 

the earlier aromatic-aliphatic trisulfides, suggesting some exchange reactions to furnish 

less polar homopolysulfides, possibly driven by steric strain release in the sugar. 

 

Retention time (min) Area  Area % 

1.81 17.2 2.38 

8.51 11.7 1.02 
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20.1 961.2 84.1 

29.9 32.4 4.83 

33.0 29.2 4.56 

Figure 4.10: HPLC purity of 74 purified with column chromatography. 

Within the allyl-aliphatic variants, it was decided to extend the group for R to a propargyl 

as shown in 75 involving propargyl and dodecyl for the trisulfide groups, which was 

obtained in 52% yield and 96% purity, the lower yield probably reflecting the greater 

reactivity of the propargyl disulfanyl anion. Propargyl disulfanyl acetate, 88, was 

synthesised by reacting propargyl bromide with the thiotosylate salt as shown in Scheme 

4.16. This new compound, along with dodecyl thiotosylate, was thoroughly 

characterized.451 

 

Scheme 4.16: Synthesis of propargyl disulfanyl acetate, 88. 

Characterisation data for trisulfide product 75 as shown in Table 4.15 supported 

trisulfide formation. Noticeably, the propargyl S-methylene was even more downfield 

compared to the equivalent allyl case (about 0.1 ppm) and ~ 0.7 ppm compared to an 

aliphatic methylene in keeping with the greater deshielding effect of the triple bond. 

Table 4.15: Characterization data of compound 75 

 

In summary for entry 4, switching the groups round from entry 2 from an aliphatic 

disulfanyl anion / allyl/benzyl thiotosylate to an allyl disulfanyl anion and an aliphatic 

thiotosylate, perhaps unsurprisingly, gave a similar outcome.  

Moving on to entry 5 involving the coupling of allyl with benzyl, we anticipated a routine 

set of coupling results, which was indeed what was observed. The allyl benzyl trisulfide 

76 was, perhaps surprisingly a new compound and fully characterised (see Table 4.16), 

RSSSR1 
1H NMR IR 

S-S 

HRMS [M+H] +  

-SCH2 -SCH2 calc. obtained  

 
3.62 2.91 477 305.1431 305.1429 
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while the homotrisulfide 54 (dibenzyl trisulfide) was a known compound, with the 1H 

NMR methylene chemical shift agreeing with known data (see Table 4.7). Interestingly, 

the methylene chemical shifts were almost 0.5 ppm downfield going from allyl to benzyl 

(Table 4.7).  

Table 4.16: Characterization data of compound 76 and 54 

RSSSR1 
1H NMR IR HRMS [M+H] + 

-SCH2 -SCH2 calc. obtained  

 

3.45 4.10 469 228.0114 228.0100 

 
4.02 462 known1 Not 

measured 

 

Finally, in entry 6 as the third and final variant of Group (ii), the R1 group was chosen as 

an aromatic in the form of p-methoxyphenyl. One will recall that the aliphatic-aromatic 

category from Group (i) (entry 3) had given issues with SNAr product exchange reactions 

onto the aromatic ring, so we were interested to see what would happen now changing 

the disulfanyl partner from aliphatic to allyl. 

Compound 77 (see Table 4.13) represented a new compound according to the Scifinder 

database. While its yield, as perhaps expected, was modest at 64%, notably, the HPLC 

purity was 97% as shown by the trace in Figure 4.11 below. Importantly, this result 

supported conclusions reached on entries 3 in Group (i) in that the SNAr exchange 

involving the disulfanyl anion onto the ipso aromatic carbon of the trisulfide is 

presumably disfavoured by the electron-donating p-methoxy group. Moreover, allyl 

disulfanyl anion was certainly not expected to have a reduced nucleophilicity compared 

to a saturated counterpart. 
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Retention time (min) Area  Area % 

8.20 3785.6 97.1 

12.2 602.5 1.15 

Figure 4.11: HPLC purity of 77 purified with column chromatograph. 

For characterisation, while the methylene chemical shift for the S-allyl methylene was a 

tad low for a trisulfide at 3.43 ppm, the HRMS confirmed the structure, as demonstrated 

in Table 4.17. 

Table 4.17: Characterization data of compound 77 

RSSSR1 1H NMR 
IR 

S-S 

HRMS [M+H] + 

calc. obtained 

 

3.43 467 245.0100 245.0129 

 

In this upcoming section, we will conclude using an aromatic disulfanyl anion. 

4.3.3 Group (iii) 

The final Group (iii) involved having the disulfanyl anion bearing an aromatic R group. 

Here, given our previous experiences with the aliphatic-aromatic results in entry 3 of 

Group (i), it was of interest to investigate how altering substitution within the aromatic R 

group impacted the stability and performance of the disulfanyl anion, as well as the 

product(s) outcome. Naturally, some of these couplings gave the same types of products 

described in groups (i) and (ii). The structures and results are displayed in Table 4.18. 

Table 4.18: Functional groups explored in aromatic compounds 

 

 

Entry Type R R1 Structure Yield% a Purity %b 

7 Arom-Ali 

 

p-Tolyl 

 

  

70 97 
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aAfter column chromatography. bMeasured by HPLC on a C18 column. cAfter preparative 
chromatography. 

Entry 7 marks the beginning of our exploration involving tolyldisulfanyl acetate, which 

was difficult to prepare from thiotosylate 94 (formed via the disulfide method) as shown 

in Scheme 4.17 in 28% yield.  

 

Scheme 4.17: Synthesis of tolyl disulfanyl acetate, 95. 

Using the standard trisulfide formation conditions yielded a 70% yield of 89 after 

chromatography accompanied by a very high purity of 97%. As a new compound, 89 was 

fully characterized, with the main data shown in Table 4.19. Similar to its allyl 

counterpart, compound 73, the S-cysteinyl methylene chemical shift of 89 of 3.36 ppm 

fell close to that of 73 at 3.33 ppm (refer to Table 4.14), which was somewhat downfield 

compared to that of simple alkyl methylene groups (2.85-2.90 ppm), presumably due to 

an inductive effect exerted by the cysteine moiety. However, the correct mass for the 

trisulfide was observed in the HRMS ([M+H] +). 

Table 4.19: Characterization data supporting trisulfide formation 

RSSSR1 -SCH2 IR 
HRMS [M+H] + 

calc. obtained  

 

3.36 481 404.1024 404.1018 

8 Arom-
All/Ben 

- - - - - 

9 Arom-
Arom 

 

p-OMe-Ph 

 

p-OMe-Ph 

 

p-Me-Ph 

 

Ph 

 

p-F-Ph 

 

p-F-Ph   

       

      64 
 

81 
 

89 
 

 

78 
 

91 
 

60, 90c 
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Finally, the high purity of 97% (trace not shown) for 89 deserves mentioning. In this case, 

the aromatic group was contained within the disulfanyl anion partner rather than the 

thiotosylate. For comparison purposes, it is fitting to compare this result with that of 65 

from Table 4.11 shown below in Figure 4.12 formed via a dodecyldisulfanyl anion, and 

in which by-products were rationalized as being formed via SNAr-type exchanges of the 

disulfanyl anion onto the ipso aromatic carbon of the trisulfide product. 

 

Figure 4.12: Results of Compound 65. 

Hence, for entry 7, although p-tolyl does have a modest electron-releasing group (Me) for 

suppressing any SNAr exchange, it is considered more likely that the main reason for 

attaining high purity is that the nucleophilicity of the aromatic disulfanyl anion is reduced 

compared to that of an aliphatic case. This would be due to the lowering of its HOMO 

energy due to the aromatic ring.   

Moving to entry 8 of (Arom-All/Ben) shows a blank in Table 4.18 indicating that this 

combination was not attempted. Hence, for this type, we opted to leave access to this 

structural type using “the other way round” as R = allyl/benzyl and R1 = aromatic as 

described in entry 6 (Table 4.13). 

Finally, turning to the aromatic-aromatic trisulfide variants, which were expected to be 

the most challenging group to access in high purity, it is worth once again mentioning that 

these compounds are rarely discussed in the literature. As shown in entry 9, Table 4.18, 

all three products (90-92) in this category yielded entirely new compounds, despite their 

relatively simple substitution patterns, with moderate to very good yields (64-89%) after 

column chromatography. 

Their 1H NMR spectra showed aromatic signals in the range of 6.80-7.50 ppm, showing 

correct proton integrations between the rings, but proof of obtaining the trisulfide once 

again required mass spectrometry in the form of HRMS for analysis as indicated in Table 

4.20. 

Table 4.20: Characterization data for 90, 91, 92 

RSSSR1 IR HRMS [M+H] + 
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calc. obtained  

 

469 280.0050 280.0053 

 

463 297.9956  297.9957 

 

502 282.0007 282.0026 

 

Ideally, we would have liked to have accessed aromatic disulfanyl anions (the RSS- 

component) with an aromatic R group bearing either a strong electron-withdrawing 

group (F) or releasing one (OMe) with something in the middle (CH3), but the p-

fluorophenyl disulfanyl acetate couldn’t be prepared; hence, only the methoxy and methyl 

variants for R were used. Equally, for the thiosulfonate component, p-fluorophenyl and 

phenyl (as a mid-way variant) were used. These research endeavours came relatively 

early in the PhD during method development, and in retrospect, it would have been more 

informative to have studied a broader range of substituents in both partners.  

Following the normal reaction conditions and isolation by column chromatography as 

single spots, HPLC data again was needed to gain insight into the nature of the side 

reactions.  

Starting with 90 from p-methoxyphenyldisulfanyl anion and phenylthiotosylate, the 

HPLC trace shown in Figure 4.13, returned a modest (and intermediate in relative terms) 

purity of 78% of the trisulfide, which eluted at 11.6 minutes. This was accompanied by a 

faster eluting by-product at 7.8 min and a slower eluting one at 17.7 minutes. Based on 

previous structural analyses, these were hypothesized to be a di- and tetrasulfide, 

respectively. 
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Figure 4.13: HPLC purity of 90 after purification with column chromatography. 

Compared to the analysis on aliphatic-aromatic byproducts in entry 3, it was even harder 

to know exactly what the structures were. However, in keeping with our ideas on SNAr 

exchange, the disulfide may well have been due to SNAr exchange by the 

methoxydisulfanyl anion at the phenyl ring of the trisulfide product rather than at the less 

stabilising methoxy-bearing ring as illustrated in Scheme 4.19. This would have 

generated p-methoxytrisulfanyl anion, which could have reacted with the thiotosylate to 

give p-methoxyphenyl phenyl tetrasulfide (not shown). Alternatively, the tetrasulfide 

might have arisen by an S-S exchange reaction between the disulfanyl anion and the 

middle sulfur of the trisulfide (with phenylthiolate as the leaving group) to furnish the 

homotetrasulfide (with p-methoxyphenyl groups), but as stated, these ideas were not 

followed up and are not represented schematically below in Scheme 4.18.  

 

Scheme 4.18: Mechanism of primary and secondary product formation in reaction of 90. 

In some contrast, the HPLC data for the second compound, 91, revealed a significantly 

higher purity of 91% (see Figure 4.14). A likely explanation here is that sulfenylation by 

the highly electrophilic p-fluorothiotosylate is much faster, thus consuming the limiting 

and highly reactive disulfanyl anion much faster, resulting in less of the SNAr exchange 

product. Equally an additional inference is that the p-methoxydisulfanyl anion is relatively 

Retention time (min) Area  Area % 

7.8 7727.4 11.9 

11.6 50715 78.2 

17.7 3970 6.12 
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stable and reluctant to desulfurise to p-methoxphenylthiolate in which the charge would 

be in resonance with an electron-rich aromatic ring. This has important implications for 

results in the biological section.   

 

Retention time (min) Area  Area % 

11.6 21366 91.9 

17.9 1481.8 6.37 

Figure 4.14: HPLC purity of 91 after purification with column chromatography. 

Finally, compound 92 was also isolated as a single spot off the column but HPLC revealed 

it to be only 60% pure, see Figure 4.15. 

 

 

 

 

 

 

 

 

Figure 4.15: HPLC purity of 92 purified with column chromatography. 

Retention time (min) Area  Area % 

8.61 660 2.28 

12.3 3601 12.4 

18.3 17301 59.7 

25.9 5252 18.4 

28.7 1482 5.12 
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The unexpected retention time of compound 92, eluting at approximately 18.3 minutes, 

indeed raised questions about its classification as a trisulfide. Aromatic-containing 

sulfides are typically slightly more polar than their aliphatic counterparts and thus 

expected to elute faster on reverse phase as here; not slower. Given that throughout the 

study, the aliphatic trisulfides eluted between 11 and 12 minutes suggested that the 60% 

peak eluting at 18.3 minutes was in fact a tetrasulfide.  Mass spectrometry in the form of 

HRMS did give the correct peak for 92 being a trisulfide (see Table 4.20) though, so at 

this point we decided, given this conflict of data, that further analysis could not be done 

as with the other cases. The compound could be purified using plate chromatography to 

a > 90% level as indicated by HPLC purity and retention time (18.2 mins) but noticeably 

was relatively more unstable than the other aromatic-aromatic trisulfides when stored at 

low temperature (-20 ºC) in the refrigerator.  

Clearly, a follow-up study needs to be carried out to fully establish a complete mechanistic 

picture. However, a baseline picture on mechanism was generated and the primary aim 

of developing a new methodology for the chemical biology component of the study 

achieved. This revealed that our new method worked well with a range of R groups for 

both disulfanyl anion and thiotosylate components. Admittedly, the case of R = aromatic 

posed some challenges, but this was more to do with the lower stability of the products 

than the method itself. Finally, and importantly for the chemical biology aspect of the 

study, disulfanyl anions were shown to withstand a range of R groups in which dianion 

integrity was put down to the very low temperature employed of -78 ºC. This, we could 

see, was not going to hold for room temperature studies in which desulfurisation was 

expected, amongst other transformations.  
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CHAPTER 5: Structure-Activity Studies into the Cytotoxicity of 

Organotrisulfides in Cancer Cells 

5.1 Trisulfide Cytotoxicity SAR Studies 

Garlic-related trisulfides have emerged as promising candidates for both cancer 

prevention and treatment, demonstrating good anti-cancer activity in both in vitro and in 

vivo systems.273,275,435,452 Their efficacy emphasizes the need for an understanding into 

their biological mode of action in cancer cells, which is the objective of this Chapter. Their 

cancer cell cytotoxicity is thought to proceed on a chemical level through thiolysis 

exchange with intracellular thiol targets, a process that in turn is dependent on a number 

of factors, some of which include the thiolysis reactivity, the resulting perthiol stability, 

and H2S production. Thus, in the current chapter, the trisulfides synthesised in Chapter 4, 

separated into three small libraries, were investigated for structure-activity effects at 

inducing cytotoxicity in WHCO1 oesophageal and MDA-MD-231 breast cancer cells. We 

then directed our attention towards exploring the hypothesis of intracellular thiolysis 

exchange with a biological thiol. The common structural feature in trisulfides is the 

presence of the S-S-S functional group, which is the bioactive pharmacophore and central 

to its chemistry. As discussed in Chapter 3 (section 3.1), once DATS (as a representative 

trisulfide prototype) enters the cancer cell, it modulates several cancer hallmark 

processes, most likely by S-thiolation.310 

In Chapter 4, we synthesised many unsymmetrical trisulfide analogues (RSSSR’) that 

contained a range of different R/R’ groups, covering aliphatic, aromatic, and 

functionalized ones including sugar and an amino acid. These broad variations were 

intended to not only test out the methodology, but also to generate a variable trisulfide 

library for cytotoxicity studies. The next section will describe our findings on such studies. 

5.1.1 Initial Cytotoxicity Screening 

To start the study, a broad range of derivatives from the methodology study were selected. 

WHCO1 cells from an oeseophageal cancer cell line were chosen for the cytotoxicity 

studies, because of their relevance to the targeted cancer type and their established use 

in our previous research.272,453-455 The cells in question were derived from esophageal 

squamous carcinoma cells of South African origin.456 The MTT assay is a commonly used 

colorimetric method  developed by  Schemenn in 1983,457 which involves the reduction 
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of yellow tetrazolium MTT to purple formazan by metabolically active cells as shown in  

Scheme 5.1.  

 

Scheme 5.1: MTT reduction in live cells: formation of purple formazan with absorption at 
570 nm. 

Despite its widespread application, the MTT assay has limitations; notably, the 

insolubility of the purple MTT-formazan (MTT-F) in aqueous media and the inherent 

toxicity of MTT.458 This can be overcome by using the more recent XTT assay, but because 

of cost factors, we used the original MTT reagent in a 96-well assay format to test the 

cytotoxicity of our library. After seeding at a specific density, the cells were placed in an 

incubator overnight to allow for adhesion and progression to the growth phase. Each 

compound was added in two-fold dilutions and incubated with the cells for 48 h, after 

which the MTT solution was added to allow the viable cells to produce the MTT-F crystals. 

These crystals were then solubilized to give a purple solution which was quantified 

spectrophotometrically and analysed by fitting to a dose-response curve.  

The selection of concentrations and the 48-hour incubation time for the MTT assay 

(Table 5.1) was based on prior findings that the cytotoxicity (IC50) of ajoene derivatives 

decreases over time, indicating an increased cytotoxic effect with prolonged exposure. To 

capture a strong effect, the 48-hour timepoint was chosen. This timeframe aligns with 

previous studies on garlic-derived compounds, allowing for meaningful comparisons 

with existing data. 

Table 5.1 and Figure 5.1 show the IC50 values obtained for the sixteen-member library 

(Entries 1-16) of heterotrisulfides. The IC50 values presented are an average of three to 

five independent determinations in which the relatively narrow standard deviations 

obtained affirm the reproducibility of our results. The numbering corresponds to Chapter 

4 and the compounds are ordered in the Table generally in the order of aliphatic, 

functionalised aliphatics and aromatics for the R/R’ groups of RSSSR' respectively. The 
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cytotoxicity IC50s, defined as the concentration found to inhibit 50% of cell growth, are 

also shown. 

Table 5.1: Cytotoxicity IC50s of the unsymmetrical trisulfide library 1 in WHCO1 

esophageal cancer cells 

Entry Compound No. Structure IC50  SD / µM* 

1 64 
 

2.5  1.4 

2 62  11.4  14.5 

3 75 
 

>200 

4 36 (DATS)  6.3  4.4 

5 45  22.7  13.8 

6 73 

 

26.5  12.9 

7 74 

 

>200 

8 77 

 

5.4  7.8 

9 63  49.3  14.6 

10 96 

 

54.6  29.3 

11 65 

 

>200 

12 66 

 

11.0  4.4 
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13 89 

 

66  45 

14 90 
 

9.5  1.1 

15 91 

 

66 ± 19 

16 92 

 

10.3  2.1 

* Each IC50 value represents the mean of three to five independent experiments 
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Figure 5.1: Cytotoxicity IC50’s of the unsymmetrical trisulfide library 1 in WHCO1 cancer 
cells by the MTT assay. IC50 values as the mean ± SD from at least three independent 
determinations. 

The cytotoxicity IC50's of the compounds covered a broad range of values from > 200 µM 

(for 65, 74, and 75, compounds only tested up to 200 µM) to 2.1 µM for the most active 

analogue 64. This is an interesting finding as all the compounds have a trisulfide 

functional group and yet the activity varies greatly depending on the side groups present. 

When attempting to fit the > 200 µM data to a dose-response curve, there was an 

indication that these IC50s may lie around 2000 – 3000 µM (although such high 

concentrations can’t be achieved in the assays and the fit is an estimation). Thus, it 

appears that the activity of the analogues may range some 1000-fold. Within the active 

analogues, the IC50’s varied from 2.5 – 66 µM, some 30-fold. 

Active compounds 62, 63, and 64, all had a single hexyl substituent. The most active 

analogue of the series 64, contained a benzyl substituent as the other R group, returning 
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an IC50 of 2.5 M.  Analogue 62, with an allyl/hexyl combination (similar to DATS) was 

still very active with an IC50 value of 11.4 µM, while 63, with a 3-hydroxypropyl 

substituent, displayed a reduced cytotoxicity of 49.3 µM, suggesting that hydrophilicity 

disfavours cytotoxicity. Within this series, compound 64 (entry 1) exhibited a 20-fold 

enhanced activity over compound 63 (entry 9), highlighting the superior effect of a benzyl 

over the hydroxy-bearing group.   

Examination of compounds all featuring an allyl group as in 45, 62, 73, 74, and 77 

revealed further insights. This functional group is present in the parent natural product 

trisulfide DATS (compound 36 as entry 4), with an IC50 value of 6.3 µM. Analogue 45, with 

a propyl group on the other side, displayed a 4-fold decreased cytotoxicity (22.7 µM) 

compared to DATS, and was similar in activity to the amino-acid-bearing derivative 73 

(entry 6), whereas the benzylated sugar derivative 74 (entry 7) was inactive. The most 

active analogue, close in activity to that of DATS, was the p-methoxy substituted phenyl 

trisulfide 77 (entry 8), although generally, aromatic trisulfides are more unstable. 

Comparing derivatives with a propyl group on the one side with allyl, dansyl, and 

fluorophenyl on the other side (compounds 45, 96 and 66 respectively), showed the 

dansyl analogue 93 to be the least active and the fluorophenyl derivative, 66, to be quite 

active at 11 µM. 

Within the aromatic compounds, no clear trends emerged. Most of the phenyl-substituted 

analogues were quite active with IC50 values around 10 µM, except for 91, which had a 

reduced activity of 66 µM, which appears to be an outlier compared to the other phenyl 

trisulfides. However, it is pertinent to emphasize that phenyl-bearing trisulfides are far 

less stable than their aliphatic counterparts and thus less attractive for further studies in 

cancer cells. 

Since the very inactive compounds all had long aliphatic side groups, we wondered if 

lipophilicity may be playing a determining role in the cytotoxicity trends. To test this, we 

plotted compound Log IC50 vs LogP (as the Log of the partition coefficient of the 

compound between octanol and water, which increases, therefore, with increasing 

lipophilicity) as seen in Figure 5.2. It can be seen that no correlation was observed 

between cytotoxicity and the LogP, although very inactive compounds (65, 74 and 75) 

appeared to be above a lipophilicity threshold, which is probably important. LogP values 

of each derivative are depicted in Table 5.2. 
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Table 5.2: Lipophilicity LogP values of unsymmetrical trisulfides from library 1 

Compd no 62 63 45 64 65 66 73 74 75 77 89 90 91 92 36 96 

Lipophilicity 5.1 4.0 3.8 6.1 8.6 5.0  3.8 7.6 7.1 4.6 5.0 4.6 5.7 6.3 3.7 5.7 
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Figure 5.2: Plot of Log IC50 against Log P for the 16 unsymmetrical trisulfides in Library 1. 

The poor IC50 results of compounds 65, 74, and 75 are likely attributed to their high 

lipophilicity, as indicated by their LogP values. These compounds cluster together as the 

least active, suggesting that their increased solubility in lipids rather than in aqueous 

environments may negatively impact their cytotoxicity. In summary, there does not 

appear to be an activity trend from this data that can be linked to an obvious structural 

parameter. Thus, apart from lipophilicity, the chemical reactivity of the SSS moiety (i.e. its 

electrophilicity) and its dependency on the R groups is probably a key factor in 

determining cytotoxicity trends. This came across as somewhat surprising since 

electronic transmission effects into the trisulfide moiety didn’t look to be that varied. 

However, this notion was taken forward to the subsequent chemical biology design phase. 

On lipophilicity, the most active trisulfide, hexyl-benzyl 64, was the only analogue in the 

series with a benzyl group. Benzyl groups are considered somewhat lipophilic which 

enables interaction with hydrophobic regions of biological membranes.305,459 In biological 

systems, lipophilicity plays a crucial role as it influences a compound's permeability 

across cell membranes and its distribution within tissues. Hence, higher lipophilicity 

often correlates with increased cellular uptake and bioavailability; however, excessively 

high lipophilicity can lead to poor solubility, metabolic instability, and potential toxicity.460 

All things considered, though, benzyl looked to be an interesting candidate for trithio-

reactivity modulation via substitutions in the aromatic ring. 
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5.1.2 Refining the Library 

Next, we directed our attention towards the development of a more focused library to 

produce more active trisulfides, and also to gain further structure-activity insights. Since 

the benzyl derivative was the most active in the previous series, we designed our next 

library around this substituent. The allyl group was also selected as it returned active 

analogues and is found in the natural trisulfide DATS (Figure 5.3). Indeed, dibenzyl 

trisulfide is also a naturally occurring trisulfide called DBTS (Figure 5.3). Thus, we 

synthesised a hybrid of the two called ABTS (allyl benzyl trisulfides).  

 

Figure 5.3: Backbone to the new library as a hybrid of two naturally occurring trisulfides 
DATS, 36 and DBTS, 54. 

There is a large body of literature supporting the anticancer activity of DATS, both in in 

vitro and in vivo models (summarised in section 3.9 of the literature review). Similarly, 

the natural product trisulfide DBTS also shows impressive activity. Indeed, evidence 

indicates that DBTS is a superior anti-cancer agent to DATS where DATS is reported to 

have IC50s in the micromolar range (56.1- 31.6 μM)461 on various in vitro cancer cell lines, 

DBTS is reported to be approximately 100-fold more active with IC50s in the nanomolar 

range (around 340 – 840 nM).308 

5.1.3 Structure-Activity Studies into Benzyl-Allyl Hetero Trisulfides 

The ABTS library was synthesised first with substituents at the para-position as 

hydrogen, fluorine, chlorine, bromine, methyl, methoxy, and trifluoromethyl based on 

their range of electronic and steric effects as well as commercial availability of the benzyl 

halide or thiol (for preparing BnSTs). p-Nitro as substituent was identified, but p-

nitrobenzyl thiotosylate was unstable, a chemical feature of some significance later. The 

synthesis of this library followed our established methodology in Chapter 4 as shown in 
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Scheme 5.2 in which using the benzyl component as the thiotosylate partner worked the 

best.  

 
Scheme 5.2: Synthesis of the heterotrisulfide library 2 analogues containing benzyl-allyl 
substituents. 

All of the trisulfides were characterized using a combination of NMR, HRMS, IR, and HPLC 

spectroscopy. The diagnostic feature in the 1H NMR spectrum, indicating formation of the 

trisulfide, was the presence of the benzylic methylene singlet in the range 4.00-4.05 

ppm93,447 as well as an allyl methylene peak in the range 3.46-3.54 ppm446 according to 

the literature as summarised in Table 4.7 in Chapter 4. Shown below in Figure 5.4 is a 

representative 1H NMR spectrum obtained for the benzyl-allyl derivative, 76. 

 

Figure 5.4: 1H NMR spectrum of 76. 
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Following synthesis and characterization of the library (see experimental section in 

Chapter 6), we proceeded to explore their cytotoxicity effects on WHCO1 cancer cells. As 

before, the IC50s obtained are displayed as an average and SD of three to five independent 

determinations (Table 5.3 and Figure 5.5), but this time with lipophilicity (p), size (MR), 

and Hammett constants (p) indicated for SAR purposes.     

Table 5.3: Library 2 of benzyl-allyl trisulfides:  WHCO1 cytotoxicity IC50, Hammett 

Constant (p), lipophilicity (), and size (MR) 

No. Structure IC50 (Ave ± SD (µM) * σp ꙥ MR 

76 

 

1.7 ± 0.79 0 0.00 0.103 

97 

 

1.2 ± 0.12 0.062 0.15 0.092 

98 

 

1.4 ± 0.34 0.227 0.70 0.603 

99 

 

3.4 ± 2.1 0.232 1.02 0.888 

100 

 

0.47 ± 0.15 -0.17 0.52 0.565 

101 

 

0.16 ± 0.07 -0.268 -0.02 0.787 

102 

 

6.5 ± 1.03 0.54 0.88 0.502 

* Each IC50 value represents the mean of three to five independent experiments 
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Figure 5.5: IC50 values for the benzyl-allyl Library 2 trisulfides. 

The cytotoxicity IC50 values within the compound library were found to range some 40-

fold, from 0.16 to 6.5 µM, indicating a substantial effect imparted on trisulfide activity 

from the para-substituent attached, vindicating conclusions reached from the basic SAR 

study that reactivity of the SSS moiety as modulated distally was key. Comparing these 

values to those in the larger, more diverse Library 1, some compounds in this set exhibited 

even more superior activity to the lead compound 64 (see Table 5.1). In this case, the 

benzyl-allyl derivative had similar activity to the benzyl-hexyl derivative 64 in Library 1, 

indicating a comparable potency going from hexyl to allyl (2.5 to 1.7 mM respectively). 

The introduction of fluorine or chlorine substituents in 97 and 98, returned similar 

cytotoxicities of 1.2 µM and 1.4 µM, respectively. However, the bromine substituent in 99 

led to a slight reduction in activity of 3.4 µM. Conversely, the introduction of a methyl 

group in 100 significantly increased activity with an IC50 value into the nanomolar range 

of 0.47, while the methoxy group in 101, exhibited the highest activity of 0.16 µM. These 

findings indicate that electron-donating groups enhance cytotoxicity in these benzyl-allyl 

trisulfides. Both methyl and methoxy are electron donating groups with methoxy being 

strongly electron donating due to n-pp resonance. In support of this hypothesis, 

incorporation of an electron-withdrawing trifluoromethyl substituent in 102 notably 

reduced cytotoxicity, making it the least active in the series at 6.5 µM. To explore the role 

of electronic effects further, we looked at the Hammett constant as a likely quantitative 

marker. We also looked at other physical parameters that might be important such as 

lipophilicity () and molecular refractivity (MR) as an indication of size.  
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5.1.4 SAR Analysis of the Benzyl-Allyl Library 2 

The lipophilicity (Fig 5.6A), molecular refractivity (Fig 5.6B) and the para-Hammett 

constant (Fig 5.6C) was plotted against the LogIC50. 
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Figure 5.6: Plot of (A) lipophilicity (), (B) Molar refractivity (MR) and (C) p-Hammett 
Constant (p) of the p-benzyl substituent vs LogIC50 of the benzyl-allyl trisulfide Library 2. 

 

No trend was observed for the lipophilicity (Fig 5.6A, R2 = 0.4405, p = 0.1040, ns) or 

substituent size MR (Fig 5.6B, R2 = 0.02849, p = 0.7175, ns). However, a strong linear 

relationship was observed between LogIC50 and the para-Hammett constant, conforming 

to the equation LogIC50 = 0.47σρ + 0.043, with an R2 value of 0.864 and a p-value of 0.0025 

(***). This significant correlation indicates that ring activating substituents enhance 

cytotoxicity against WHCO1 cancer cells. 
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5.1.5 Structure-Activity Studies into Library 3 of Benzyl-Benzyl Homo 

Trisulfides 

Next, we investigated structure-activity relationships in homotrisulfides that contained 

only a para-substituted benzyl R group on both sides of the trisulfide. This was chosen in 

view of the emerging medicinal chemistry prominence of DBTS and fluoropacin. 

Consistent with our structural design in the hetero series, we opted for the same 

analogous substituents for the homo-Library 3. Again, the synthesis of compounds 54, 

103-108 followed our established methodology, using identical conditions as outlined in 

Chapter 4. Scheme 5.3 provides a summary of the structural details and yields achieved 

in the synthetic process. 

 

Scheme 5.3: Synthesis of the benzyl-benzyl homotrisulfide Library 3. 

As anticipated, the homobenzyl trisulfides only exhibited a benzylic methylene singlet, 

which was in the range 4.00-4.05 ppm consistent with literature trisulfide data as 

before.93 Figure 5.7 depicts a representative 1H NMR spectrum of the p-OMe derivative, 

107, showing key features that confirm its structure and purity. The benzylic singlet 

appears at 4.02 ppm, as well as a signal for the p-methoxy group and an AB system for the 

1,4-disubstituted aromatic hydrogens. These spectral features are consistent with the 

expected structure of the trisulfide, indicating a high level of purity.  
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Figure 5.7: 1H NMR spectrum of 107. 

Following the successful synthesis and characterization of Library 3, we conducted the 

cell proliferation assays on WHCO1 cells. Table 5.4 and Figure 5.8 show the results. 

Table 5.4: Cytotoxic IC50s of homobenzylic Library 3 trisulfides against WHCO1 cell 

proliferation 

No Structure IC50 (Ave ± SD (µM) * σp ꙥ MR 

54 

 

0.47 ± 0.08 0 0.00 0.10 

103 

 

0.29 ± 0.08 0.06 0.15 0.09 

104 

 

0.97 ± 0.44 0.23 0.70 0.60 

105 

 

2.44 ± 1.20 0.23 1.02 0.89 
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* Each IC50 value represents the mean of three independent experiments 
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Figure 5.8: Comparative histogram of IC50 values for homo- and hetero-benzyl trisulfides 
against WHCO1 proliferation. 

As seen from the comparative Figure 5.8, overall, the homo analogues (benzyl-benzyl, 

Library 3) demonstrated a higher cytotoxicity compared to their hetero counterparts 

(benzyl-allyl, Library 2), which reflects the superior activity of benzyl over allyl. The low 

nanomolar (53 nM) IC50 of the p-OMe derivative, 107, was particularly pleasing and 

considered to be highly significant mechanistically as we shall see later. Secondly, apart 

from the methyl- and H-substituted derivatives, the trend of IC50s followed the same 

order, i.e. (by substituent) OMe < F < C l< Br < CF3.  

Excited by the low nanomolar IC50s now on offer, we decided to undertake cell 

morphology studies using visual imaging in which 0.1% DMSO (as a negative control) 

revealed no observable effect in line with the MTT assay results. However, upon treatment 

106 

 

0.69 ± 0.07 -0.17 0.52 0.57 

107 

 

0.053 ± 0.024 -0.27 -0.02 0.79 

108 

 

3.83 ± 1.25 0.54 0.88 0.50 
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with compound 107 (p-OMe) and 105 (p-Br) separately, notable differences in cellular 

morphology were observed, (see Figure 5.9).  

 

Figure 5.9: Comparative cellular imaging of WHCO1 cells treated with trisulfides p-Br, 
(105); p-OMe (107) and DATS (36) for 24 hours at the concentration shown. 

Cells treated with the more potent trisulfide 107 (p-OMe), displayed signs of stress and 

potential apoptosis based on the shrunken shape which occurs when the chromatin 

shortens and the cytoplasm contracts. Conversely, cells treated with 107 and DATS, with 

higher IC50 values, exhibited lesser changes in cellular morphology, suggesting a milder 

impact on cell viability. This observation aligns with our quantitative data, highlighting 

the cytotoxic effect of 107 in WHCO1 cells. 

5.1.6 SAR Analysis of the Benzyl-Benzyl library 

Similar to Library 2, we plotted the lipophilicity () (Fig 5.10A), molecular refractivity 

(MR) (Fig 5.10B), and the para-Hammett constant (p) (Fig 5.10C) against the LogIC50. 
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Figure 5.10: Plot of (A) lipophilicity (), (B) Molar refractivity (MR) and (C) p-Hammett 
Constant (p) of the p-benzyl substituent vs the LogIC50 of the benzyl-benzyl trisulfide 
library. 

In the homo series, lipophilicity was significantly correlated to LogIC50, with the 

relationship LogIC50 = 0.607 ꙥ + 0.581 (R2 = 0.7714, p = 0.0093, ***), suggesting that 

compounds with higher lipophilicity exhibit greater activity against the target in this 

library. Interestingly, this trend contrasts starkly with the hetero series, where no 

noticeable relationship between lipophilicity and activity was identified. By comparison, 

as with the hetero series, MR showed no correlation with LogIC50 (R2 = 0.011, p = 0.8226, 

ns).  

Finally, as perhaps expected, a significant linear correlation was found between the 

LogIC50 in the homo series and the Hammett constant with an equation of LogIC50 = 

0.3758 σρ + 0.1612 (R2 = 0.7223, p = 0.0154, *), indicating a notable correlation between 

p and cytotoxicity, akin to the findings in the hetero series. The negative coefficients 

associated with the electron-donating groups (CH3, OMe) again indicated that these 

groups favoured cytotoxicity. 

The data from the two libraries presents the first in-depth Hammett correlation between 

a benzyl para-substituent and the cytotoxicity IC50, aligning with the findings of 

Bhattacherjee et al.,93 indicating that p-fluoro- and methyl-substituents in the dibenzyl 

series enhance activity (but OMe was not evaluated by them). As detailed in section 3.8, 

their findings showed IC50 values in the low micromolar range. The para-substituted 

methyl derivative was the most active (IC50 1.26 μM), followed by the chloro and fluoro 

derivatives (2.77 and 3.03 μM, respectively), with the bromo derivative having slightly 

reduced activity (4.11 μM) against MCF-7. 
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Our results show a similar trend, particularly highlighting the enhanced activity of p-

fluoro- and methyl-substituents. This consistency reinforces the notion that these 

substituents are critical for potent cytotoxic activity. Additionally, our study's in-depth 

Hammett correlation provides a more comprehensive understanding of the electronic 

effects of these substituents on cytotoxicity, complementing Bhattacherjee et al.'s 

findings. 

Our findings, yet, aligned with studies on Fluorapacin with a para-fluoro substituent, 

which has shown promising anti-cancer activity and undergone Phase 1 clinical trials for 

advanced cancers, demonstrating encouraging initial outcomes (see section 3.8 for more 

details on this).310 

In conclusion, our exploration of both the hetero and homo libraries of trisulfides yielded 

important insights into structural features affecting the cytotoxicity of trisulfides. Both 

libraries displayed similar trends, with potency-enhancing effects due to electron-

donating groups at the para-position of the benzyl group that were supported by the 

Hammett sp correlation to the IC50. However, while no significant correlations were found 

between molecular size and the IC50 for either library type, lipophilicity correlated well 

in the homo-series and not in the hetero one. These results now encouraged us to find 

explanations, starting with an investigation into perthiol stability in view of its pivotal 

role in the trisulfide thiolysis sequence as discussed in the review section of Chapter 3. 

5.2 Stability Studies on Perthiols  

Perthiols are postulated as being thiolysis intermediates in the cytotoxicity of trisulfides, 

they are known to be reactive species with limited stability, as summarised in the 

literature review of Chapter 3 in section 3.8.3. Thus structure-activity relations that 

govern perthiol stability may play into the cytotoxicity of trisulfides in cancer cells. While 

perthiol is typically a stronger nucleophile than its thiol counterpart, perthiols can also 

function as electrophiles in their neutral or protonated state under specific conditions. 

Both sulfur atoms within a perthiol possess electrophilic character, enabling reactions 

with thiolates to yield either hydrogen sulfide (H₂S) and a disulfide or a 

transpersulfidation product.341 However, perthiols are highly reactive species that can 

undergo various degradation processes in which their soft nucleophilicity leads to high 

reactivity towards electrophilic species both in a reaction flask and in biological systems.  

In this, the perthiolate is much more reactive and unstable than the perthiol, which brings 
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perthiol pKa under the spotlight for determining the degree of ionisation at the 

physiological pH of 7.4. Furthermore, while the perthiolate is clearly nucleophilic, the 

perthiol can act as both electrophile and nucleophile.462 Scheme 5.4 summarises the 

chemistry involving the perthiolate. 

 

Scheme 5.4: Biologically important reactions of the perthiol and its perthiolate. 

Thus, to commence the study, a comparison of the stability of three perthiols, of relevance 

to the study, was made. 

5.2.1 The Choice of Perthiol Substrates 

Three perthiols from the benzyl-allyl heterotrisufide library were chosen because of their 

having only one aromatic group. A para substituent on the phenyl ring was incorporated 

for developing an SAR comparison, chosen as p-OMe and p-Br substituents because of 

their opposing electron-donating and withdrawing properties, respectively. Benzyl 

perthiol (p-H) was included as a reference. For the p-OMe and p-Br perthiols, despite the 

substituents not being resonance-connected to the disulfide functionality because of the 

sp3 benzyl methylene group, we surmised that there might be a level of transmission 

between the aromatic ring and the dithio functionality based on inductive considerations. 

These substituent choices were further based on the contrasting variations in cytotoxicity 

observed in WHCO1 cells in which the cytotoxicity of the p-bromobenzyl-allyl trisulfide 

(IC50 = 3.4 ± 2.1 µM) was approximately 21-fold less active than that of the p-OMe 

trisulfide (0.16 ± 0.07 µM). Similarly, in the case of the corresponding homobenzyl 

trisulfides, the cytotoxicity of the p-Br derivative was 46-fold less (2.44 ± 1.20 µM) than 

the p-OMe trisulfide (0.053 ± 0.024 µM), suggesting that the p-OMe trisulfide in each case 

produces more “thiol equivalents” than its bromo counterpart. Thus, these two 

compounds provided a good contrast for the stability study.  
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5.2.2 Protocols for Accessing Perthiol Substrates 

The overall protocol as shown in Scheme 5.5 for perthiol production involved acid 

hydrolysis of a disulfanyl acetate to generate the perthiol. Although a disulfanyl acetate 

can be rapidly hydrolysed using base, it is well known from Pluth’s work462 as well as our 

own (trisulfide methodology) that perthiolates are extremely unstable, so this manifold 

was not available.   

 

Scheme 5.5: Synthesis of the perthiol via acid hydrolysis. 

Regarding the hydrolysis step, it was envisaged that acetyl chloride in methanol would 

generate HCl in situ, which would protonate the disulfanyl acetate carbonyl oxygen, 

inducing methanol addition followed by liberation of the protonated perthiol with proton 

transfer. Such an approach has been documented by Chatterji et al.351 During the 

experiment, reaction progress was carefully monitored using thin-layer chromatography 

(TLC). This showed a spot-to-spot conversion to the less polar perthiol for each 

compound. However, it is worth noting that trisulfide and perthiol exhibited the same Rf 

value on TLC which became relevant later. At room temperature, the reactions were 

completed within 29 minutes for the bromine-substituted compound (Br), 25 minutes for 

the methoxy-substituted compound (OMe) and 20 minutes for the benzyl (H) compound 

on a 0.025 mmol scale in 2 mL of solvent (12.5 mM overall). Upon completion, the 

solutions were immediately evaporated using a rotary evaporator without a work-up or 

chromatography to avoid further decomposition followed by a brief exposure to the high 

vacuum, which lasted approximately ten minutes. Because we didn’t have immediate 

access to running the 1H NMR spectra, the samples were then stored in the -20°C freezer. 

However, once access became available, the samples were run immediately. 

5.2.3 1H NMR Analysis of Perthiol Compounds 

Benzylperthiol (109) was used as a positive control, whose spectrum is shown in Figure 

5.11 (all spectra were run in CDCl3), which strongly indicated the presence of the perthiol 

based on singlets at 3.90 ppm and 2.89 ppm for the benzylic methylene hydrogens and 
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the perthiol proton, respectively. Minor by-product signals could be observed, but all 

things considered, the purity was quite good. 

 

Figure 5.11: 1H NMR of BnSSH, 109. 

The chemical shift of the perthiol sulfhydryl hydrogen was compared with that of its 

benzyl thiol counterpart in which the perthiol proton was observed downfield. The 

overlayed spectra shown below clearly show this shift, with the SH proton converting 

from a singlet in the perthiol to a triplet in the thiol as illustrated in Figure 5.12. 

Furthermore, the benzyl methylene also shifts downfield in the perthiol, which is well 

known for organosulfides of this nature as the number of sulfurs increases (cf. the 

methodology section). 
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Figure 5.12: Overlayed 1H NMR spectra of BnSSH, 109, and BnSH. 

Next was the p-OMe perthiol, 110, as shown in Figure 5.13, showing the benzyl singlet 

at 3.91 ppm. Here, an extra signal for the p-methoxy group (as well as an AB system for 

the 1,4-disubstituted aromatic hydrogens) could be seen, and the spectrum indicated a 

similar purity level to that of BnSSH. The perthiol hydrogen could once again be seen at 

just under 3 ppm (2.92 ppm). However, a significant extra singlet was noted slightly 

upfield to the methoxy singlet, which wasn’t assigned. 
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Figure 5.13: 1H NMR spectrum of p-MeOBnSSH, 110. 

Then, for the bromo derivative, 111, two compounds could be clearly discerned; one as 

the perthiol (methylene at 3.83 ppm; perthiol H at 2.86 ppm), and the other as the 

trisulfide based on previous data in the methodology project (here, a singlet at 4.05 ppm 

for the trisulfide methylene was observed) as shown in Figure 5.14. Based on the 

integration and taking into account that the trisulfide to perthiol necessitates a benzyl 

methylene ratio of 4:2 in the spectrum integration for a 1:1 molar ratio, the ratio of 

trisulfide to perthiol came out as 40:60. The formation of the trisulfide indicates a self-

condensation reaction (disproportionation) of the perthiol that illustrates the ambident 

nature of the perthiol as both nucleophile and electrophile as depicted in Scheme 5.5.  
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Figure 5.14: 1H NMR spectrum of p-Br-BnSSH, 111. 

The greater reactivity of the p-bromo compound presumably arises from its benzyl group 

sulfur being more electrophilic due to the inductive withdrawing effect of the bromine. 

This interpretation is further investigated in the upcoming section. Scheme 5.6 shows 

the disproportionation mechanism via the perthiol rather than the perthiolate (not in an 

aqueous medium).  

 

Scheme 5.6: Proposed mechanism for the self-condensation of the Br-perthiol, 111 (in 
organic solvent). 
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5.2.4 Perthiol Evaluation using an Ellman’s Assay 

The second technique for perthiol stability evaluation chosen was the Ellman's assay, 

albeit with some reservations that will emerge in the theory discussion. Importantly, the 

intention was to use the Ellman’s assay to monitor perthiol stability over time. First the 

theory. 

The Ellman’s assay is a well-known assay for sulfhydryl groups463 involving thiolysis 

exchange with the Ellman reagent 5,5′-dithiobis-(2-nitrobenzoic acid) or DTNB2-. 

Exchange is relatively fast, simple to carry out, reproducible, and DTNB is commercially 

available.463 The chemistry for a thiol evaluation participating in an Ellman’s thiolysis 

exchange is illustrated in Scheme 5.7. 

 

Scheme 5.7: The thiolysis exchange chemistry with a thiol in an Ellman’s assay. 

Hence, the exchange is driven by the electrophilicity of the disulfide group due to the 

electron-withdrawing p-nitro groups on the phenyl rings. This affords a mixed disulfide 

and the TNB- thiol, which at pH = 7.4, deprotonates on the thiol (due to its low pKa caused 

by the nitro group) to generate the yellow TNB2- dianion, absorbing at 412 nm. Measuring 

this absorbance allows for the quantitative evaluation of thiol equivalents. Thus, overall, 

one TNB2- corresponds to one sulfhydryl (SH) equivalent.  

Similarly, Carroll et al. has demonstrated that a protein perthiol concentration can also be 

evaluated by the Ellman’s assay,464 in which the same type of exchange chemistry operates 

except to give a mixed trisulfide rather than a disulfide as shown in Scheme 5.8. However, 

importantly, once again, one perthiol equates to one DNTB2-. However, in this case, further 

reaction of the mixed trisulfide is to be expected such as formation of PSSSSP with TNB2 
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or PSSSP with S extrusion to form TNB2. Importantly, the 1:1 stoichiometry is still 

maintained in these various possibilities. 

 

Scheme 5.8: The chemistry of a perthiol in an Ellman’s assay. 

Now to the question of decomposition, for which the literature identifies a number of 

possibilities and in which a self-condensation (disproportionation) is one of them. Since 

the latter was identified for the p-bromoperthiol in the 1H NMR study, it was important to 

consider the impact such a self-condensation would have on the Ellman’s assay. As shown 

in Scheme 5.1 pertaining to the perthiol self-condensation, 2 perthiol equivalents give 

one equivalent of H2S. But 1 equivalent of H2S, as shown by reports in plant samples,465 

undergoes thiolysis exchange with 2 DTNB to give 2 DTNB2-, reducing once again to a 1:1 

relationship between perthiol and DTNB2-. Similarly, reductive elimination of sulfur from 

the perthiol (or perthiolate) to afford thiol plus sulfur would also retain a 1:1 ratio 

between perthiol and DTNB2-. Scheme 5.9 summarises the self-condensation chemistry 

with DTNB. 

Scheme 5.9: The chemistry of perthiol self-condensation product (H2S) in an Ellman’s 
assay. 
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Thus, assuming that the only decomposition pathway (more on this later) was the self-

condensation pathway would imply that perthiol decomposition could not be followed 

using an Ellman’s assay. We decided to go ahead with the experiment anyway, particularly 

in pursuit of any other pathways in which the thiol to DTNB2- relationship would be 

interfered with. One possibility that came to mind in this regard was perthiol oxidation 

by oxygen to afford the tetrasulfide in which thiol equivalents would be lost (O2 reduced 

to water or H2O2).465  

5.2.5 Stability Analysis of Perthiol Compounds 

To start the study, a calibration curve was first constructed by reacting different 

concentrations of N-acetyl cysteine (NAC), a biological thiol, with excess DTNB in PBS 

buffer (see the Experimental section for full details). Standard solutions of NAC were 

prepared at concentrations ranging from 0 - 1.5 mM. These were diluted further to obtain 

NAC solutions in the 0 - 15 mM range. Importantly, Ellman’s reagent was present at a 

concentration of just under 200 mM (178.6 mM) as a large excess to the thiol to push the 

equilibrium over. Based on the literature,466 the solutions were incubated at room 

temperature for 15 and 30 minutes following a thorough mixing and then the absorbance 

measured at 412 nm using a UV-Vis spectrophotometer. Figure 5.15 shows the plot of the 

absorbance (A412) vs [NAC] for the reactions following 15 minutes (red) and 30 minutes 

(blue; tend to be obscured by the red) incubation with DTNB. The equation corresponds 

to the blue line 
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Figure 5.15: Calibration curve of DTNB with NAC. 
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The graph obtained showed a linear relationship between [NAC] and the absorbance of 

TNB2- produced at 412 nM, demonstrating, as anticipated, that absorbance can be used as 

a direct measurement of thiol concentration (NAC here). Since there was no difference 

between the 15- and 30-minute incubation times, we decided to opt for 15 minutes in the 

hot run. In retrospect, the incubation timeline should have been studied at shorter times.  

For the perthiol stability study, the focus now was to study a single concentration of the 

chosen Br and OMe derivatives that would be aged for a certain time and then trapped 

with DTNB. For this, the DTNB concentration was kept at 178.6 mM, while the perthiol 

was present in the solution at 89 mM as a 2:1 DTNB: perthiol ratio, which was considered 

to be sufficient. As with the calibration cure, the incubation time with DTNB was kept at 

15 minutes, and time increments of 10 minutes were used to age the perthiol up to 70 

minutes. One must bear in mind that time zero on the graph is not the true time zero since 

following the synthesis of the perthiol, there was an isolation step which was 

approximately 10 minutes involving a quick rotary evaporation and high vac, after which 

the clock was started. The two graphs are shown in Figure 5.16. 
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Figure 5.16: Timeline study of perthiol stability for p-OMe (110) and p-Br (111). 

Both profiles exhibited decay over time, whose decay kinetics were investigated by fitting 

to a first-order exponential decay model using Prism 9. For the equation y = y0ekt, where 

y0 is the amount of substance at t=0 and y is the amount of substance at t=t, and k is the 

exponential rate constant, the following parameters were obtained: 

 

Nonlin fit p-MeOBnSSH, 110 p-BrBnSSH, 111 

Y0 0.8139 0.6786 
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NS -2.130 -0.5962 

K 0.002165 0.007296 

Half-life 320.2 95.00 

 

Thus, the exponential rate of decay of 110 (p-MeOBnSSH) was found to be 0.002165 min-

1 and that of 111 (p-BrBnSSH) was found to be 0.007296 min-1. Thus 110 decays at a 

slower rate compared to 111. From the equation, the half-life of 110 (OMe) is 320 

minutes whereas that of Br (111) is 95 minutes under these conditions.  

The R2 values of 0.9964 for 110 and 0.9737 for 111 indicated a good fit to the data. Owing 

to the approximately 10-12 minutes required for solution preparation, which likely 

included perthiol degradation, obtaining an exact time zero was impractical.  

 The rate data agrees with that of the 1H NMR data where the p-bromo derivative showed 

some degradation to the trisulfide whereas the p-OMe was more stable. Although the 1H 

NMR experiment was performed in CDCl3 which is an organic medium, whereas the 

Ellman’s study was run in buffered aqueous solution. Hence, the different profiles for the 

two media presumably involve disproportionation in the organic medium (p-Br perthiol 

only) proceeding via the perthiol, whereas in the aqueous Ellman’s case, reaction 

proceeds primarily via the perthiolate. The latter being more reactive now converts the 

p-OMe derivative. Furthermore, it is reasonable to assume that the same self-

condensation occurs in the Ellman’s reactions as in the NMR studies, with both perthiol 

S-electrophilicity and perthiol pKa playing a role. Here, the data indicates a superior 

electrophilicity and lower pKa (hence more perthiolate) for the p-Br perthiol vs its p-OMe 

counterpart respectively. Figure 5.17 summaries these important structural influences.   

 

Figure 5.17: A comparison of the electronic factors influencing reactivity for perthiols p-
OMe (110) and p-Br (111). 
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Reducing reactivity down to such electronic factors bodes well for future perthiol design 

for cytotoxicity enhancement. A remaining question is why a reduction in absorbance 

over time when the number of thiol equivalents was not changing. For this, we postulated 

the gradual seepage of H₂S from the reaction mixture with the timeline greater for the 

assay than in the 1H NMR study. We appreciate that other factors and reaction types might 

also be at play such as perthiol oxidation, but the overall picture emerging was an exciting 

one to take into the next phase of the study regarding understanding the structural 

features at play in perthiol stability and their relationship to cancer cell cytotoxicity. 

5.3 Calculation of Perthiol pKa’s using Density Functional Theory 

From the previous section, it is evident that perthiol can degrade through 

disproportionation, and that the perthiolate and perthiol exhibit different reactivity 

preferences. Thus, perthiol pKa may be important as a perthiol stability factor, so it made 

sense to investigate how we might measure the perthiol pKa. Experimental perthiol pKa 

determination is challenging because of perthiol instability, making titration-based 

approaches impossible. Therefore, we considered instead using computational modelling 

as an alternative method for their pKa determination, despite its limitations. 

This computational work was conducted with the invaluable assistance of Dr. Willem 

Gerber from Stellenbosch University, who set up the calculations using Density Functional 

Theory (DFT) with ORCA 5.0.1. The procedure employed the B3LYP functional with a D3 

atom-pairwise dispersion correction,467,468 a RIJCOSX algorithm, and a def2-TZVP basis 

set utilizing the auxiliary basis def2/J.469,470 The protonated and deprotonated perthiols 

underwent geometry optimization using an implicit SMD solvation model471 with the 

parameters of water. All the obtained structures were characterized as potential energy 

surface (PES) minima by analysing the respective Hessian matrix for each structure, i.e. 

no negative vibrational frequencies were involved. The optimized geometries for the 

protonated perthiols are shown in Figure 5.18.  
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Figure 5.18: The structures of p-substituted benzyl perthiols, modeled using Avogadro. The 
perthiol data set includes A. benzyl perthiol, B. 4-methylbenzyl perthiol, C. 4-
trifluoromethylbenzyl perthiol, D. 4-fluorobenzyl perthiol, E. 4-chlorobenzyl perthiol, F. 4-
bromobenzyl perthiol, and G. 4-methoxybenzyl perthiol. Avogadro was used to generate the visual 
representation of structures from Orca output files. 

From the Orca output files, we could determine the relative thermodynamic parameters 

(Gibbs free energy, enthalpy, and entropy) for perthiol ionization. In view of the stability 

study to date, our aim was to elucidate the electronic factors influencing perthiol acidity, 

particularly the impact of substituents on the aromatic ring of our benzyl perthiols. As 

described before, electron-withdrawing or -donating substituents were expected to 

influence the pKa values. The computationally predicted pKa values for a series of para-

substituted benzyl perthiols is presented in Table 5.5. These values are compared against 

the Hammett constant of the para-substituent in Figure 5.19. 

Table 5.5: pKa values determined computationally for a series of para-substituted benzyl 

perthiols vs the para-Hammett Constant (σp) 

Substituent Predicted pKa Hammett Constant (σp) 

p-F 8.99 0.062 

p-Cl 8.85 0.227 

p-Br 8.81 0.232 

p-CH3 9.30 -0.170 

p-OMe 9.49 -0.268 

p-CF3 8.54 0.540 
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Figure 5.19: Plot of the calculated perthiol pKa vs the para-Hammett constant of the 
substituent. 

The analysis of this relationship revealed a significant linear correlation conforming to 

the equation pKa = -1.162 σp + 9.117, with a correlation coefficient R2 of 0.98 and a p-value 

of 0.0001, indicating a highly significant relationship as shown Figure 5.19. The negative 

slope demonstrates that as the electron-withdrawing character of the substituent 

increases (higher σp), the predicted pKa of the perthiol decreases, leading to an increase 

in acidity. This observed correlation is encouraging as it provides confidence in the 

predicted values, as the electronic nature of substituents is known to play a role in 

modulating the stability of the conjugate base in an acid deprotonation equilibrium, in 

line with the principles of the Hammett equation. The relationship offers confidence in 

the predicted values; however, the accuracy of these absolute values relative to the true 

pKa values remains uncertain. For instance, perthiols are typically 1−4 pKa units more 

acidic than their corresponding thiols, such as glutathione (GSH) with a pKa of 8.94 

compared to its persulfide form (GSSH) with a pKa of 5.45. Given the low pKa of GSSH, our 

predicted values might be overestimated, especially considering that the pKa of benzyl 

mercaptan is 9.43.472 

In addition to this established relationship, we now turned our attention to exploring how 

these parameters correlated with the cytotoxicity of benzyl-allyl and benzyl-benzyl 

trisulfides from Library 2 and 3 respectively. The data and plots of pKa vs LogIC50 are given 

in Table 5.6 and Figure 5.20 below. 

Table 5.6: pKa values determined computationally for a series of p-substituted benzyl 
perthiols and LogIC50s of hetero and homotrisulfides from libraries 2 and 3 respectively 
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Substituent Predicted pKa LogIC50 (hetero) LogIC50 (homo) 

p-F 8.99 0.08 -0.54 

p-Cl 8.85 0.15 -0.01 

p-Br 8.81 0.53 0.39 

p-CH3 9.30 -0.33 -0.16 

p-OMe 9.49 -0.79 -1.28 

p-CF3 8.54 0.81 0.58 
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Figure 5.20: Plot of calculated perthiol pKa vs the LogIC50 of the corresponding (a) benzyl-
allyl and (b) benzyl-benzyl trisulfides from Libraries 2 and 3 respectively. 

The equation for the hetero benzyl-allyl series as shown in Figure 5.20 (a) described a 

strong linear relationship as LogIC50 = -1.640 pKa + 14.83, with an R2 value of 0.962, and 

a significant p-value of 0.0006 (****). Similarly, the equation for the homo benzyl-benzyl 

series was found to be LogIC50 = -1.685 pKa + 14.99, with an R2 value of 0.754, and a 

significant p-value of 0.0249 (*). In both cases, the trend in cytotoxicity correlated well 

with the predicted pKa of the perthiol where more acidic perthiols such as p-Br and p-CF3 

show reduced cytotoxicity, and less acidic perthiols such as p-CH3 and p-OMe show 

enhanced cytotoxicity. Thus, this impressive pattern links perthiol acidity to modulating 

trisulfide cytotoxicity. 

Overall, these results aligned with findings from the 1H NMR and Ellman’s assay studies 

in terms of a dependency between the para-substituent on the benzyl group and the 

corresponding perthiol acidity, which in turn, has a bearing on overall trisulfide 

cytotoxicity. Specifically, perthiols with higher pKa values exhibited enhanced trisulfide 
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cytotoxicity, suggesting that a greater perthiol lifetime translates to an increase in 

cytotoxicity. 

In summary, several correlations emerged from the study of p-substituted benzyl-allyl 

and benzyl-benzyl trisulfides, an important one being between cancer cell cytotoxicity 

and the Hammett constant of the substituent in which activating groups led to more 

cytotoxic analogues. This correlation strongly pointed towards a link between 

cytotoxicity and the stability of the perthiol released after thiolysis exchange on the 

trisulfide within the cancer cell, resulting in the perthiol acting as the primary driver of 

trisulfide cytotoxicity. Assuming that the perthiol does not link directly with cytotoxicity, 

based on mechanistic considerations as described in Chapter 3, the implication from 

these results was that cytotoxicity increases with perthiol stability and concomitant 

increase in oxidised protein thiol/glutathione and H2S production. Scheme 5.10 

summarizes these ideas in terms of perthiol characteristics. 

 

Scheme 5.10: Summary of the correlation between the trisulfide cytotoxicity, and perthiol 
pKa and stability. 

Hence, at this stage of the project, we concluded that perthiol stability mediates cancer 

cell cytotoxicity in an indirect way rather than a direct one. Our next aim was to seek 

validation of this hypothesis in cancer cells. 

5.4 Sulfhydryl Chemical Biology in Trisulfide-treated Cells  

The next phase of the project focused on now looking at trisulfide substrates in cancer 

cells and using Ellman’s assay previously described for scrutinising relative levels of 

sulfhydryl equivalents produced. However, in this case, because cells were being used 

rather than a cuvette, it is first important to describe the literature’s understanding of the 

processes involved.  
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5.4.1 The Fate of a Trisulfide in a Cancer Cell 

It is first important to summarise the trisulfide cancer cell journey based on current 

literature. Recent work by Lin, Fukumoto and Kumagai groups in 2019 explored cysteine 

trisulfide (CysSSSCys) as a trisulfide cell probe,473 and established that the perthiol, 

CysSSH, generated following thiolysis exchange between the trisulfide and a biological 

thiol (R’SH in the Figure below), acts as the pivotal intermediate in a number of 

intracellular processes. However, importantly in the context here, they established that 

cells with increased intracellular perthiol levels could export CysSSH into the 

extracellular space. Interestingly, while CysSSH was the major perthiol exported perthiol, 

GSSH (formed via exchange between GSH and CysSSH) was shown to be the predominant 

intracellular species.473 An overall picture of pertinent events is given in Figure 5.21. 

 

Figure 5.21: The proposed fate of a trisulfide entering a cell.473 

In this somewhat complex milieu, it is essential to differentiate between intracellular and 

extracellular processes because the cellular environment influences perthiol function.473 

Intracellularly, perthiols participate in signalling pathways and modulate protein 

function. Extracellularly, their S-S bond reduction by reductants present in the 

extracellular matrix16 (or secreted by cells) to form a thiol and H2S can result in a variety 

of different physiological effects such as vasodilation and antimicrobial activity.474 Such 

processes are promoted by extracellular reductants like ascorbate or glutathione.  

Since trisulfides produce these species as a byproduct following thiolysis within the 

cancer cell, we were interested to assess their extent of production and to investigate how 
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these species affect cancer cell cytotoxicity, which is the biological activity of interest in 

this study.  

Given the results in the project thus far, we found the issue of perthiol transport intra- to 

extracellular offered a possible opportunity for monitoring perthiol presence in the 

extracellular space of cancer cells by the Ellman’s assay through the assay of the cell 

culture media. 

5.4.2 Rationale for Trisulfide Selection 

The selection of the trisulfides for this experiment was guided by the cytotoxicity results 

obtained previously, where electron-donating substituents on the benzyl ring 

demonstrated the highest activity (as seen with p-OMe, 107), while the bromo 

substituent, 105, exhibited reduced cytotoxicity. Hydrogen substitution, 54, showed 

moderate activity between these extremes. Figure 5.22 depicts the structures as well as 

their IC50s for a mini-library of homobenzyl trisulfides, which were selected in preference 

to the hetero analogues (benzyl-allyl) in view of their superior cytotoxicity. 

 

Figure 5.22: Cytotoxicity IC50’s of 54, 105 and 107 in WHCO1 cancer cells. 

Regarding the assay component, the Ellman’s assay was performed as before by 

incubating the reagent with the “thiol source” for 15 minutes to develop the colour and 

form the TNB2-.  

5.4.3 Experimental Protocol for Sulfhydryl Level Assessment 

To start the experiment, WHCO1 cells were plated in 24-well plates at a density of 50,000 

cells per well and allowed to settle overnight. The following day, they were treated with 

100 μM of each of the three trisulfides for 3 hours. Untreated cells were included as 
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controls to determine baseline thiol levels, and a 0.1% DMSO control was included to 

account for any solvent effects on thiol levels. Dibenzyl disulfide (BnSSBn) was also used 

as a control for disulfide. Each experiment was conducted independently in triplicate. 

After the 3-hour incubation period with the trisulfide, 100 µL of the culture media was 

removed and added to 100 μL of DTNB (1 mM) to give a molar ratio of DTNB to trisulfide 

of 10:1 (see the Experimental for a full analysis of concentrations). The DTNB was 

incubated with the culture media for 30 minutes, after which 1.8 mL of PBS buffer was 

added, and the absorbance was measured at 412 nm using a UV-Vis spectrophotometer. 

The experimental workflow is outlined in Scheme 5.11. 

 

Scheme 5.11: Experimental workflow for quantification of DTNB-reactive sulfhydryl 
groups in the culture media of WHCO1 cells following treatment with trisulfides. 

5.4.4 Results and Interpretation 

The results revealed varying levels of DTNB-reactive sulfhydryl groups in the cellular 

media of the WHCO1 cells following treatments with the trisulfides. Treatment with p-

OMe, 107, produced the greatest amount of TNB2-, followed by p-H (54) and then p-Br 

(105) (see Figure 5.23). Noteworthy, this trend mirrored that of the cytotoxicity findings, 

indicating that the higher levels of sulfhydryl groups or “thiol equivalents” in the 

extracellular media (which could be RSH/RSSH or H2S according to “Ellman’s”) is a 

marker of cytotoxicity. Hence, the term "thiol equivalents" refers to the DTNB-reactive 

species detected rather than the direct presence of thiols. As discussed in section 5.2.4, 

DTNB reacts with RSH and RSSH to produce only one equivalent of TNB²⁻, whereas H₂S 

yields two equivalents. 
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Figure 5.23: Measurement of reactive sulfhydryl groups in the culture media following 
treatment with organosulfur compounds BnSSBn, p-OMe (107), p-H (54) and p-Br (105). 
UT = untreated cells. 

Quantitatively, p-OMe (107) produced 2-fold more DTNB-reactive sulfhydryl species 

compared to p-Br (105), with absorbance values of 0.147 ± 0.006 and 0.078 ± 0.008, 

respectively. It is likely that these differences may be higher at a lower timepoint 

compared to the 3-hour incubation period used in this study, but additional timepoints 

were not investigated. Trisulfide p-H (54) was found to have a mean absorbance of 0.116 

± 0.008. The disulfide, BnSSBn produced the same level of TNB2- as the control (untreated 

cells) as expected since simple disulfides do not readily undergo thiolysis exchange. 

Regarding interpretation, once again, perthiol stability in terms of S-electrophilicity (both 

sulfurs) and its pKa seem to be pivotal. The higher concentration of sulfhydryl equivalents 

in the cell’s supernatant (extracellular space) for the p-OMe derivative, 107, indicates a 

higher perthiol stability in keeping with our earlier results. This gives the perthiol from 

107 time to cross the membrane back into the extracellular domain. Similarly, the lower 

levels of perthiol from the p-Br derivative, 105, indicates its perthiol in the intracellular 

space to be shorter-lived. However, the lower cancer cell cytotoxicity of these more 

reactive perthiols, assuming H2S (formed via exchange on the said perthiol by RSH as 

glutathione or a cysteine residue on a protein) to be the principal cytotoxic agent, reveals 

that such perthiols degrade, at least in part, via a non-cytotoxic pathway. The latter, we 

suggest involves two key structural features. The methoxy perthiol, being less acidic, 

remains predominantly as a perthiol at physiological pH, allowing for a sustained release 

of H₂S. In contrast, the more acidic bromo perthiol may exist as a perthiolate, which 

degrades more rapidly through disproportionation. 
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Interestingly, the bromo perthiol might exhibit a shift in regioselectivity, leading to 

thiolysis at the external sulfur, a shift that has recently been shown experimentally by the 

Pluth group.341 In this case, a bulky or electron withdrawing group (i.e. Br) was shown to 

switch the electrophilicity preferences to the external sulfur leading instead to 

transpersulfidation which may be a non-productive reaction in terms of cytotoxicity as 

this shift does not lead to further mixed disulfides or H2S release. Indeed, 

transpersulfidation generates a non-cytotoxic thiol and a biological per hthiol that is 

cytoprotective. Thus, the underlying cause of cytotoxicity in cancer cells could stem from 

the formation of mixed disulfides and H₂S. These ideas are summarised in Scheme 5.12.  
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Scheme 5.12: A rationale for perthiol stability affecting H2S production and ultimate 
cytotoxicity. 

In summary, a convincing picture had emerged – that the key to trisulfide-based 

cytotoxicity is producing a stable perthiol following thiolysis exchange with a biological 

thiol leading to a sustained release of H2S and also sustained oxidative modification of 

proteins or consumption of GSH intracellularly. To further explore this hypothesis, we 

next examined the H2S release in cancer cells using an H2S probe. 

5.5 Exploring the Role of H2S in Trisulfide Cytotoxicity 

Having explored perthiol levels in cells and their role in trisulfide cytotoxicity, our 

attention turned to hydrogen sulfide (H2S) as the final product in the thiolysis end game. 

We thus investigated H2S release from p-substituted homodibenzyl trisulfides within 

WHCO1 cells using an H2S probe. This research links to previous probe studies 

demonstrating the potent anti-cancer effects of H2S release from various trisulfides in 

different cancer cell lines,93,357,475 which will be discussed in the next section. 

5.5.1 Detecting H2S Release using an Azide Fluorescent Probe within the 

Cancer cell 

Although a review was presented in Chapter 3, first it is important to focus on the details 

of recent probe studies on H2S produced in cancer cells treated with organotrisulfides. A 

recent review476,477 highlights the various options in terms of the functional chemistry, 

but in this study, it was decided to use an azide-based probe because of its ease of 

synthesis and reliable usage in cells. 

In 2017 and 2020, Quinn et al.357,475  in two different publications investigated PEG-

trisulfides as H2S donors in cancer cells using a fluorescent probe for H2S detection, which 

revealed a steady increase in fluorescence over time in HEK293 cells. Similarly, Bhabak et 

al. and Pluth et al. in two separate publications used an azide probe to measure H2S 

release from trisulfide donors in cancer cells. Bhabak et al.93 examined the H2S release 

profiles of dibenzyl trisulfide derivatives in MCF-7 cells, revealing differences in 

cytotoxicity and dynamic H2S release patterns. Among the derivatives studied, di-(p-

methylbenzyl) trisulfide exhibited a unique and potent H2S release profile, correlating 

with significant cytotoxic effects. This derivative demonstrated a dynamic and sustained 

release of H2S, leading to a pronounced anti-proliferative activity. Similarly, Pluth et al.478 
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recently used the same azide probe to quantify H2S release from bis (morpholinomethyl 

coumarin-based) trisulfide showing a strong and specific response to H2S and the ability 

to localize within the lysosome of cells.  

There are several fluorescent probes that have been developed that use different 

chemistries for detecting H2S in a biological sample. For instance, metal-ion indicators 

indirectly detect H2S by monitoring changes in fluorescence properties in the presence of 

metal ions.479 Cyanine-based probes enable sensitive detection in complex biological 

environments, while BODIPY-based probes ensure reliable quantification of H2S levels 

owing to their high photostability as summarised in the review by Matson et al.480 

However, the probe that caught our attention was the fluorescent azide probe 1,8-

naphthalimide (NAP), 112, and the coumarin-based scaffold SF4, 113, both with a 

reducible azide-group, Figure 5.24. 

 

Figure 5.24: Chemical structures of two azide-fluorescent probes used for H2S detection. 

The reduction of the azide group by H2S results in a fluorescence signal. The transition 

from a non-fluorescent to a fluorescent state allows for naked-eye detection of H2S, which 

can also be measured quantitatively.477,481 Current thinking based on the experimental 

evidence points towards trisulfide cytotoxicity mode of action involving a reaction with a 

biological thiol to form a perthiol, which reacts further to generate H2S in the second step. 

Any probe experiment relies on the chemical reaction of a functional group in the probe, 

which in the case of an azide-probe involves azido group reduction to an amino group by 

the H2S with a change in the fluorescence. The relevant chemistry is depicted in Scheme 

5.13.  
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Scheme 5.13: Proposed thiolysis exchange reactions of trisulfides in cancer cells, resulting 
in H2S production as an end product detectable by an azide fluorescent probe. 

Hence, in keeping with previous studies, the research now turned towards studying the 

influence of a para-substituent on the aromatic rings of a small library of homobenzyl 

trisulfides on H2S production in cancer cells using an H2S azide-probe, which is the topic 

of the next section. 

We aimed to synthesize the NAP probe using the commercially available NAP starting 

material. NAP synthesis appeared to be straightforward, and the probe is reported to 

manifest a high reactivity towards H2S. In a study by Ling Zhang et al.,477 NAP, 112, was 

used for the detection and imaging of endogenous H2S in MCF-7 cells via ratiometric 

fluorescence imaging. The probe's ability to visualize and quantify H2S levels in living cells 

showcases its utility for studying H2S-related processes at the cellular level. 

Mechanistically, azide reduction by H2S has been studied by Pluth482 and shown to involve 

the hydrosulfide ion as the key intermediate, adding to the azide terminal nitrogen to 

form an intermediate that eliminates nitrogen and elemental sulfur in an intramolecular 

process or nitrogen and HS2- via an intermolecular one as depicted in Scheme 5.14.  
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Scheme 5.14: Pluth’s mechanism for azide reduction.482 

Once reduced, the electron-releasing amino group formed promotes fluorescence that 

can be measured quantitatively,477 as shown in Scheme 5.15. 

 

 

Scheme 5.15: Reduction of Azide to Amine in the NAP Fluorescent Probe for H2S Detection. 

5.5.2 Synthesis of the NAP Fluorescent Probe 

The NAP azide probe was synthesized following Song et al.'s method,483 via a 

condensation between n-butylamine and the naphthoic anhydride, 115, shown in 

Scheme 5.16 followed by an SNAr of the bromine with an azide ion. The chemistry 

involved refluxing 115 with n-butylamine in ethanol for 6 hours, which proceeds via SNAc 

to the amido-acid, which then cyclises with loss of water to the imide, 116. Following 

removal of solvent (and reagent), the product was colourless and crystalline, which was 

purified by crystallization. Subsequently, imide 116 was reacted with sodium azide in 

dimethylformamide (DMF) at 40 °C for 4 hours, resulting in the formation of a yellow 

precipitate, 112, that could be filtered on cooling, washed and crystallized. Scheme 5.16 

illustrates these synthetic steps. 
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Scheme 5.16: Synthesis of NAP (113) using the method of Song et al.483 

5.5.3 Validation of NAP: NMR, Fluorescence Studies, and Calibration Curve 

The NAP probe was characterized by NMR spectroscopy. The 1H NMR spectrum of the 

non-reduced azide probe exhibited characteristic peaks consistent with its structure (see 

Figure 5.25). Specifically, we observed distinct signals corresponding to the butyl group 

in the aliphatic region as well as aromatic protons, each displaying correct integrations 

agreeing with  literature.483 

 

Figure 5.25: 1H NMR spectrum of NAP, 112. 
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After successfully characterizing the probe, we proceeded to confirm its functionality 

through a series of tests. Initially, we investigated its reduction using Na2S as a model 

sulfide reductant for H2S. NAP (44 mg, 0.10 mmol) was dissolved in acetonitrile (15 mL, 

6.7 mM), and a solution of Na2S•9H2O (80 mg, 0.33 mmol) in PBS buffer (16.5 mL, 20 mM, 

pH = 7.4) was added. The relative concentrations were carefully chosen to ensure the 

homogeneity of the solution, considering that NAP is insoluble in water. The mixture was 

stirred at room temperature for 3 hours, resulting in the formation of a visibly fluorescent 

product. Subsequently, the product was extracted into EtOAc and purified via column 

chromatography. The reduced product was then analysed by 1H NMR spectroscopy. 

The spectrum (run in CDCl3) showed an -NH2 peak integrating for 2H as a singlet at 7.41 

ppm, with aliphatic signals shifted slightly downfield in agreement with the literature.483 

Thin-layer chromatography (TLC) further corroborated these findings by showing the 

formation of a more polar and fluorescent product spot. Figure 5.26 shows both azide 

and amine spectra. 

 

Figure 5.26: 1H NMR overlay of non-reduced (TOP) and reduced (BOTTOM) probe versions 
of NAP, 112. 
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Next, excitation and emission spectroscopy were conducted on the probe. The non-

reduced probe exhibited a baseline level of fluorescence with an excitation at 330 nm and 

emission at 661 nm. Upon reduction to the amine form, a notable enhancement in 

fluorescence intensity was observed, with strong excitation and emission spectra 

recorded at similar wavelengths. Specifically, a major emission peak was detected at 520 

nm as shown in Figure 5.27. 
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Figure 5.27: Excitation and emission spectra for (A) non-reduced, 112, and (B) reduced, 
114 probe. 

Having established the probe’s fluorescent properties, we went on to create a calibration 

curve using Na2S. Thus, a 10 µM solution of probe 112 was treated with Na2S at 

concentrations ranging from 0 - 50 μM. The fluorescence emission intensity at 509 nm 

was measured for each solution. A plot of [Na2S] vs Em509 revealed a linear relationship 

(Figure 5.28) between the fluorescence emission intensity and Na2S concentration, with 

the relationship Em509 = 0.358 [Na2S] – 0.268 with R2 = 0.9869, and p-value < 0.0001, 

indicating a significant correlation and the probe ready for use in H2S evaluation for the 

trisulfide study. 
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Figure 5.28: Calibration curve of [Na2S] vs fluorescence at Em509. 
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Importantly, the correlation covered the active concentration range of the trisulfides used 

in cancer cells from 50 nM – 10 μM.  

5.5.4 Cellular Experimental Design and Timeline Analysis for H2S Release 

At this stage of the project, armed with our newly synthesized probe, we applied our small 

library of p-substituted homobenzyl trisulfides to measuring H2S release in WHCO1 

cancer cells. 

Thus WHCO1 cells were cultured in 12-well plates and treated with either trisulfides p-

OMe (107) or p-Br (105) at a concentration of 10 μM. Additionally, cells were treated with 

NAP alone or with Na2S + NAP (both at 10 μM) for 10-minutes incubation time to allow 

for any H2S production , which according to the literature483 is the optimal timeline for 

incubating with the azide probe to trap all the H2S, the culture media  was then removed 

from each well, leaving the cells attached. The cells were then dried for three hours. Note 

that this step is reported  not to affect the fluorescence intensity,481 as the fluorescence 

signal has been shown to remain stable once the probe is reduced, regardless of the drying 

duration. One must also note here that these experiments aimed to target intracellular 

events regarding H2S production rather than extracellular ones studied with the Ellman’s 

perthiol study in section 5.4. Fluorescence measurements, expressed in arbitrary units 

(a.u.) reflect the relative brightness of the signal, and were captured using a Nikon 

fluorescence microscope at an excitation wavelength of 440 nm and an emission 

wavelength of 509 nm. The results of these measurements are shown in Figure 5.29. 
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Figure 5.29: Fluorescence Images of the positive and negative controls for WHCO1 cells 
treated with (a) 112 NAP (b) 107 (p-OMe), (c) 105 (p-Br), and (d) NAP+ Na2S. Cells were 
imaged on using a Nikon fluorescence microscope. 

As seen in frame (a), a small amount of background fluorescence was produced by the 

probe alone, which agreed with the fluorescent spectrum of NAP 112 where a small 

amount of fluorescence was also detected (see Figure 5.29) and is indicative of the 

background reduction of the probe over time by cell reducing enzymes. Nevertheless, the 

background fluorescence was minimal compared to that generated from the NAP 112 in 

combination with Na2S (frame d) due to reduction of the azide in 112. Finally, the cells 

treated with the trisulfides alone as shown in panes (b) and (c) for the p-OMe and p-Br 

respectively showed no fluorescence as expected since no probe was present. 

Next, our investigation focused on monitoring H2S release in cells from trisulfides p-OMe 

(107) and p-Br (105) in the presence of NAP. The experiment followed the same protocol 

as the controls where WHCO1 cells were plated in 12-well plates and treated with 

trisulfides at a concentration of 10 μM. This time we did a short time course and allowed 

for three incubation times namely 10 minutes, 1 hour, and 3 hours. After each incubation 

period, the culture media was removed, and the cells were treated with NAP at 10 μM for 

10 minutes. The cells were then dried, and the fluorescence was measured using a 

fluorimeter. Figure 5.30 presents the results obtained from these experiments. 
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Figure 5.30: Fluorescence Images of WHCO1 cells treated with trisulfides 107 (p-OMe) or 
105 (p-Br) for timepoints 10 min, 1 h and 3 h, followed by NAP, 107 H2S monitoring. Cells 
were imaged using a Nikon fluorescence microscope. 

The rapid intracellular thiolysis exchange reaction, enabling H2S production, was 

observed as early as 10 minutes post-treatment, with fluorescence intensity diminishing 

over the following 3 hours. These findings indicate that substantial H2S production begins 

as early as 10 minutes after treatment, with potential for an earlier detection point based 

on observed trends. 

In addition, trisulfide 107 (p-OMe) resulted in significantly higher NAP-detectable 

fluorescence compared to trisulfide 105 (p-Br) under identical conditions. This result is 

encouraging as it is in line with the cytotoxicity trends observed of the parent trisulfides 

where the greater H2S producer is also the more cytotoxic trisulfide i.e. 107, p-OMe. 

5.5.5 Evaluating the Correlation between Cytotoxicity and H2S Release 

Next, we examined the influence of additional homobenzyl trisulfides in an expanded 

library on H2S production at 10 minutes. Employing the same method as that used for 

benzyl-benzyl trisulfides 105 (p-Br) and 107 (p-OMe), the other derivatives analysed 

were 54 (p-H), 103 (p-F), 104 (p-Cl), 106 (p-Me), and 108 (p-CF3). Again, Na2S and probe-

only treatments served as controls. The fluorescence images obtained from WHCO1 cells 

treated with the trisulfides are presented in Figure 5.31. 
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Figure 5.31: Fluorescence Images of WHCO1 cells treated with 54 (p-H) and 103 (p-F), 104 
(p-Cl), 105 (p-Br), 106 (p-Me), 107 (p-OMe), and 108 (p-CF3) trisulfides for 10 minutes 
followed by NAP. Cells were imaged using a Nikon fluorescence microscope. 

The fluorescence intensity in this experiment was quantified using ImageJ software. The 

experiment was conducted once, with three biological repeats. For each well, three 

regions of interest (ROIs) were selected from each of three images, resulting in nine ROIs 

per experiment. This process was repeated for three determinations, leading to a total of 

27 measurements per compound. All the trisulfides 54, 103, 104, 105, 106, 107 and 108 

were found to have fluorescence intensities higher than the control group, albeit to 

varying degrees as shown in Figure 5.32. 
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Figure 5.32: Fluorescence intensity of the homo benzyl-benzyl trisulfides in WHCO1 cells 
following a 10 min incubation followed by NAP treatment. 

The t-test analysis revealed a significant increase in fluorescence relative to the untreated 

cells when comparing the NAP-only control to cells treated with trisulfides and Na2S. A 

significant increase in fluorescence was observed for all treated groups with p-values < 

0.001. 

Once again, these results suggested a relationship between the electronic characteristics 

of the substituent and the fluorescence intensity, so a graph of fluorescence against the 

Hammett constant (σp) was plotted as shown in Figure 5.33. 
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Figure 5.33: Plot of Fluorescence intensity vs the Hammett constant (p) of the substituent 
in the benzyl-benzyl trisulfide library. 

A correlation was observed between the fluorescence intensity produced and the para-

Hammett constant of the substituent on the benzyl-benzyl trisulfide conforming to the 

equation: Em = -9.107p + 9.135. The analysis indicates a negative gradient, with a p-

value of 0.0033 and R2 of 0.8477. Such a relationship demonstrated that as the electron-

withdrawing capacity of the substituent increases (σp), the fluorescence intensity 

decreases, reflecting lower H2S production. Notably, the group treated with 107 (p-OMe) 

exhibited the highest fluorescence intensity among all the experimental groups in line 

with its superior electron-donating character and its superior cytotoxicity. By 

comparison, 105, bearing a p-CF3 group as a strong inductive deactivator, showed the 

converse.  

Additionally, it seemed logical to extend these results further to graphing fluorescence 

intensity vs trisulfide cytotoxicity as an IC50 as shown in Figure 5.34.  
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Figure 5.34: Plot of Fluorescence intensity vs the Log of the cytotoxicity IC50 of the benzyl-
benzyl trisulfide. 

Pleasingly, although not completely unexpected given the other correlations observed so 

far, a strong correlation was observed conforming to the equation Fluorescence AU = -

4.388LogIC50 + 7.275. A highly significant p-value of 0.0003 and a robust R2 value of 0.938 

indicated a strong relationship. Once again, the negative trend held, with fluorescence 

intensity decreasing with higher IC50 (reduced cytotoxicity), Notably, the halogens 

followed their deactivating trend of Br > Cl > F, with Br with the lowest fluorescence 

intensity and the highest IC50 (less potent). The p-fluoro derivative, 103, recorded a 

relatively higher fluorescence value compared to its other halogen counterparts, which 

may be accounted for by its stronger n-pp resonance donating effect (F is the least 

deactivating of the four halogens as F, Cl, Br, I). This correlation emphasizes the significant 

impact of the p-substituents on the amount of H2S produced at 10 minutes. The results 

also agree with the Ellman’s study on trisulfides in cancer cells, showing that activating 

substituents increase the pKa, prolonging the perthiol lifetime and increasing its 

concentration in both extracellular and intracellular spaces. A higher perthiol 

concentration intracellularly as here, also links higher H2S production with a more 

cytotoxic trisulfide. 

5.6 Investigation into the Accumulation of Trisulfides in Cancer Cells 

In the next section, we extended our mechanistic investigations of trisulfides in cancer 

cells in an attempt to track its intracellular localisation and to identify its targets. To this 

end, we synthesised a fluorescently labelled trisulfide which was tracked by confocal laser 

microscopy. The selection of this dansyl label,272 was based on previous findings in our 

lab484 in which the garlic compound ajoene was tagged and found to accumulate in the 

endoplasmic reticulum (ER) of breast cancer cells.310,484  

5.6.1 Synthesis of a Fluorescent Dansyl-Tagged Trisulfide 

The aim here was to synthesize a fluorescently labelled trisulfide by incorporating a 

dansyl fluorescent tag as one of the side groups, the target structure is shown below in 

Figure 5.35 with a pointer for the biology rationale. This target was synthesised using 

our trisulfide synthesis methodology as described in Chapter 4. Although two different 

perthiols would presumably be produced from thiolysis, the dansyl group would 
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ultimately end up attached to GSH or a nucleophilic cysteine residue of an intracellular 

protein. Propyl spacer groups flanking the trisulfide were chosen based on their activity 

observed in Library 1. Notably, the versatility of our methodology for accessing hetero-

trisulfides came into play, as is shown in Scheme 5.17. 

 

Figure 5.35: Structure of dansyl propyl-trisulfide (DPTS), 96. 

 

Scheme 5.17: Synthesis of the dansyl thiotosylate, 121. 

Thus, nucleophilic substitution of dansyl chloride with the amino group of 3-

aminopropan-1-ol, 117, using triethylamine as a base for the HCl generated resulted in 

the formation of dansyl alcohol 118. The reaction took place rapidly and efficiently on ice 

to produce 118 in 95% yield after column chromatography. Structural confirmation for 

118 was obtained by 1H NMR spectroscopy, in which the aromatic region (range 7.18 - 

8.56 ppm) showed the six hydrogens of the dansyl moiety as an individual multiplet, while 

the NMe2 moiety resonated as a singlet at 2.89 ppm as expected (see the appendix for the 

spectral data).  

Next, we needed to transform the hydroxyl group into a leaving group for which the 

mesylate (methylsulfonate ester) and chosen and formed via slow addition of mesyl 

chloride to a solution of 118 and triethylamine in anhydrous dichloromethane (DCM) on 
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ice. After 30 minutes, TLC analysis showed complete conversion of 119 to the less polar 

mesylate, 119, which was obtained as a luminous green oil in 90% yield after work-up 

and chromatography. The introduction of the mesylate group was confirmed by a 

significant downfield shift of the methylene hydrogens adjacent to oxygen, as well as a 

singlet for the three hydrogens of the mesyl group at 2.92 ppm in the 1H NMR spectrum. 

Both these compounds had been made before in the ajoene project272 and the 

spectroscopic data agreed with the published data. To increase the leaving group ability 

further, we converted mesylate 119 to the iodide. This was accomplished by heating 119 

in 20 equivalents of NaI in acetonitrile for 24 hours at 60 °C (see Scheme 5.1). Successful 

conversion to a less polar spot assumed to be iodide 120 was observed by TLC in which 

120 was obtained as a luminous green oil in 85% yield following purification by silica-gel 

chromatography. Thereafter, we attempted the iodide substitution with potassium p-

toluenethiosulfonate using sodium thiotosylate in acetonitrile at room temperature. 

Under these conditions, a more polar fluorescent product appeared on TLC more or less 

spot-to-spot. However, this product degraded on silica, so was used in the next step 

without purification. Although quantifying the latter conversion was not possible, the 

intensity of the TLC spot suggested more than 60% conversion. Although not ideal, we 

were hopeful that full characterisation of the trisulfide could be achieved at the synthesis 

end. 

With the dansylated thiotosylate in hand, we could now proceed to using our new 

trisulfide synthesis methodology. To this end, propyl disulfanyl acetate (1 eq.), 122, and 

thiotosylate, 121 (1.2 eq.), were coupled in THF at -78 °C using sodium methoxide as a 

promoter and using a 30 second reaction time. Work-up and chromatography produced 

the target dansyl propyl trisulfide (designated as DPTS) 96, as shown in Scheme 5.18 in 

71%. Unlike thiotosylate, 121, trisulfide 96 was stable towards chromatography and 

stored in the refrigerator similar to other aliphatic trisulfides from before. Achieving a 

71% yield in the final step was based on using the disulfanyl acetate partner as limiting 

and the thiotosylate in excess. 
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Scheme 5.18: Synthesis of dansylated-trisulfide (DPTS), 96. 

The 1H NMR spectrum of 96 is shown in Figure 5.36 below with all resonances assigned. 

Of note was the appearance of the two methylene groups flanking the two trisulfide 

sulfurs in the range 2.70 - 2.80 ppm, consistent with 96 being an aliphatic trisulfide rather 

than a di- or tetrasulfide.  

 

Figure 5.36: 1H-NMR spectrum of dansylated trisulfide (DPTS), 96. 

High-resolution mass spectrometry confirmed a molecular ion of 431.0952, aligning 

reasonably well with the expected 431.0980 for [M + H] + for C18H28N2O2S4. The diagnostic 
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spectroscopic characterisation for 96 is presented in Table 5.7, including an IR stretching 

peak for S-S, providing us with the confidence that dansyl trisulfide 96 had been 

successfully synthesized. 

Table 5.7: Spectroscopic data supporting dansyl trisulfide (DPTS), 96, formation 

Structure 
1H NMR 

-SCH2 
IR 
S-S 

HRMS for [M+H] + 

experimental calculated 

 

2.70-2.82 468 431.0952 431.0980 

 

5.6.2 Absorption and Emission Properties of DPTS 

To confirm the dansyl-trisulfide’s suitability as a fluorophore for fluorescent studies, we 

investigated its absorbance and emission properties as shown in Figure 5.37. A suitable 

fluorophore must absorb and emit light with non-overlapping signals, which would cause 

quenching. A solution of 5 μM DPTS was prepared in DMSO, and the absorbance and 

emission spectra were recorded. The absorbance was recorded in the range 200 - 520 nm, 

and the emission spectra from 0 - 800 nm. DPTS was found to have two absorption peaks 

at 263 and 338 nm (Figure 5.37A), and non-overlapping emission peaks at 522 and 523 

nm (Figure 5.37B and 5.37C) for the two absorption wavelengths respectively, 

accounting for its blue-green fluorescence.  
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Figure 5.37: Absorption and Emission spectra of DPTS. (A) UV-Vis spectrum of DPTS (B) 
Fluorescence spectrum of DPTS, Ex = 263 nm; Em = 522 nm (C) Fluorescence spectrum of DPTS, 
Ex = 338 nm, Em = 523 nm. 

5.6.3 Cytotoxicity of DPTS in Cancer Cells 

In order to establish whether DPTS had any cytotoxicity to cancer cells, it was incubated 

with WHCO1 cells for 48 hours as described before (section 5.1.1) and evaluated using 

the MTT assay. The fluorophore alone, as dansyl chloride, was also investigated as well as 

DATS (diallyl trisulfide), E/Z-ajoene and DP (dansyl ajoene) as comparisons. The 

cytotoxicity IC50s are shown in Table 5.8.  

Table 5.8: Cytotoxicity IC50’s of DPTS and related garlic compounds against WHCO1 

esophageal cancer cells 

Compound IC50 ± SD (µM) 

DPTS 54 ± 29 

DATS 6.3  4.4 

DP 21  6.2272 

Z-ajoene 25  2.8272 

E-ajoene 39  7.8272 

dansyl chloride >200272 

 

DATS was found to have the most potent cytotoxicity with an IC50 value of 6.3 ± 4.4 µM 

against WHCO1 cells, with dansyl chloride found to be inactive (IC50 > 200 µM). As 

established previously, the ajoenes were somewhat less potent (IC50 in the 20 - 40 mM 

range), while our dansylated trisulfide, DPTS, came out as the least active at 54 ± 29 mM. 

From other studies317 and the current work (Library 1), the allyl group has similar activity 
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to propyl but clearly the dansyl group was lowering the cytotoxicity. Nevertheless, its IC50 

of around 50 mM was considered to be sufficient to carry on with. In a comparative study, 

DP, a dansylated ajoene analogue previously synthesized and evaluated,272 provided 

valuable insights into the targets of ajoene in cancer cells, although admittedly, its IC50 

was just over two-fold greater than that of DPTS with an IC50 of 21 mM. 

5.6.4 Laser Scanning Confocal Imaging (LSCM) as a Tool for Studying 

Intracellular Dynamics 

Laser scanning confocal microscopy (LSCM) can allow for the exploration of protein-drug 

interactions within complex biological systems.484 This technique can provide detailed 3D 

images by capturing thin sections of the biological sample, enabling the study of 

molecules in their complex environments.485 We employed commercially available 

organelle dyes to fluorescently label the ER, mitochondria, and lysosomes. These dyes 

emit fluorescence in distinct channels, enabling their visualization. 

Colocalization refers to the phenomenon where two or more fluorescent signals 

overlap.486 This occurs when emissions originate from distinct fluorescent sources, such 

as an organelle dye and a labelled drug; and the signals emanate from the same location.10 

Thus colocalization indicates close proximity. However, the overlap of two signals does 

not necessarily imply that the two fluorescent emitters directly interact (i.e. through a 

chemical bond or electrostatic interaction); rather, it signifies their coexistence within the 

same location. Analysis of colocalization can take place both by visual inspection and 

quantitatively. In this context, colocalization is an overlap of pixels acquired from two 

emission channels.487  

The dansyl-tag has desirable characteristics, being excited at 350 nm, and emitting at 520 

nm in the blue-green range with a favourable duration of approximately 10 ns488 in which 

emission characteristics are affected by the specific molecule to which it is attached, as 

well as the surrounding solvent.489 Notably, the blue-green emission spectrum of the 

dansyl-tag does not overlap with the commercially available organelle trackers which we 

had on hand, which are red. Laser scanning confocal microscopes use focused laser beams 

to scan a specimen's surface, collecting and processing emitted or reflected light to create 

high-resolution 2D or 3D images (Figure 5.38). 
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Figure 5.38: The principle of Scanning Confocal Laser Microscopy. A cross-section of the 
specimen is excited at a specific wavelength to obtain fluorescence in a specific focal plane. The 
integration of essential components, including scanning mirrors, a dichroic mirror, objective lens, 
and a confocal pinhole, contributes to enhanced lateral and axial resolution. The result is a high-
contrast, finely detailed image that allows for precise three-dimensional visualization of the 
specimen's structure. 

We selected MDA-MB-231 breast cancer cells for the confocal experiment owing to their 

tendency to spread out with their large cytoplasm, enabling for an easier visualisation of 

intracellular compartments. In contrast, WHCO1 cells are smaller in size, and have a small 

cytoplasm and large nucleus which is more difficult to see.  

5.6.5 Live Cell Confocal Images of MDA-MB-231 Cells Treated with DPTS and 

Trackers 

For our study, we used the following live cell tracking dyes: ER-tracker red (Invitrogen 

E34250), Lyso-tracker red (Invitrogen L7528), and Mito-tracker red (Invitrogen 

M22425). These stains accumulate in living cells and selectively stain these organelles. 

The organelle dyes were added 30 minutes before imaging to allow for accumulation 

within their respective organelles. 

Upon treatment of the cells with DPTS for 30 minutes, a distinct blue fluorescence was 

observed as shown in panel B, Figure 39, indicating drug penetration into the cells with 

prominent accumulation in the cytoplasm with an apparent perinuclear distribution. 

Notably, fluorescence was not observed in the membrane or nucleus. As shown in Figure 
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5.39, the transmitted light channel (T) revealed a healthy cell morphology, while the 

overlay (O) illustrates the drug's localization within the cell. However, no fluorescence 

was observed in the red channel (R). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.39: Live cell confocal images of MDA-MB-231 cells treated with DPTS. Cells were 
treated for 30 minutes and then imaged. (R) No fluorescence detected in the red channel (B) 
fluorescence is observed in the blue channel (T) transmitted light channel only to show cell 
morphology. (O) overlay of all three channels. 

Next, the MDA-MB-231 cells were treated with the organelle trackers to generate images 

shown in Figure 5.40. All of the trackers were found to only fluoresce in the red channel 

with nothing coming through in the blue channel. In addition, the distribution of signals 

was different between the trackers, with the ER as expected being perinuclear and 

cytoplasmic, the mitochondria as mainly rod-like structures within the cytoplasm, and 

the lysosomes dispersed and globular-like. Owing to the lack of any blue fluorescence 

emanating from the trackers, they could be used together with the DPTS probe which 

fluoresced blue but not red. 
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Figure 5.40: MDA-MB-231 cells incubated with Mito-tracker, Lyso-tracker, and ER-tracker. 
Cells were pre-treated for 30 minutes with the tracker and then imaged. (R) Red Channel. (B) 
blue channel. (T) transmitted light. (O) overlay of all signals. 

The transmitted light and overlay images for the mitochondrial, lysosomal, and ER 

trackers all revealed MDA-MB-231 cells with normal morphology, indicating that none of 

the trackers had induced adverse effects on cellular structure. The absence of any 

apparent abnormalities in cell morphology supports the suitability of the chosen 

concentrations and incubation times for the trackers in live cell imaging experiments. 

Having established the effects of compounds and trackers on the cells independently, we 

next looked at combinations. We first investigated whether DPTS might accumulate in the 

regions of the mitochondria, an organelle involved  in cellular processes, including energy 

production, calcium homeostasis and apoptosis.490 Figure 5.41 shows the images 

obtained from DPTS together with the mitotracker organelle stain. 
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Figure 5.41: Confocal microscopy of MDA-MB-231 cells treated with DPTS and stained with 
mitotracker red: (a) Mitotracker (Red channel) (b) DPTS (Blue channel) (c) Overlay (d) 
Scatterplot. 

From visual inspection, the combined fluorophores from mitotracker and DPTS (Figure 

5.41c) do not appear to be in the same location of the cell, i.e. DPTS doesn’t appear to be 

localising in the mitochondria. Quantitation was then performed using a pixel-by-pixel 

approach with Zen Black® software. Each pixel is plotted in a scatter diagram based on 

its intensity level from each channel with the blue intensity on the x-axis, and the red 

intensity on the y-axis. The pixels are designated into four quadrants, defined by 

crosshairs within the scatterplot (see Figure 41d). Quadrant 4, lower left, denotes pixels 

with low intensity in both channels and is considered background, excluded from 

colocalization analysis. Quadrants 1 and 2 contain pixels with high blue or red, 

respectively. Quadrant 3 contains colocalized pixels, visualized as purple blending in the 

colocalization image.  

In order to quantify the colocalization, we examined pixel distributions within defined 

Regions of Interest (ROI). From this, a colocalization coefficient (cc) was calculated for 

each channel to give a pixel overlap value in the range 0 to 1.491 This was done for three 

replicates from which an average and standard deviation was obtained. Another 

(a)              (b)  (c)  

(d)  
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parameter that was obtained was the weighted colocalization coefficient (wc), which 

considers pixel intensity. Here, a lower wc for the red channel suggests more red pixels 

outside the colocalization area. The overlap coefficient (oc) assesses perfectly colocalized 

pixels, and the Pearson’s491 correlation coefficient (R) provides a quantitation of the 

relationship between the two signals ranging from -1 to 1. The colocalization analysis for 

mitotracker and DPTS is shown in Table 5.9.  

Table 5.9: Colocalization analysis of DPTS and mito-tracker in MDA-MB-231 cells 

Organelle wc (blue) wc (red) oc Pearson’s Correlation R 

Mitochondria 0.470 0.329 0.55 - 0.02 

 

The weighted colocalization coefficients indicate that 47% of the mitochondrial red pixels 

overlap with the DPTS, while 32% of the DPTS overlaps with the Mito-red. This suggests 

some overlap; however, the correlation coefficient with a value of -0.02 does not support 

any colocalization. Since the blue fluorescence in these images is weak and close to 

background, it is possible that the wc and oc are picking up background pixels which 

makes the colocalization look more than it is but when taken together with the visual 

inspection of the images which do not show any overlap, and with the lack of correlation 

in the Pearsons correlation constant, we can conclude that DPTS does not localise in the 

mitochondria.  

The second organelle we investigated were the lysosomes, which are membrane-bound 

organelles containing hydrolytic enzymes involved in intracellular digestion and waste 

material degradation.492 The cells were treated with DPTS in combination with 

lysotracker red as depicted in Figure 5.42. 
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Figure 5.42: Confocal microscopy of MDA-MB-231 cells treated with DPTS and stained with 
lyso-tracker red: (a) Lyso-tracker (Red channel) (b) DPTS (Blue channel) (c) overlay (d) 
Scatterplot. 

Visually there appears to be a substantial overlap between the blue (DPTS) and red 

(lysotracker) channels in Panel 3 (c). All of the red signals appear to coincide with the 

blue signal, although much of the blue is outside of the red. In this image, the lysotracker 

dots appear pink, indicating signal overlap and colocalization. Examining the scatter plot, 

there are substantial pixels in quadrant 3, indicating colocalization. Quantification of the 

data is shown in Table 5.10. 

Table 5.10: Colocalization analysis of DPTS with Lyso-tracker in MDA-MB-231 cells 

Organelle wc (blue) wc (red) oc Pearson’s Correlation R 

Lysosome 0.947 0.239 0.66 0.21 

 

The weighted colocalization coefficient is significantly higher in the blue channel (DPTS) 

compared to the red channel (lysotracker), with values of 0.947 and 0.239, respectively. 

This supports the visual inspection in which some of the blue overlaps with the red. 

However, while all of the red overlaps with the blue, only some of the DPTS are in the 

lysosome. The overlap coefficient (oc) of 0.66, and the Pearson’s correlation coefficient of 

(a)            

(d)  

(b)  (c)  
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0.21 support some colocalization. The accumulation of DPTS within the lysosome 

suggests that some of it may be targeted for degradation or processing within this 

organelle.  

We next investigated the endoplasmic reticulum (ER). The ER is an organelle responsible 

for the biosynthesis, folding, assembly, and modification of most secretory and 

transmembrane proteins within eukaryotic cells. The ER is the main site for the 

biosynthesis of lipids such as phospholipids, cholesterol, and ceramides, which are 

transported to other organelles and cellular membranes via vesicles of the secretory 

pathway.493 Figure 5.43 shows the fluorescence images acquired when the MDA-MB-231 

cells were stained with ER tracker-red and treated with DPTS for 30 minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.43: Confocal microscopy of MDA-MB-231 treated with DPTS and ER tracker. (a) ER 
tracker (Red channel) (b) DPTS (Blue channel) (c) overlay (d) colocalisaiton map (e) Scatterplot. 

At first glance, the blue and red signals appear to exhibit a remarkably similar 

distribution. Indeed, we had shown in the control experiments, that ER tracker fluoresces 

red and does not bleed through into the blue channel. Together DPTS and ER tracker 

produce strongly overlapping signals as seen from the pink overlay in Figure 5.43c, and 

(a)  (b)  (c)  

(d)  (e)  
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the colocalisation map d. In the scatter plot (e), the blue and red signals exhibit a strong 

co-distribution, depicted by the concentration of pixels along the diagonal. This suggests 

that the signals from DPTS (blue channel), and the ER tracker (red channel), are 

emanating from the same cellular locations. Furthermore, the presence of pixels above 

the diagonal line indicates regions where the blue signal is higher than the red, suggesting 

localization of DPTS also in some areas of the cell other than the ER. The quantitation 

analysis for ER tracker and DPTS is presented in Table 5.11.  

Table 5.11: Colocalization analysis of DPTS with ER-tracker in MDA-MB-231 cells 

 

The weighted colocalization coefficient shows that 99% of the red pixels colocalize with 

the blue, and 77% of the blue pixels colocalize with the red. In addition, a Pearsons 

correlation is 0.59 is obtained. Thus, DPTS appears to be strongly localising in the ER, 

with some also in the lysosome.  

These results of DPTS in MDA-MB-231 breast cancer cells present new insights into the 

intracellular targets of trisulfides in cancer cells. Comparing the degree of colocalization 

among the three organelles studied, the ER exhibits excellent colocalization with DPTS, 

suggesting a targeted affinity for this organelle, while the mitochondria is not targeted, 

with the lysosomes showing some targeting. The presence of DPTS in the lysosome 

suggests that it may be cleared through this route.  

We have previously found similar findings for dansyl-tagged and fluorescein-tagged 

ajoene, another garlic organosulfur compound although a different chemotype with a 

vinyl disulfide functional group instead of a trisulfide. Importantly it also has an 

electrophilic sulfur. Since dansyl-trisulfide also targets the ER, it is likely that there may 

be overlapping modes of action between the two chemotypes in cancer cells. Based on 

our findings for ajoene, we can propose a similar mechanism of action, although in the 

case of the trisulfide, thiolysis exchange also produces a reactive perthiol which leads to 

the production of H2S – a key aspect that will be discussed later on. Taken together, we 

propose a general hypothesis for the mode of action of trisulfides in cancer cells shown 

in Figure 5.44, which takes into account the ER targeting. Presumably the protein 

Organelle wc (blue) Wc (red) oc Pearson’s Correlation R 

Endoplasmic reticulum 0.985 0.766 0.88 0.59 
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cysteine can also attack the sulfur adjacent to the propyl group, but this won’t lead to 

visualisation.   

 

Figure 5.44: A hypothesis on the cytotoxic mechanism of action of trisulfides in cancer cells 
based on the ER targeting mechanism. 

Our hypothesis, depicted in Figure 5.44, suggests that the cytotoxicity of trisulfides may 

result from two pathways; the one involving protein folding processes, akin to the 

mechanism observed with ajoene, and the other with H2S signalling. Our previous studies 

on ajoene revealed its ability to induce misfolded protein aggregates and to activate the 

Unfolded Protein Response (UPR) by perturbing protein folding processes in the ER.272 

Therefore, we propose that trisulfides, at least in part, exert their cytotoxic effects by 

disrupting protein folding, similar to ajoene. This may be complemented by an apoptosis 

mechanisms involving H2S. Further investigations are needed to validate this hypothesis 

and elucidate the specific molecular mechanisms underlying the interplay of these two 

manifolds. 
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5.7 Summary and Outlook 

This Chapter has presented an investigation into the perthiol chemical biology 

underpinning organotrisulfide cytotoxicity in cancer cells, building a cohesive narrative 

from initial screening to detailed mechanistic insights. Our journey began with an initial 

screening of a library of derivatives prepared by using our new heterotrisulfide 

methodology that revealed a poorly defined set of structure-activity relationships 

between cytotoxicity and structure. However, this initial ambiguity led us to investigate 

further, focusing on substituted benzyl trisulfides in both a hetero (benzyl-allyl) and homo 

(benzyl-benzyl) series bearing para substituents on the phenyl ring, with the anticipation 

that there might well be transmission effects that could result in generating mechanistic 

insight. This refined approach revealed a much clearer SAR and a tool for chemical biology 

investigation both in the test tube (e.g. Ellman’s) and in vitro in cells. A summary of these 

achievements follows.  

Once we had latched onto the importance of varying the substituent in different benzyl 

trisulfides, the focus of attention first turned to perthiol stability. Here, it was found that 

electron release into the benzyl group phenyl ring stabilises the perthiol and restricts its 

disproportion into the homotrisulfide via self-condensation. This was explained in terms 

of electron release raising the perthiol pKa, reducing the concentration of perthiolate in 

solution, which was corroborated by computational studies. A further factor was the 

reduction of benzyl S-electrophilicity by the electron-releasing substituent. This was the 

first evidence within the project that we had uncovered an important design factor for 

prolonging perthiol lifetime in cells, which needs to be exploited further in the future in 

the quest for more cytotoxic trisulfides.  

From here, we took the mini-library into cancer cells, knowing (from literature) that a 

perthiol would be formed via thiolysis exchange with a biological thiol such as glutathione 

or a cysteine residue on a protein. Pleasingly, once again, a higher perthiol concentration 

extending to the extracellular space via passage back across the cell membrane (where it 

was measured using an Ellman’s assay) was found for the p-OMe derivative, again 

corroborating results from the perthiol stability study in the test tube as described in the 

paragraph above. 

Finally, our library was used for monitoring H2S production in a WHCO1 cancer cell line 

using a fluorescent (azide) probe. Here, using an expanded library now covering a 

broader range of electron-withdrawing and releasing substituents, the same SAR was 
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pleasingly established – that fluorescence intensity (as a measure of H2S concentration) 

increased with increasing electron release from the para-substituent, again tracing back 

to an enhanced perthiol stability. In turn, the trisulfide cytotoxicity potency increased 

with increasing H2S production. Importantly, these results not only corroborate the 

general view on the thiolysis-based mechanism of a trisulfide cytotoxicity leading to H2S 

but have also provided a crucial design principle for engineering optimal agents. 

Unfortunately, aromatic trisulfides – in which electronic effects could be directly 

transmitted to the trithio moiety – are relatively unstable as a result, but the benzyl 

chemotype at this stage is worth elaborating, e.g. with more electron-releasing effects. 

Steric effects also need to be explored.  

Finally, studies using a dansyl-propyl trisulfide probe revealed localisation in the 

endoplasmic reticulum, in keeping with the organelle responsible for S-S biochemistry 

processing in which an unfolded protein response may well be operative as with ajoene. 

These findings have pointed towards future studies needing to study the interplay of UPR 

and H2S signally in apoptosis promotion.  
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CHAPTER 6: Experimental 

6.1 Synthesis Methods 

Commercially sourced precursor chemicals from Sigma Aldrich and Merck were used 

without additional purification. Reaction solvents underwent distillation under a 

nitrogen atmosphere. Tetrahydrofuran (THF) was dried over sodium wire 

benzophenone, acetonitrile (ACN) was distilled from calcium hydride (CaH2), and 

dichloromethane (DCM) was distilled over phosphorus pentoxide. Other reagents were 

purified using established standard procedures. 

Temperature conditions for reactions are given, covering room temperature (RT) and a 

spectrum of low-temperature reactions ranging from an ice-water slurry (0 °C) to the use 

of acetone/liquid nitrogen (-78 °C). Temperature-regulated oil baths were used for high 

temperature reactions. 

Thin-layer chromatography (TLC) as performed using Merck aluminium-backed silica 60 

F254 plates, with visualization provided by short-wave (254 nm) or long-wave (365 nm) 

UV-light or by using the following stains with subsequent heating: anisaldehyde stain as 

a 2.5% solution of anisaldehyde in sulfuric acid and ethanol (1:10 v/v); ninhydrin stain 

as a 0.3% solution of ninhydrin in absolute ethanol and glacial acetic acid (97:3 v/v); 

KMnO4 stain prepared by dissolving 1.5 g of KMnO4, 10 g K2CO3, and 1.25 mL 10% NaOH 

in 200 mL water. Purification by column chromatography was carried out using flash 

silica gel from Sigma Aldrich, with the mobile phase comprising mixtures of ethyl acetate 

(EtOAc) and hexane. Purity data was afforded by high-performance liquid 

chromatography (HPLC) with a UV detector, using an Agilent 1220 unit equipped with an 

Agilent ZORBAX Eclipse Plus C-18 column. 

1H NMR and 13C NMR spectra were recorded on Varian 300 MHz, Varian 400 MHz Unity 

INOVA and Varian 600 MHz Unity INOVA NMR instruments. All NMR spectra were 

recorded at 25 °C. Chemical shifts (δ) are reported in ppm relevant to the deuterated 

solvent peaks (chloroform: δ 7.26 in 1H NMR and δ 77.16 in 13C NMR; dimethylsulfoxide: 

δ 2.50 in 1H NMR and δ 39.52 in 13C NMR). J-coupling (J) is given in Hz. High-resolution 

mass spectrometry was performed at the Central Analytical Facilities, School of 

Chemistry, University of Stellenbosch on a Waters Synapt G2 machine in ESI mode. 
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6.2 General Method for sodium 4-methylbenzenesulfonothioate salt141 

TolSO2Na (105.71 g, 600 mmol, 1eq.) and S8 (19.24 g, 75 mmol, 1 eq.) were dissolved in 

pyridine (500 mL) to give a yellow solution.141 The reaction was stirred under N2 at 50 ºC 

for 1 h to give a white suspension. After another 2 h, the reaction was filtered and washed 

with anhydrous diethyl ether. The residue was recrystallized from anhydrous ethanol to 

afford TolSO2SNa (106.01 g, 89%) as a white crystalline solid. 

6.3 General Procedure for Synthesis of Thiotosylates 1a-u. 

6.3.1 Synthesis of Aliphatic and Benzylic Thiotosylates (Procedure 1) 

Aliphatic thiotosylates were synthesized using one of two established methods.141 In 

Procedure 1, a solution of sodium 4-methylbenzenesulfonothioate (1 mmol) in dry 

acetonitrile (4 mL) was prepared and maintained under a nitrogen atmosphere. To this, 

RX (1.2 mmol) was added. The mixture was stirred at room temperature until TLC 

indicated the complete consumption of the limiting reagent. The acetonitrile was then 

removed under vacuum. The resulting residue was extracted with ethyl acetate (3 x 20 

mL) from water (10 mL). The organic layers were combined, washed with brine (10 mL), 

and dried over anhydrous magnesium sulfate (MgSO4). After removing the solvent under 

reduced pressure, the residue was purified by column chromatography using a mixture 

of ethyl acetate and hexane, yielding the desired aliphatic thiotosylates 1a-1p.  

6.3.1.1 Library 1 via Procedure 1 

S-Allyl 4-methyl-benzene-sulfonothioate (1a)494 

 Sodium 4-methylbenzenesulfonothioate (1.00 g, 4.76 mmol, 1 

eq.) and allyl bromide (690.5 mg mL, 5.71 mmol, 1.2 eq.) were reacted to afford 

sulfonothioate 1a as colourless oil (800.0 mg, 74%). 1H NMR (300 MHz, CDCl3) δ 7.80 (d, 

J = 8.3, 2H, H-4), 7.33 (d, J = 8.4, 2H, H-3), 5.86 – 5.57 (m, 1H, H-7), 5.30 – 5.03 (m, 2H, H-

8), 3.67 (m, J = 7.0, 2H, H-6), 2.45 (s, 3H, H-1). 

S-(3-Hydroxypropyl) 4-methylbenzenesulfonothioate (1b)495 
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Sodium 4-methylbenzenesulfonothioate (500.0 mg, 2.38 

mmol, 1 eq), 3-bromopropanol (336.7 mg, 2.85 mmol, 1.2 eq) were reacted to afford 

sulfonothioate 1b as a white solid (400.0 mg, 68%). 1H NMR (300 MHz, CDCl3) δ 7.85 (d, J = 

8.3, 2H, H-4), 7.37 (d, J = 8.3, 2H, H-3), 3.73 (t, J = 5.8, 2H, H-8), 3.14 (t, J = 7.0, 2H, H-6), 

2.48 (s, 3H, H-1), 1.93 (m, J = 6.0, 2H, H-7).  

S-Dodecyl- [4-methylbenzene] sulfonothioate (1c)496 

Sodium 4-methylbenzenesulfonothioate 

(1.00 g, 4.76 mmol, 1 eq.) and 1-bromododecane (1.42 g, 5.71 mmol, 1.2 eq.) were reacted 

to afford sulfonothioate 1c as a white solid (821.0 mg, 48%). 1H NMR (300 MHz, CDCl3) δ 

7.81 (d, J = 8.4 Hz, 2H, H-4), 7.31 (d, J = 8.4, 2H, H-3), 2.98 (t, J = 7.4 Hz, 2H, H-6), 2.45 (s, 

3H, H-1), 1.6-1.54 (m, 2H, H-7), 1.26-1.20 (m, 18H, H-8), 0.88 (t, J = 6.7, 3H, H-9).  

S-Hexyl-[4-methylbenzene] sulfonothioate (1d) 494 

 Following Procedure 1, sodium 4-

methylbenzenesulfonothioate (1.10 g, 5.23 mmol, 1 eq.) and hexyl bromide (1.04 g, 6.28 

mmol, 1.2 eq.) were reacted to afford 1d as a yellowish solid (1.21 g, 84%). 1H NMR (300 

MHz, CDCl3) δ 7.48 (d, 2H, H-4), 7.14 (d, J = 8.4 Hz, 2H, H-3), 2.78 (t, 2H, H-6), 2.34 (s, 3H, 

H-1), 1.73 – 1.59 (m, 2H, H-7), 1.38 – 1.22 (m, 6H, H-7), 0.89 (t, J = 6.9 Hz, 3H, H-8). 

S-Benzyl 4-methylbenzenesulfonothioate (1e)453 

 Sodium 4-methylbenzene sulfonothioate (2.00 g, 9.52 mmol, 1 

eq.) and benzyl bromide (1.95 g, 11.42 mmol, 1.2 eq.) were reacted to afford 1e as a white 
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solid (2.50 g, 94%). 1H NMR (400 MHz, CDCl3) δ 7.73 (d, 2H, H-4), 7.29 – 7.25 (m, 2H, H-

3), 7.24 – 7.09 (m, 5H, H-8/H-9/H-10,), 4.25 (s, 2H, H-6), 2.43 (s, 3H, H-1). 

S-Propyl 4-methylbenzenesulfonothioate (1f)497 

 Following Procedure 1, sodium 4-methylbenzenesulfonothioate 

(500.0 mg, 2.30 mmol, 1 eq) and propyl iodide (336.0 mg, 2.70 mmol, 1.2 eq) were reacted 

to afford 1f as a colourless oil (492.08 mg, 92.5% yield). 1H NMR (300 MHz, CDCl3) δ 7.81 

(d, 2H, H-3), 7.34 (d, J = 8.0 Hz, 2H, H-4), 2.97 (t, 2H, H-6), 2.45 (s, 3H, H-1), 1.71 – 1.57 

(m, 2H, H-7), 0.93 (t, 3H, H-8). 

S-(Prop-2-yn-1-yl) 4-methylbenzenesulfonothioate (1g)497 

  Following Procedure 1, sodium 4-methylbenzenesulfonothioate 

(500.0 mg, 2.30 mmol, 1 eq.) and propargyl bromide (336.0 mg, 2.70 mmol, 1.2 eq.) were 

reacted to afford 1g as a yellowish solid (400.0 mg, 92%). 1H NMR (300 MHz, CDCl3) δ 

7.80 (d, J = 8.1 Hz, 2H, H-4), 7.39 (d, J = 8.7 Hz, 2H, H-3), 3.86 (d, J = 2.4 Hz, 2H, H-6), 2.48 

(s, 3H, H-1), 2.10 (t, J = 2.7 Hz, 1H, H-7). 

S-(Tert-butyl) 4-methylbenzenesulfonothioate (1h)498 

 Following Procedure 1, sodium 4-methylbenzenesulfonothioate 

(400.0 mg, 1.90 mmol, 1 eq.) and t-Butyl bromide (312.0 mg, 2.28 mmol, 1.2 eq.) were 

reacted to afford 1h as a white solid (390.0 mg, 83%). 1H NMR (300 MHz, CDCl3) δ 7.83 

(d, J = 8.4, 2H, H-4), 7.32 (d, J = 8.6, 2H, H-3), 2.44 (s, 3H, H-1), 1.44 (s, 9H, H-7). 
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S-(((2S,3S,4S,5S,6S)-3,4,5-Tris(benzyloxy)-6-methoxytetrahydro-2H-pyran-2-yl) methyl) 

4-methylbenzenesulfonothioate (1i). The synthesis was carried out in six steps.499 

 

Step 1: Selective Protection of the Primary Hydroxy Group with TIPSCl 

Methyl-α-D-mannopyranoside (500.0 mg, 2.58 mmol, 1 eq.) was dissolved in anhydrous 

THF (20 mL) in a dry reaction flask. Imidazole (530.0 mg, 7.74 mmol, 3 eq.) was added to 

the flask and stirred until it dissolved completely. TIPSCl (1.63 g, 7.74 mmol, 3 eq.) was 

added dropwise to the reaction mixture while stirring at room temperature. The reaction 

was allowed to proceed overnight (approximately 16 hours) at room temperature with 

continuous stirring. After completion, the reaction was quenched with water (20 mL), the 

organic material was extracted with DCM. The organic layer was separated and washed 

with water and brine. The organic layer was dried over anhydrous MgSO4, filtered, and 

concentrated under reduced pressure to obtain the crude TIPS-protected methyl-α-

mannopyranoside to proceed to the next step. 

Step 2: Benzylation of 3,4,5 Hydroxyl groups 

The TIPS-protected methyl-α-D-mannopyranoside obtained from step 1 (600.0 mg, 1.71 

mmol, 1 eq.) was dissolved in anhydrous THF (15 mL) in a dry reaction flask. Sodium 

hydride (51.3 mg, 60% in oil, 2.14 mmol, 1.25 eq.) was added to the reaction flask under 

a fume hood while stirring. The mixture was stirred for 30 minutes. Benzyl chloride 

(1.17g, 6.85 mmol, 4 eq.) was added dropwise to the reaction mixture while stirring. The 

reaction mixture was stirred at room temperature overnight, and progress was monitored 

using TLC. After completion, the reaction was quenched by slowly adding methanol (5 

mL). The organic compounds were extracted with DCM and the organic layers were 

combined, washed with water and brine, and dried over anhydrous MgSO4. The organic 

layer was filtered, and the solvent was removed under reduced pressure to obtain the 

crude product.  
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Step 3: Deprotection of TIPS Group 

The crude TIPS-protected methyl 2,3,4-tri-O-benzyl-α-D-mannopyranoside obtained 

from step 2 (450.0 mg, 0.724 mol, 1 eq.) was dissolved in THF (15 mL) in a dry reaction 

flask. TBAF (263.6 mg, 1.090 mmol, 1.5 eq.) was added to the reaction mixture and stirred 

at room temperature for 1-2 hours. The progress of the reaction was monitored using 

TLC. After completion, the reaction was quenched with water, and the product was 

extracted with DCM. The organic layer was dried over anhydrous MgSO4, filtered, and 

concentrated under reduced pressure. The crude product was purified by column 

chromatography using ethyl acetate/hexane as the eluent, yielding 2,3,4-tri-O-benzyl-α-

D-mannopyranoside (120.0 mg, 35% yield over three steps) 

 

1H NMR (300 MHz, CDCl3) δ 7.40 – 7.28 (m, 15H, ArH), 4.96 (d, J = 11.0, 1H, H-5), 4.06 – 

3.71 (m, 3H, H-4’/H-5’/H-6’), 3.71 – 3.57 (m, 1H, H-7’), 3.32 (s, 3H, H-8’), 2.11 (d, J = 36.0, 

1H, H-3’). 

Step 4: Mesylation 

To a solution of 2,3,4-tri-O-benzyl-α-D-mannopyranoside (100.0 mg, 0.215 mmol, 1 eq) 

in anhydrous DCM (5 mL), triethylamine (65.2 mg, 0.645 mmol, 3 eq.), and DMAP (3.59 

mg, 0.0212 mmol, 11 mol%) were added. The mixture was stirred at 0 °C while 

methanesulfonyl chloride (36.9 mg, 0.322 mmol, 1.5 equiv.) was added. After removing 

the ice-water bath, the reaction continued at room temperature overnight. The solution 

was then diluted with DCM (20 mL) and washed sequentially with saturated aqueous 

NaHCO3, and brine. The organic phase was dried over MgSO4, filtered, evaporated, and 

dried under high vacuum to obtain the mesylate intermediate as a crude pale-yellow gum 

(60.0 mg). 

Step 5: Iodination 



Page | 210  
 

The intermediate mesylate (60.0 mg, 0.103 mmol, 1 eq.) was used without further 

purification. To it, potassium iodide (342.2 mg, 2.06 mmol, 20 eq.) and DMF (5 mL) were 

added. The reaction mixture was stirred and heated to reflux for 3 hours. After reaction 

completion, the mixture was filtered to remove potassium mesylate, and DMF was 

evaporated nearly to dryness. Ethanol was added to the residue, and the mixture was 

stirred at a cold temperature to induce crystallization. The resulting solid was filtered to 

yield 3,4,5-tribenzyl-2-(iodomethyl)-6-methoxytetrahydro-2H-pyran, assume near-

quantitative yield as a crude (37.0 mg). 

Step 6: Thiotosylation 

Finally, crude iodo derivative (37.0 mg, 0.064 mmol, 1 eq.) and sodium 4-

methylbenzenesulfonothioate (16.2 mg, 0.077 mmol, 1.2 equiv.) were reacted in 

acetonitrile (3 mL) overnight to produce 1i. The product was isolated to obtain 1i as a 

white solid (30.0 mg, 73% yield: [α]𝐷
20 = +66.3 (c = 1.0, CHCl3); IR (νmax/cm−1) 1138, 698; 

1H NMR (300 MHz, CDCl3) δ 7.73 (d, J = 8.3 Hz, 2H, H-4), 7.41–7.27 (m, 15H, H-13), 7.18 

(d, J = 8.3 Hz, 2H, H-3), 4.94 (d, J = 11.1 Hz, 1H, H-7), 4.75–4.50 (m, 6H, H-11), 3.85–3.64 

(m, 4H, H-10), 3.49–3.40 (m, 1H, H-8), 3.21 (s, 3H, H-9), 3.15–3.05 (m, 1H, H-6), 2.39 (s, 

3H, H-1); 13C NMR (101 MHz, CDCl3) δ 144.6, 142.1, 138.4, 138.4, 138.3, 129.8, 128.5, 

128.5, 128.5, 128.5, 128.2, 128.0, 127.9, 127.8, 127.8, 127.4, 99.1, 80.2, 77.6, 75.2, 74.8, 

73.1, 72.3, 70.5, 55.0, 38.3, 21.7; HRMS (ESI+) m/z [M + H]+ calcd for C35H39O7S2 635.2137, 

found 635.2130. 

S-(3-((5-(Dimethylamino) naphthalene)-1-sulfonamido) propyl) 4 methylbenzene 

sulfonothioate (1j).484 The synthesis was carried out in four steps. 

A solution of 3-aminopropan-1-ol (167.0 mg, 2.22 

mmol, 1.5 eq) was added dropwise to a mixture of dansyl chloride (400.0 mg, 1.48 mmol, 

1 eq) and triethylamine (300.1 mg, 2.97 mmol, 2 eq) in 7 mL of DCM at 0°C under a 

nitrogen atmosphere. The reaction mixture was then allowed to warm to room 

temperature. TLC indicated complete conversion of the starting dansyl chloride to a less 

polar, fluorescent product. The mixture was diluted with 30 mL of DCM, washed with 15 



Page | 211  
 

mL of saturated sodium bicarbonate solution, and dried over magnesium sulfate. After 

removing the solvent under reduced pressure, the residue was purified by column 

chromatography on silica gel using ethyl acetate as the eluent to afford the product (i) as 

a solid (434.0 mg, 95% yield).  

 

1H NMR (300 MHz, CDCl3) δ 8.50 (d, J =  8.6 Hz, 1H, Ar-H), 8.24 (, d, J = 8.6 Hz, 1H, Ar-H), 

8.23 (d, J = 7.3 Hz, 1H, Ar-H), 7.53 - 7.45 (m, 2H, Ar-H), 7.12 (d, J = 7.3 Hz, 1H, Ar-H), 5.31 

(t, 1H, NH), 3.62 (t, J = 5.4 Hz, 2H, H-1), 3.07 (q, J = 6.0 Hz, 2H, H-3), 2.85 (s, 6H, NMe2), 

1.60 (pent, J = 6.3 Hz, 2H, H-2). 

Step 2: Mesylation 

Compound (i) (420.0 mg, 1.36 mmol, 1 eq) and triethylamine (275.6 mg, 2.72 mmol, 2 eq) 

were dissolved in 8 mL of dry DCM under a nitrogen atmosphere and cooled to 0°C. Mesyl 

chloride (141 mg, 1.22 mmol, 1 eq) in 1 mL of DCM was then added dropwise. The 

reaction mixture was allowed to warm to room temperature, and after 20 minutes, thin-

layer chromatography (TLC) (ethyl acetate: petroleum ether = 1:1) showed complete 

conversion of the starting material. Saturated sodium bicarbonate solution (10 mL) was 

added, and the organic phase was extracted with DCM (3 × 20 mL). The combined organic 

layers were dried over magnesium sulfate, and the solvent was evaporated. The resulting 

residue was purified by column chromatography using ethyl acetate as the eluent, 

yielding compound (ii) as a luminous green oil (475.0 mg, 90% yield). 

 

1H NMR (300 MHz, CDCl3) δ 8.46 (d, J = 7.91 Hz, 1H, ArH), 8.15 (d, J = 8.6 Hz, 1H, ArH), 

8.10 (d, J = 7.1 Hz, 1H, ArH), 7.49 – 7.57 (m, 2H, ArH), 7.23 (d, J = 7.4 Hz, 1H, ArH), 5.22 (t, 

1H, NH), 4.21 (t, J = 5.8 Hz, 2H, H-2), 3.02 (q, J = 6.4 Hz, 2H, H-3), 2.78 (s, 6H, NMe2), 2.14 

(s, 3H, H-1), 1.85 (m, J = 6.6 Hz, 2H, H-2). 
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Step 3: Iodination 

Compound (ii) (460.0 mg, 1.10 mmol, 1eq) was dissolved in 25 mL of acetonitrile 

containing sodium iodide (NaI, 3.75 g, 23.8 mmol, 20 eq) under nitrogen. The reaction 

mixture was stirred at 60°C for 18 hours. TLC confirmed the complete conversion of the 

mesylate to the less polar iodide. After removing the solvent under reduced pressure, 30 

mL of saturated aqueous sodium sulfite (Na2SO3) was added. The organic phase was 

extracted with diethyl ether (3 × 20 mL), followed by washing with brine (3 × 10 mL). The 

combined organic extracts were dried over magnesium sulfate, and the solvent was 

evaporated under vacuum. The residue was purified via silica-gel column 

chromatography (EtOAc: hexane = 1:3), yielding (iii) as a luminous green wax (425.0 mg, 

85% yield). 

 

1H NMR (300 MHz, CDCl3) δ 8.39 (d, J = 8.6 Hz, 1H, ArH), 8.21 (d, J = 8.4 Hz, 1H, ArH), 8.27 

(d, J = 7.1 Hz, 1H, ArH), 7.55 – 7.49 (m, 2H, ArH), 7.19 (d, 1H, ArH), 4.97(t, 1H, NH), 2.97 

(q, J = 5.9 Hz, 2H, H-3), 2.91 (t, J = 5.3 Hz, 2H, H-1), 2.87 (s, 6H, NMe2), 1.83 (m,  J = 6.0 Hz, 

2H, H-2). 

Step 4: Thiotosylation 

Iodide (iii) (400.0 mg, 0.956 mmol, 1 eq) and sodium thiosulfonate (241.3 mg, 115 mmol, 

1.2 eq) were dissolved in 30 mL of acetonitrile and stirred at room temperature overnight 

under nitrogen. Thin-layer chromatography (TLC) indicated the formation of the 

thiotosylate product, which appeared lower than the iodide on the TLC plate. Despite the 

excess of potassium thiosulfonate, the reaction did not reach completion. The solvent was 

removed under reduced pressure, and the organic phase was extracted with 20 mL of 

ethyl acetate, followed by washing with water (3 × 20 mL) and brine (1 × 20 mL). The 

organic layer was dried over magnesium sulfate, and the solvent was evaporated under 

vacuum. Column chromatography was not performed as the resulting yellow oil was 

unstable and prone to decomposition. The crude product was directly used in the 

synthesis of trisulfide 93, yielding 336.0 mg (73%). 
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6.3.2 General Procedure of the Synthesis of Aromatic Thiotosylates 

(Procedure 2) and cysteine thiotosylate 

The said thiotosylates were synthesized following a published procedure protocol.444,445 

RSSR (1 mmol), sodium 4-methylbenzenesulfinate (2.5 mmol), and I2 (1.9 mmol) were 

dissolved in 6 mL of dichloromethane (DCM) and stirred at room temperature overnight. 

Upon confirmation of complete product conversion by TLC, the reaction was quenched 

with 3 mmol of saturated magnesium thiosulfate (10 ml). The organic products were 

extracted with DCM (3 x 15 mL) from 10 mL of water. The organic phase was dried over 

MgSO4, filtered, and the solvent was removed under vacuum. Purification via silica gel 

chromatography (EtOAc: hexane) yielded the desired thiotosylate.  

6.3.2.1 Library 1 (Via Procedure 2) 

(R)-Ethyl 2-((tert-butoxycarbonyl) amino)-3-(tosylthio) propanoate (1k)444,500 

L-Cysteine ethyl ester hydrochloride (1.00 g, 5.39 mmol, 

1 eq) was suspended in DCM (20 mL). To this solution was added NaHCO3 (1.36 g, 16.17 

mmol, 3 eq). The reaction was cooled to -5 °C in an ice bath and stirred for 10 minutes. 

Then, di-tert-butyl dicarbonate (1.18 g, 5.39 mmol, 1 eq) was subsequently added and the 

reaction mixture was allowed to stir for 12 hours with slow warming to room 

temperature. TLC confirmed the completion of the reaction, and the product was 

extracted from the aqueous layer into DCM (3 x 30 mL) after first adjusting the pH to 7. 

The combined organic layers were dried over MgSO4, filtered, and concentrated under 

reduced pressure. The crude product was purified by column chromatography using a 

mixture of ethyl acetate and hexane as the eluent, yielding ethyl N-(tert-butoxycarbonyl)-

L-cysteinate as a white solid (1.25 g, 88%). 
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1H NMR (300 MHz, CDCl3) δ 5.43 (d, J = 7.8 Hz, 1H, NH), 4.60–4.55 (m, 1H, H-7), 4.27–4.19 

(m, 2H, H-9), 3.00–2.95 (m, 2H, H-6), 1.45 (s, 9H, tBu), 1.29 (t, J = 7.1 Hz, 3H, H-10). The 

spectral data of the product matched the literature values.500  

Thereafter, ethyl N-(tert-butoxycarbonyl)-L-cysteinate (1.07 g, 3.09 mmol, 1 eq) was 

dissolved in ethyl acetate (15 mL). Sodium iodide, (4.60 mg, 0.031 mmol, 0.01 eq) and 

hydrogen peroxide (0.35 mL, 8.8 M, 3.09 mmol, 1 eq) were added to the solution at 0 °C. 

The mixture was stirred for 30 minutes, and the reaction was monitored by TLC, which 

showed the formation of a less polar spot corresponding to the cystine disulfide. The 

reaction was quenched with saturated sodium thiosulfate solution and extracted with 

ethyl acetate (3 x 30 mL). The combined organic layers were dried over MgSO4, filtered, 

and concentrated under reduced pressure. The resulting residue, identified as crude 

disulfide, was used in the next step without further purification. 

Following Procedure 2 for the final step, disulfide bond cleavage was carried out. The 

crude disulfide (1.20 g, 2.42 mmol, 1 eq) was dissolved in DCM (20 mL) and treated with 

sodium 4-methylbenzenesulfinate (1.38 g, 7.73 mmol, 3.2 eq) and iodine (1.23 g, 4.83 

mmol, 2 eq.). The mixture was purified by flash column chromatography using 30% ethyl 

acetate in hexane as the eluent, yielding 1k as a white crystalline solid (860.0 mg, 88%): 

mp 52–54 °C; [α]𝐷
20 = -2.5 (c = 1.0, CHCl3); IR (νmax/cm−1) 3363, 1735, 1695; 1H NMR (300 

MHz, CDCl3) δ 7.83 (d, J = 8.4, 2H, H-4), 7.37 (d, J = 8.1, 2H, H-3), 4.54 (s, 1H, H-1), 4.21 (q, 

J = 7.1, 2H, H-9), 3.61 – 3.33 (dd, 1H, H-6), 2.48 (s, 3H, H-1), 1.46 (s, 9H, t-Bu), 1.30 (t, J = 

7.1, 3H, H-10). 13C NMR (101 MHz, CDCl3) δ 169.8, 155.1, 145.2, 141.9, 130.1, 127.3, 80.6, 

62.3, 53.1, 37.9, 28.4, 21.8, 14.2; HRMS (ESI+) m/z [M + H]+ calcd for C17H26NO6S2 

404.1202, found 404.1207. 

6.3.2.2 Aromatic Thiotosylate 

S-Phenyl 4-methylbenzenesulfonothioate (1l)107 

 Sodium 4-methylbenzenesulfinate (2.05 g, 11.32 mmol, 2.5 eq.), 

diphenyl disulfide (1.00 g, 4.58 mmol, 1 eq.), and iodine (2.17 g, 8.57 mmol, 1.9 eq.) were 

reacted to afford sulfonothioate 1l as a colourless solid (950.0 mg, 80%). 1H NMR (300 
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MHz, CDCl3) δ 7.50–7.46 (m, 1H, H-9), 7.43 (d, J = 8.3 Hz, 2H, H-4), 7.39–7.26 (m, 4H, H-

7/H-8), 7.20 (d, J = 8.3 Hz, 2H, H-3), 2.42 (s, 3H, H-1). 

S-(4-Fluorophenyl) 4-methylbenzenesulfonothioate (1m)501  

Sodium 4-methylbenzenesulfinate (2.20 g, 12.8 mmol, 2.5 eq), 

1,2-bis(4-fluorophenyl) disulfane (1.21 g, 5.13 mmol, 1 eq) and I2 (2.47 g, 9.74 mmol, 1.9 

eq) were reacted to afford sulfonothioate 1m as white solid (1.21 g, 86%). 1H NMR (400 

MHz, CDCl3) δ 7.43 – 7.56 (m, 2H, H-8), 7.23 (dd, J = 8.0, 2H, H-7), 7.20 (d, J = 8.9, 2H, H-

4), 6.93 – 6.86 (d, 2H, H-3), 2.46 (s, 3H, H-1). 

S-(4-Methoxyphenyl) 4-methylbenzenesulfonothioate (1n)501 

 Sodium 4-methylbenzenesulfinate (800.0 mg, 4.49 mmol, 

2.5 eq), 1,2-bis(4-methoxyphenyl) disulfane (500.0 mg, 1.81 mmol, 1 eq.) and I2 (866.0 

mg, 3.41 mmol, 1.9 eq.) were reacted to afford sulfonothioate 1n as white solid (480.0 mg, 

90%). 1H NMR (300 MHz, CDCl3) δ 7.88 (d, J = 7.2, 2H, H-7), 7.35 (d, 2H, H-4), 7.14 (d, J = 

8.5, 2H, H-8), 6.21 (d, J = 7.4, 1H, H-3), 3.76 (s, 3H, H-1), 2.42 (s, 3H, H-10). 

S-(Pyridin-4-yl) 4-methylbenzenesulfonothioate (1o)501 

 Sodium 4-methylbenzenesulfinate (1.40 g, 7.90 mmol, 2.5 eq), 

1,2-di(pyridin-4-yl) disulfane (700.0 mg, 3.1 mmol, 1 eq.) and I2 (1.51 g, 6.04 mmol, 1.9 

eq.) were reacted to afford sulfonothioate 1o as white solid (570.0 mg, 67%). 1H NMR 

(300 MHz, CDCl3) δ 8.52 (d, J = 3.9, 2H, H-2), 7.81 – 7.68 (m, 2H, H-6), 7.58 (d, J = 8.5, 2H, 

H-3), 7.25 (d, J = 8.0, 2H), 2.42 (s, 3H, H-9). 

S-(4-Tolyl) 4-methylbenzenesulfonothioate (1p)501 
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 Sodium 4-methylbenzenesulfinate (1.360 g, 7.61 mmol, 2.5 

eq), 1,2-bis(4-tolyl) disulfane (750.0 mg, 3.04 mmol, 1 eq.) and I2 (1.470 g, 5.78 mmol, 1.9 

eq.) were reacted to afford sulfonothioate 1p as white solid (625.0 mg, 73%). 1H NMR 

(300 MHz, CDCl3) δ 7.41 (d, J = 8.2, 2H, H-7), 7.30 (d, 2H, H-4), 7.25 (d, 2H, H-8), 7.19 (d, J 

= 7.4, H-3), 2.43 (s, 3H, H-10), 2.36 (s, 3H, H-1). 

6.3.2.3 Library 2 and 3 (Procedure 1 only)  

S-(4-Fluorobenzyl) 4-methylbenzenesulfonothioate (1q)502 

Sodium 4-methylbenzenesulfonothioate (1.00 g, 4.76 mmol, 

1 eq) and 1-(chloromethyl)-4-fluorobenzene (825.0 mg, 5.71 mmol, 1.2 eq) were reacted 

to afford 1q as a white solid (930.0 mg, 66% yield). 1H NMR (400 MHz, CDCl3) δ 7.72 – 

7.67 (m, 2H, H-9), 7.26 (d, J = 8.0, 2H, H-4), 7.14 (m, J = 5.3, 8.9, 2H, H-8), 6.93 – 6.85 (m, 

2H, H-3), 4.21 (s, 2H, H-6), 2.42 (s, 3H, H-1). 

S-(4-Chlorobenzyl) 4-methylbenzenesulfonothioate (1r)502 

Sodium 4-methylbenzenesulfonothioate (1.00 g, 4.76 mmol, 

1 eq) and 1-chloro-4-(chloromethyl) benzene (919.1 mg, 5.71 mmol, 1.2 eq) were reacted 

to afford 1ras a white solid (1.11 g, 75% yield). 1H NMR (400 MHz, CDCl3) δ 7.69 – 7.64 

(dt, 2H, H-9), 7.25 (d, J = 7.2, 2H, H-4), 7.19 – 7.14 (m, 2H, H-8), 7.13 – 7.06 (m, 2H, H-3), 

4.21 (s, 2H, H-6), 2.43 (s, 3H, H-1). 

S-(4-Bromobenzyl) 4-methylbenzenesulfonothioate (1s)502 
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Sodium 4-methylbenzenesulfonothioate (1.50 g, 7.13 mmol, 

1 eq) and 1-bromo-4-(chloromethyl) benzene (1.76 g, 8.56 mmol, 1.2 eq) were reacted to 

afford 1s as a white solid (1.80 g, 71% yield). 1H NMR (400 MHz, CDCl3) δ 7.63 (d, J = 8.5, 

2H, H-9), 7.31 – 7.25 (d, 2H, H-4), 7.22 (d, J = 7.9, 2, H-8), 7.01 (d, J = 8.7, 2H, H3), 4.17 (s, 

2H, H-6), 2.41 (s, 3H, H-1). 

S-(4-Methylbenzyl) 4-methylbenzenesulfonothioate (1t)502 

Sodium 4-methylbenzenesulfonothioate (2.00 g, 9.51 

mmol, 1 eq) and 1-(chloromethyl)-4-methylbenzene (1.61 g, 11.42 mmol, 1.2 eq) were 

reacted to afford 1t as a white solid (1.91 g, 69% yield). 1H NMR (400 MHz, CDCl3) δ 7.74 

(d, J = 8.5, 2H, H-4), 7.28 (d, J = 8.0, 2H, H-3), 7.09 – 7.01 (m, 4H, H-3/H-9), 4.21 (s, 1H, H-

6), 2.44 (s, 2H, H-1), 2.30 (s, 2H, H-11). 

S-(4-Methoxybenzyl) 4-methylbenzenesulfonothioate (1u)502 

Sodium 4-methylbenzenesulfonothioate (2.00 g, 9.51 

mmol, 1 eq) and 1-(chloromethyl)-4-methoxybenzene (1.80 g, 11.4 mmol, 1.2 eq) were 

reacted to afford 1u as a white solid (2.50 g, 85% yield). 1H NMR (300 MHz, CDCl3) δ 7.74 

(d, J = 8.5, 2H, H-4), 7.27 (d, 2H, H-8), 7.10 (d, J = 8.9, 2H, H-3), 6.76 (d, J = 7.3, 2H, H-9), 

4.21 (s, 2H, H-6), 3.77 (s, 3H, H-11), 2.44 (s, 3H, H-1). 

S-(4-(Trifluoromethyl) benzyl) 4-methylbenzenesulfonothioate (1v)502 

Sodium 4-methylbenzenesulfonothioate (1.00 g, 4.76 

mmol, 1 eq) and 1-(bromomethyl)-4-(trifluoromethyl) benzene (1.36 g, 5.71 mmol, 1.2 
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eq) were reacted to afford 1v as a white solid (1.21 g, 73% yield). 1H NMR (400 MHz, 

CDCl3) δ 7.63 – 7.58 (td, 1H, H-9), 7.43 (d, J = 8.0, 2H, H-8), 7.31 – 7.25 (m, 2H, H-4), 7.19 

(d, J = 8.6, 1H, H-3), 4.30 (s, 1H, H-6), 2.40 (s, 1H, H-1). 

6.4 General Procedure for Synthesis of Disulfanyl acetate (Procedure 

3) 2a-2o 

Disulfanyl acetates were all synthesized by reaction of the corresponding thiosulfonate (1 

equiv.) with potassium thioacetate (1.3 equiv.) in DCM at rt for a few hours for aliphatic 

cases, and -40 °C for aromatic variants, the method modelled on a recent literature 

procedure. The reaction temperature of -40 °C was maintained using an acetone-liquid 

nitrogen bath. Here, the thiotosylate was always used as the limiting reagent and checked 

for total consumption (by TLC). While the aliphatic variants could be column 

chromatographed, the aromatic ones needed to be used as crude, in both cases following 

the filtration of salts and the evaporation of solvent.  

6.4.1 Libraries 1 and 2 

SS-Propyl ethane (dithioperoxoate) 2a497 

1f (450.0 mg, 1.68 mmol, 1 eq) and potassium thioacetate (402.5 mg, 

2.184 mmol, 1.3 eq) were reacted in DCM to afford thioacetate 2a as a yellowish clear oil 

(315.0 mg, 70% yield). 1H NMR (300 MHz, CDCl₃) δ 2.81 (t, 2H, H-3), 2.49 (s, 2H, H-5), 

1.68 (t, J = 7.3 Hz, 2H, H-2), 0.91 (t, J = 7.2 Hz, 3H, H-1). 

S, S-Hexyl-ethane(dithioperoxoate) (2b)441 

1d (1.30 g, 4.78 mmol, 1eq) and potassium thioacetate (708.0 

mg, 6.13 mmol, 1.3 eq.) were reacted to afford thioacetate 2b as a clear oil (1.31 g, 70%). 

1H NMR (300 MHz, CDCl3) δ 2.72 (t, 2H, H-4), 2.44 (s, 3H, H-6), 1.63 (t, J = 7.5, 2H, H-3), 

1.44 – 1.21 (m, 6H, H-2), 0.89 (t, J = 6.8, 3H, H-1). 

S-(Prop-2-yn-1-yl) 4-methylbenzenesulfonothioate (2c) 
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1g (250.0 mg, 1.1 mmol, 1 eq.) and potassium thioacetate (210.0 mg, 

1.44 mmol, 1.3 eq.) were reacted to afford thioacetate 2c as a colourless oil (131.0 mg, 

81%). IR (νmax/cm−1) 3287, 1727; 1H NMR (300 MHz, CDCl3) δ 3.48 (d, J = 2.7 Hz, 2H, H-

3), 2.49 (s, 3H, H-5), 2.30 (t, J = 2.7 Hz, 1H, H-1); 13C NMR (101 MHz, CDCl3) δ 194.2, 78.4, 

73.1, 29.0, 26.8; HRMS (ASAP+) m/z [M + H] + calcd for C5H7OS2 146.9938, found 146.9943.  

SS-Allyl ethane(dithioperoxoate) (2d)497 

1a (1.30 g, 4.78 mmol, 1eq) and potassium thioacetate (708.0 mg, 

6.13 mmol, 1.3 eq.) were reacted to afford thioacetate 2d as a yellowish clear oil (1.31 g, 

70.8%). 1H NMR (300 MHz, CDCl3) δ 5.95 – 5.62 (m, 1H, H-2), 5.32 – 4.98 (m, 2H, H-1), 

3.34 (d, J = 7.4, 2H, H-3), 2.44 (s, 3H, H-5). 

SS-Dodecyl ethane(dithioperoxoate) (2e)139 

1c (650.0 mg, 2.39 mmol, 1eq) and potassium 

thioacetate (354.0 mg, 3 mmol, 1.3 eq.) were reacted to afford thioacetate 2e as a 

yellowish clear oil (655.0 mg, 70%). 1H NMR (300 MHz, CDCl3) δ 3.05 (t, J = 7.5 Hz, 2H, H-

6), 2.56 (s, 3H, H-8), 2.30 (t, J = 7.5 Hz, 2H, H-5), 1.50-1.20 (m, 22H, H-4), 0.88 (t, J = 6.8 

Hz, 3H, H-1), 2.44 (s, 3H, H-5). 

SS-(Tert-butyl) ethane(dithioperoxoate) (2f)503 

1h (350 mg, 1.43 mmol, 1eq) and potassium thioacetate (212.6 mg, 1.86 

mmol, 1.3 eq.) were reacted to afford thioacetate 2f as a yellowish clear oil (150.0 mg, 

69%). 1H NMR (300 MHz, CDCl3) δ = 2.47 (s, 3H, H-4), 1.37 (s, 9H, H-1). 

SS-(p-Tolyl) ethane(dithioperoxoate) (2g) 



Page | 220  
 

Following Procedure 3, 1p (400.0 mg, 1.4 mmol, 1eq) and potassium 

thioacetate (213.0 mg, 1.8 mmol, 1.3 eq.) were reacted to afford thioacetate 2g as a white 

solid (210.0 mg, 73%). The compound was used as a crude product as the sample 

degraded during purification on silica. 

SS-(4-Methoxyphenyl) ethane(dithioperoxoate) (2h) 

 Following Procedure 3, 1m (320.0 mg, 1 mmol, 1eq) and 

potassium thioacetate (161.0 mg, 1.4 mmol, 1.3 eq.) were reacted to afford thioacetate 2h 

as a white solid (153.0 mg, 65%). The compound was used as a crude product as the 

sample degraded during purification on silica. 

6.4.2 Library 3 

SS-Benzyl ethane(dithioperoxoate) (2i)504 

 Following Procedure 3, 1e (400.0 mg, 1.4 mmol, 1eq) and 

potassium thioacetate (213.0 mg, 1.8 mmol, 1.3 eq.) were reacted to afford thioacetate 2i 

as a white solid (200.0 mg, 70%). 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.24 (m, 5H, H-1/H-

2/H-3), 3.93 (s, 2H, H-5), 2.34 (s, 3H, H-7). 

SS-(4-Fluorobenzyl) ethane(dithioperoxoate) (2j)504 

Following Procedure 3, 1q (180.0 mg, 0.60 mmol, 1eq) and 

potassium thioacetate (90.0 mg, 0.79 mmol, 1.3 eq.) were reacted to afford thioacetate 2j 

as white clear oil (71.0 mg, 54%). 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.24 (m, 2H, H-2), 

7.01 (t, J = 8.7, 2H, H-3), 3.90 (s, 2H, H-5), 2.37 (s, 3H, H-7). 

SS-(4-Chlorobenzyl) ethane(dithioperoxoate) (2k)504 
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 Following Procedure 3, 1r (1.14 g, 3.64 mmol, 1 eq.) and 

potassium thioacetate (541.0 mg, 4.74 mmol, 1.3 eq.) were reacted to afford thioacetate 

2k as clear oil (611.0 mg, 72%). 1H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 7.2, 1H, H-2), 7.41 

(d, J = 9.4, 1H, H-3), 3.95 (s, 1H, H-5), 2.37 (s, 1H, H-7). 

SS-(4-Bromobenzyl) ethane(dithioperoxoate) (2l)141 

 Following Procedure 3, 1s (837.0 mg, 2.34 mmol, 1eq) and 

potassium thioacetate (347.0 mg, 3.05 mmol, 1.3 eq.) were reacted to afford thioacetate 

2l as a yellowish clear oil (545.0 mg, 84%). 1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 8.4, 

2H, H-2), 7.18 (d, J = 8.5, 2H, H-3), 3.87 (s, 2H, H-5), 2.37 (s, 3H, H-7). 

SS-(4-Methylbenzyl) ethane(dithioperoxoate) (2m)504 

 Following Procedure 3, 1t (1.00 g, 3.42 mmol, 1eq) and potassium 

thioacetate (507.0 mg, 4.45 mmol, 1.3 eq.) were reacted to afford thioacetate 2m as a 

white clear oil (610.0 mg, 84%). 1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 8.1, 2H, H-4), 7.13 

(d, J = 7.7, 2H, H-3), 3.91 (s, 2H, H-6), 2.35 (s, 3H, H-1), 2.34 (s, 3H, H-7). 

SS-(4-Methoxybenzyl) ethane(dithioperoxoate) (2n)141,504 

 Following Procedure 3, 1u (400.0 mg, 1.3 mmol, 1eq) and 

potassium thioacetate (193.0 mg, 1.7 mmol, 1.3 eq.) were reacted to afford thioacetate 2n 

as clear oil (277.0 mg, 93%). 1H NMR (400 MHz, CDCl3) δ 7.22 (d, J = 8.8, 2H, H-4), 6.84 

(d, J = 8.8, 2H, H-3), 3.89 (s, 2H, H-6), 3.78 (s, 3H, H-1), 2.34 (s, 3H, H-8). 

SS-(4-(Trifluoromethyl) benzyl) ethane(dithioperoxoate) (2o)141 
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 Following Procedure 3, 1v (600.0 mg, 1.7 mmol, 1eq) and 

potassium thioacetate (257.0 mg, 2.2 mmol, 1.3 eq.) were reacted to afford thioacetate 2o 

as a clear oil (375.0 mg, 81%). 1H NMR (300 MHz, CDCl3) δ 7.58 (d, J = 8.7, 2H, H-3), 7.41 

(d, J = 8.7, 2H, H-4), 3.94 (s, 2H, H-6), 2.36 (s, 3H, H-8). 

6.5 General Procedure for Synthesizing Trisulfide Libraries 1, 2 and 3 

The thiosulfonate 1 (1.2 eq) and disulfanyl acetate (1.0 eq) were taken up in THF (0.1-0.2 

M) under N2 and cooled to -78 °C for 10 minutes. Sodium methoxide (1 M, 1.0 eq) was 

added slowly dropwise via syringe (10-20 sec) and the resultant solution stirred rapidly 

for 30 sec following the methoxide addition. The reaction was then quenched with 

saturated aqueous ammonium chloride (5 mL), and the product extracted into EtOAc (3 

x 10 mL). After drying (MgSO₄) and solvent evaporation, the residue was purified by silica 

column chromatography using hexane as the eluent for organotrisulfides, with 5–10% 

EtOAc in hexane used in a few cases. 

6.5.1 Library 1 

1-Allyl-3-propyltrisulfane, (45)53 

From thiotosylate 1a (127.8 mg, 0.560 mmol) and 2a (70.0 mg, 

0.467 mmol) in THF (3 mL) and sodium methoxide (0.47 mL, 1M, 0.47 mmol) to afford 

trisulfide 45 (80.0 mg, 95 %) as an oil. IR (νmax/cm−1) 722, 476; 1H NMR (300 MHz, CDCl3) 

δ 5.93–5.83 (m, 1H, H-2), 5.26–5.18 (m, 2H, H-1), 3.51 (d, J = 7.2 Hz, 2H, H-3), 2.86 (t, J = 

7.2 Hz, 2H, H-4), 1.85–1.72 (m, 2H, H-5), 1.02 (t, J = 7.2 Hz, 3H, H-6); 13C NMR (101 MHz, 

CDCl3) δ 133.0, 119.1, 41.7, 41.2, 22.3, 13.3; HRMS (ASAP+) m/z [M + H]+ calcd for C6H13S3 

181.0179, found 181.0186. 

 3-(Hexyltrisulfanyl)propan-1-ol, (63) 

From thiotosylate 1b (119.0 mg, 0.484 mmol) and 

disulfanyl acetate 2b (77.0 mg, 0.400 mmol) in THF (3 mL) and sodium methoxide (0.4 
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mL, 1M, 0.40 mmol) to afford trisulfide 63 (86.0 mg, 90%) as a colourless oil. IR 

(νmax/cm−1) 3325, 788, 475; 1H NMR (300 MHz, CDCl3) δ 3.78 (t, J = 6.2 Hz, 2H, H-1, H-2), 

3.00 (t, J = 7.1 Hz, 2H, H-4), 2.88 (t,  J = 7.4 Hz, 2H, H-5), 2.07–1.96 (m, 2H, H-3), 1.78–1.68 

(m, 2H, H-6), 1.54 (s, OH, 1H, H-1), 1.47–1.28 (m, 6H, H-7), 0.89 (t, J = 6.9 Hz, 3H, H-8); 13C 

NMR (101 MHz, CDCl3) δ 61.1, 39.1, 35.4, 31.6, 31.5, 28.9, 28.3, 22.6, 14.1; HRMS (ASAP+) 

m/z [M]+ calcd for C9H20OS3 240.0676, found 240.0677. 

1-Benzyl-3-hexyltrisulfane (64).  

From thiosulfonate 1e (86.8 mg, 0.312 mmol) and 

disulfanyl acetate 2b (50.0 mg, 0.260 mmol) in THF (2 mL) and sodium methoxide (0.26 

mL, 1M, 0.26 mmol) to afford trisulfide 64 (60.0 mg, 85%) as a colourless oil. IR 

(νmax/cm−1) 696, 468; 1H NMR (300 MHz, CDCl3) δ 7.38–7.25 (m, 5H, H-1/H-2/H-3), 4.11 

(s, 2H, H-5), 2.83 (t, J = 7.2 Hz, 2H, H-6), 1.80–1.65 (m, 2H, H-7), 1.47–1.25 (m, 6H, H-8), 

0.91 (t, J = 6.8 Hz, 3H, H-9); 13C NMR (101 MHz, CDCl3) δ 136.8, 129.6, 128.8, 127.7, 43.3, 

39.2, 31.5, 29.0, 28.3, 22.7, 14.1; HRMS (ASAP+) m/z [M + H]+ calcd for C13H21S3 273.0805, 

found 273.0793. 

1-Dodecyl-3-phenyltrisulfane (65).139 

From thiosulfonate 1l (184.0 mg, 

0.697 mmol) and disulfanyl acetate 2e (160.0 mg, 0.579 mmol) in THF (4 mL) and sodium 

methoxide (0.57 mL, 1M, 0.57 mmol) to afford trisulfide 65 (117.0 mg, 59%) as a yellow 

oil. IR (νmax/cm−1) 470; 1H NMR (300 MHz, CDCl3) δ 7.65–7.58 (m, 2H, H-3), 7.39–7.28 (m, 

3H, H-1/H-2), 2.82 (t, J = 7.4 Hz, 2H, H-5), 1.73–1.61 (m, 2H, H-6), 1.39–1.22 (s, 18H, H-

7), 0.89 (t, J = 6.8 Hz, 3H, H-8); 13C NMR (101 MHz, CDCl3) δ 137.4, 130.4, 129.2, 128.3, 

39.2, 32.1, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.1, 28.7, 22.8, 14.2.  

1-(4-Fluorophenyl)-3-propyltrisulfane (66).  
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 From thiosulfonate 1m (135.4 mg, 0.480 mmol) and 

disulfanyl acetate 2a (60.0 mg, 0.400 mmol) in THF (3 mL) and sodium methoxide (0.40 

mL, 1M, 0.40 mmol) to afford trisulfide 66 (57.0 mg, 61%) as a yellow oil. IR (νmax/cm−1) 

473; 1H NMR (300 MHz, CDCl3) δ 7.64–7.57 (m, 2H, H-2), 7.10–7.02 (m, 2H, H-3), 2.81 (t, 

J = 7.4 Hz, 2H, H-5), 1.80–1.65 (m, 2H, H-6), 0.98 (t, J = 7.4 Hz, 3H, H-7); 13C NMR (101 

MHz, CDCl3) δ 163.3 (d, JCF = 248.5 Hz), 133.3 (d, JCF = 8.0 Hz), 132.7, 116.4, (d, JCF = 22.1 

Hz), 41.4, 22.4, 13.2; HRMS (ASAP+) m/z [M]+ calcd for C9H11FS3 234.0007, found 

234.0010. 

2-(Tert-butyltrisulfanyl) pyridine (67) 

From thiosulfonate 1o (77.6 mg, 0.293 mmol) and disulfanyl 

acetate 2f (40.0 mg, 0.244 mmol) in THF (2 mL) and sodium methoxide (0.24 mL, 1M, 

0.24 mmol) to afford trisulfide 67 (38.0 mg, 67%) as an orange oily liquid. IR 

(νmax/cm−1) 476; 1H NMR (300 MHz, CDCl3) δ 8.49 (m, 1H), 7.84-7.78 (m, J = 8.1 Hz, 1H), 

7.68 (td, J = 7.8, 1.8 Hz, 1H), 7.17 – 7.10 (m, 1H), 1.41 (s, 9H); 13C NMR (101 MHz, CDCl3) 

δ 160.0, 159.3, 149.8, 137.3, 121.3, 49.6, 31.0, 30.3, 30.0. HRMS was not obtained. 

(R)-Ethyl 3-(allyltrisulfanyl)-2-((tert-butoxycarbonyl) amino) propanoate (73) 

 From thiosulfonate 1k (98.0 mg, 0.243 mmol) and 

disulfanyl acetate 2d (30.0 mg, 0.203 mmol) in THF (2 mL) and sodium methoxide (0.20 

mL, 1M, 0.20 mmol, 1 eq) to afford trisulfide 73 (69.0 mg, 96%) as a colourless oil. [𝛼] 20
𝐷
 

= +98.3 (c = 1.0, CHCl3); IR (νmax/cm−1) 635, 477; 1H NMR (300 MHz, CDCl3) δ 5.96–5.80 

(m, 1H, H-7), 5.38 (br s, 1H, NH), 5.29–5.18 (m, 2H, H-2), 4.64 (m, 1H, H-4), 4.22 (q, J = 7.1 

Hz, 2H, H-2), 3.50 (d, J = 7.2 Hz, 2H, H-6), 3.42–3.25 (m, 2H, h-8), 1.45 (s, 9H, t-Bu), 1.30 

(t, J = 7.1 Hz, 3H, H-1); 13C NMR (101 MHz, CDCl3) δ 170.6, 155.2, 132.7, 119.5, 80.4, 62.0, 
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53.2, 41.7, 41.5, 28.5, 14.3; HRMS (ESI+) m/z [M + H]+ calcd for C13H24NO4S3 354.0867, 

found 354.0869. 

(2S, 3S, 4S, 5S, 6S)-2-((Allyltrisulfanyl)methyl)-3,4,5-tris(benzyloxy)-6 
methoxytetrahydro-2H-pyran (74).  

From thiosulfonate 1i (130.0 mg, 0.205 mmol) and 

disulfanyl acetate 2d (25.0 mg, 0.169 mmol) in THF (4 mL) and sodium methoxide (0.17 

mL, 1M, 0.17 mmol) to afford trisulfide 74 (65.0 mg, 66%) as a colourless thick oily liquid. 

[α]𝐷
20 = +138.9 (c = 1.0, CHCl3); IR (νmax/cm−1) 477; 1H NMR (300 MHz, CDCl3) δ 7.40–7.27 

(m, 15H, H-10), 5.94–5.78 (m, 1H, H-2), 5.25–5.14 (m, 2H, H-1), 4.97 (d, J = 10.8 Hz, 1H, 

H-5), 4.75–4.60 (m, 6H, H-9), 3.94–3.75 (m, 4H, H-4), 3.49 (d, J = 7.2 Hz, 2H, H-3), 3.42 

(dd, J =13.4 , 2.1 Hz, 1H, H-7), 3.34 (s, 3H, H-8), 3.07 (dd, J = 9.0 Hz, 1H, H-5); 13C NMR 

(101 MHz, CDCl3) δ 138.6, 138.5, 138.4, 132.8, 128.6, 128.6, 128.5, 128.5, 128.1, 128.0, 

127.9, 127.8, 127.8, 119.2, 99.2, 80.4, 77.9, 75.3, 75.0, 73.0, 72.4, 70.7, 55.1, 42.0, 41.7; 

HRMS (ESI+) m/z [M + H]+ calcd for C31H37O5S3 585.1803, found 585.1813. 

1-Dodecyl-3-(prop-2-yn-1-yl) trisulfane (75).  

From thiotosylate 1c (107.0 mg, 0.300 

mmol) and disulfanyl acetate 2c (37.0 mg, 0.253 mmol) in THF (2 mL) and sodium 

methoxide (0.25 mL, 1M, 0.25 mmol) to afford trisulfide 75 (40.0 mg, 52%) as a colourless 

oil. IR (νmax/cm−1) 635, 477; 1H NMR (300 MHz, CDCl3) δ 3.62 (d, J = 2.7 Hz, 2H, H-5), 2.91 

(t, J = 7.4 Hz, 2H, H-4), 2.33 (d, J = 2.7 Hz, 1H, H-7), 1.80–1.68 (m, 2H, H-3), 1.45–1.23 (m, 

18H, H-2), 0.88 (t, J = 6.8 Hz, 3H, H-1); 13C NMR (101 MHz, CDCl3) δ 79.1, 72.8, 39.5, 32.1, 

29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.0, 28.7, 26.8, 22.8, 14.2; HRMS (ASAP+) m/z [M + H]+ 

calcd for C15H29S3 305.1431, found 305.1429. 

1- Allyl-3-(4-methoxyphenyl) trisulfane (77). 
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 From thiosulfonate 1n (262.0 mg, 0.891 mmol) and 

disulfanyl acetate 2d (110.0 mg, 0.743 mmol) in THF (5 mL) and sodium methoxide (0.74 

mL, 1M, 0.74 mmol) to afford trisulfide 77 (116.0 mg, 64%) as a yellow oil. IR (νmax/cm−1) 

467; 1H NMR (300 MHz, CDCl3) δ 7.57 (d, J = 8.9 Hz, 2H, H-3), 6.89 (d, J = 8.9 Hz, 2H, H-4), 

5.91–5.72 (m, 1H, H-7), 5.19–5.02 (m, 2H, H-8), 3.82 (s, 3H, H-1), 3.42 (d, J = 7.2 Hz, 2H, 

H-6); 13C NMR (101 MHz, CDCl3) δ 160.8, 134.2, 132.7, 128.0, 119.2, 114.9, 55.5, 41.8; 

HRMS (ASAP+) m/z [M + H]+ calcd for C10H13OS3 245.0129, found 245.0129. 

Ethyl N-(tert-butoxycarbonyl)-S-(p-tolyldisulfaneyl)-L-cysteinate (89).  

From thiosulfonate 1k (146.0 mg, 0.362 mmol) and 

disulfanyl acetate 2g (60.0 mg, 0.303 mmol) in THF (2 mL) and sodium methoxide (0.30 

mL, 1M, 0.30 mmol) to afford trisulfide 89 (86.0 mg, 70%) as a colourless solid. mp 80-

82 °C; [𝛼] 20
𝐷
  = +115.0 (c = 1.0, CHCl3); IR (νmax/cm−1) 3369, 1735, 481; 1H NMR (300 MHz, 

CDCl3) δ 7.50 (d, J = 8.1 Hz, 2H, H-7), 7.17 (d, J = 8.1 Hz, 2H, H-8, H-8), 5.36 (br s, 1H, NH), 

4.59 (m, 1H, H-4), 4.22 (q, J = 7.2 Hz, 2H, H-2), 3.42–3.21 (m, 2H, H-5), 2.36 (s, 3H, H-10), 

1.46 (s, 9H, t-Bu), 1.29 (t, J = 7.2 Hz, 3H, H-1); 13C NMR (101 MHz, CDCl3) δ 170.6, 155.1, 

139.2, 133.0, 131.5, 130.1, 80.3, 62.0, 53.1, 41.4, 28.5, 21.3, 14.3; HRMS (ESI+) m/z [M + 

H]+ calcd for C17H26NO4S3 404.1024, found 404.1018. 

1-(4-Methoxyphenyl)-3-phenyltrisulfane (90).  

From thiosulfonate 1l (148.0 mg, 0.561 mmol) and 

disulfanyl acetate 2h (100.0 mg, 0.467 mmol) in THF (3 mL) and sodium methoxide (0.47 

mL, 1M, 0.47 mmol) to afford trisulfide 90 (84.0 mg, 64%) as a green oil. IR (νmax/cm−1) 

469; 1H NMR (300 MHz, CDCl3) δ 7.53–7.45 (m, 4H, H-6/H-3), 7.32–7.23 (m, 3H, H-1/H-

2), 6.85–6.78 (m, 2H, H-7), 3.81 (s, 3H, H-9); 13C NMR (101 MHz, CDCl3) δ 160.8, 136.8, 
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134.4, 130.0, 129.2, 128.1, 127.4, 114.9, 55.6; HRMS (ASAP+) m/z [M]+ calcd for C13H12OS3 

280.0050, found 280.0053. 

1-(4-Fluorophenyl)-3-(4-methoxyphenyl) trisulfane (91).  

From thiosulfonate 1m (63.0 mg, 0.223 mmol) and 

disulfanyl acetate 2h (40.0 mg, 0.187 mmol) in THF (2 mL) and sodium methoxide (0.18 

mL, 1M, 0.18 mmol) to afford trisulfide 91 (45.0 mg, 81%) as a green to yellow oil. IR 

(νmax/cm−1) 463; 1H NMR (300 MHz, CDCl3) δ 7.52–7.44 (m, 4H, H-3/H-7), 7.00–6.93 (m, 

2H, H-2), 6.83–6.78 (m, 2H, H-8), 3.81 (s, 3H, H-3); 13C NMR (101 MHz, CDCl3) δ 163.0 (d, 

J = 165.0 Hz), 160.8, 134.3, 132.9 (d, J = 5.0 Hz), 132.0, 127.1, 116.3 (d, J = 15.1 Hz), 114.9, 

55.6; HRMS (ASAP+) m/z [M]+ calcd for C13H11FOS3 297.9956, found 297.9957. 

1-(4-Fluorophenyl)-3-(p-tolyl) trisulfane (92). 

From thiosulfonate 1m (51.0 mg, 0.181 mmol) and 

disulfanyl acetate 2g (30.0 mg, 0.151 mmol) in THF (1 mL) and sodium methoxide (0.15 

mL, 1M, 0.15 mmol) to afford trisulfide 92 (38.0 mg, 89%) as a yellow to green oil. IR 

(νmax/cm−1) 502; 1H NMR (300 MHz, CDCl3) δ 7.53–7.46 (m, 2H, H-2), 7.43–7.39 (m, 2H, 

H-3), 7.12–7.07 (m, 2H, H-7), 7.00–6.93 (m, 2H, H-6), 2.35 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 163.3 (d, J = 249.5 Hz), 139.1, 133.4, (d, J = 9.1 Hz), 133.0, 132.0, 131.3, 130.0, 

116.3 (d, J = 22.1 Hz), 21.3; HRMS (ASAP+) m/z [M]+ calcd for C13H11FS3 282.0007, found 

282.0011. 

5-(Dimethylamino)-N-(3-(propyltrisulfaneyl) propyl) naphthalene-1-sulfonamide (96) 

From thiosulfonate 1j (646.0 mg, 1.35 

mmol) and disulfanyl acetate 2a (169.0 mg, 1.12 mmol) in THF (5 mL) and sodium 

methoxide (1.1 mL, 1M, 1.1 mmol) to afford trisulfide 96 (340.0 mg, 70%) as a luminous-
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green oil. IR (νmax/cm−1) 1143, 478; 1H NMR (400 MHz, CDCl3) δ 8.58 – 8.53 (m, 1H, Ar-

H), 8.31 – 8.24 (m, 2H, Ar-H), 7.60 – 7.49 (m, 2H, Ar-H), 7.19 (d, J = 8.5 Hz, 1H, Ar-H), 4.97 

– 4.79 (m, 1H, NH), 3.04 (d, J = 6.4 Hz, 2H, H-6), 2.89 (s, 6H, NMe2), 2.82 – 2.65 (m, 4H, H-

3/H-4), 1.90 – 1.80 (m, 2H, H-5), 1.76 – 1.61 (m, 2H, H-2), 0.97 (t, J = 7.3 Hz, 3H, H-1); 13C 

NMR (101 MHz, CDCl3) δ 133.4, 129.6, 128.7, 122.1, 117.4, 114.2, 44.3, 42.4, 40.5, 39.6, 

34.2, 31.9, 27.3, 21.0, 12.0; HRMS (ASAP+) m/z [M]+ calcd for C18H26N2O2S4 430.0877, 

found 431.0980. 

6.5.2 Library 2 

1-Allyl-3-benzyltrisulfane (76) 

From thiosulfonate 1e (225.0 mg, 0.809 mmol) and 

disulfanyl acetate 2d (100.0 mg, 0.674 mmol) in THF (4 mL) and sodium methoxide (0.67 

mL, 1M, 0.67 mmol) to afford trisulfide 76 (102.0 mg, 66%) as colourless oil. IR 

(νmax/cm−1) 761, 474; 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.27 (m, J = 4.5 Hz, 5H, H-1/H-

2, H-3), 5.93 – 5.80 (m, J = 7.3 Hz, 1H, H-7), 5.25 – 5.15 (m, 2H, H-8), 4.10 (s, 2H, H-5), 3.48 

– 3.39 (d, 2H, H-6); 13C NMR (101 MHz, CDCl3) δ 136.6, 132.8, 129.5, 128.7, 127.7, 119.2, 

43.4, 41.7; HRMS (ASAP+) m/z [M]+ calcd for C10H12S3 228.0109, found 228.0114. 

1-Allyl-3-(4-fluorobenzyl) trisulfane (97) 

From thiosulfonate 1q (479.0 mg, 1.62 mmol) and disulfanyl 

acetate 2d (200.0 mg, 1.35 mmol) in THF (4 mL) and sodium methoxide (1.35 mL, 1M, 

1.35 mmol) to afford trisulfide 97 (170.0 mg, 51%) as colourless oil. IR (νmax/cm−1) 754, 

474; 1H NMR (600 MHz, CDCl3) δ 7.33 – 7.27 (m, J = 8.6, 5.4 Hz, 2H, H-1/H-2), 7.03 (t, J = 

8.7 Hz, 2H, H-3), 5.92 - 5.84 (m, 1H, H-7), 5.26 – 5.17 (m, 2H, H-8), 4.07 (s, 3H, H-5), 3.47 

(d, J = 7.3 Hz, 2H, H-6); 13C NMR (151 MHz, CDCl3) δ 163.1 (d, J = 240.5 Hz), 161.5, 132.7, 

132.4, 131.0, 131.1 (J = 7.0 Hz), 119.2, 115.6, 115.5, 42.4, 41.6; HRMS (ASAP+) m/z [M]+ 

calcd for C10H11FS3 246.0800, found 246.0080.  

1-Allyl-3-(4-chlorobenzyl) trisulfane (98) 
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From thiosulfonate 1r (253.0 mg, 0.809 mmol) and 

disulfanyl acetate 2d (100.0 mg, 0.674 mmol) in THF (3 mL) and sodium methoxide (0.67 

mL, 1M, 0.674 mmol) to afford trisulfide 98 (166.0 mg, 93%) as colourless oil. IR 

(νmax/cm−1) 720, 477; 1H NMR (300 MHz, CDCl3) δ 7.49 – 7.09 (m, 4H, H-1/H-2/H-3), 5.97 

– 5.78 (m, 1H, H-7), 5.29 – 5.14 (m, 2H, H-8), 4.06 (s, 2H, H-5), 3.48 (d, J = 9.3 Hz, 2H, H-

6); 13C NMR (75 MHz, CDCl3) δ 135.2, 133.6, 132.7, 130.8, 128.9, 119.3, 42.4, 41.6, 29.8; 

HRMS (ASAP+) m/z [M]+ calcd for C10H11ClS3 261.9700, found 261.9731. 

1-Allyl-3-(4-bromobenzyl) trisulfane (99) 

From thiosulfonate 1s (483.0 mg, 1.35 mmol) and 

disulfanyl acetate 2d (167.0 mg, 1.13 mmol) in THF (4 mL) and sodium methoxide (1.1 

mL, 1M, 1.13 mmol) to afford 99 (200.0 mg, 57%) as colourless oil. IR (νmax/cm−1) 718, 

476; 1H NMR (300 MHz, CDCl3) δ 7.52 – 7.37 (d, 2H, H-2), 7.23 – 7.15 (d, 2H, H-3), 5.96 – 

5.75 (m, 1H. H-7), 5.28 – 5.13 (m, 2H, H-8), 4.02 (s, 2H, H-5), 3.46 (d, J = 9.1 Hz, 2H, H-6); 

13C NMR (101 MHz, CDCl3) δ 135.6, 132.6, 131.7, 131.0, 121.6, 119.2, 77.3, 76.7, 41.5; 

HRMS (ASAP+) m/z [M]+ calcd for C10H11BrS3 305.9150, found 305.9189. 

1-Allyl-3-(4-methylbenzyl) trisulfane (100) 

From thiosulfonate 1t (307.0 mg, 1.05 mmol) and disulfanyl 

acetate 2d (130.0 mg, 0.876 mmol) in THF (3 mL) and sodium methoxide (0.87 mL, 1M, 

0.87 mmol) to afford 100 (160.0 mg, 75.2%) as colourless oil. IR (νmax/cm−1) 460; 1H NMR 

(300 MHz, CDCl3) δ 7.24 - 7.22 (d, J = 8.1, 2H, H-4), 7.16 – 7.13 (d, J = 9.2, 2H, H-3), 5.94 – 

5.78 (m, 1H, H-8), 5.26 – 5.17 (m, 2H, H-9), 4.08 (s, 2H, H-6), 3.47 (d, J = 7.3, 2H, H-7), 2.35 

(s, 3H, H-1); 13C NMR (75 MHz, CDCl3) δ 137.4, 133.5, 132.8, 129.4, 119.1, 43.1, 41.8, 41.6, 

21.3; HRMS (ASAP+) m/z [M]+ calcd for C11H14S3 242.0570, found 242.1097. 

1-Allyl-3-(4-methoxybenzyl) trisulfane (101) 
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From thiosulfonate 1u (499.0 mg, 1.62 mmol) and 

disulfanyl acetate 2d (200.0 mg, 1.35 mmol) in THF (4 mL) and sodium methoxide (1.3 

mL, 1M, 1.3 mmol) to afford trisulfide 101 (250.0 mg, 71%) as colourless oil. IR 

(νmax/cm−1) 747, 544; 1H NMR (300 MHz, CDCl3) δ 7.34 – 7.22 (d, 2H, H-4), 6.94 – 6.83 (d, 

2H, H-3), 5.91 (m, J = 9.9, 7.3 Hz, 1H, H-8), 5.29 – 5.17 (m, 2H, H-9), 4.10 (s, 2H, H-6), 3.83 

(s, 3H, H-1), 3.50 (d, J = 7.2 Hz, 2H, H-7); 13C NMR (101 MHz, CDCl3) δ 158.5, 132.1, 130.0, 

127.8, 118.4, 113.4, 42.2, 40.9; HRMS (ASAP+) m/z [M+H] + calcd for C11H14OS3 259.0250, 

found 259.0294.  

1-Allyl-3-(4-(trifluoromethyl) benzyl) trisulfane (102) 

From thiosulfonate 1v (280.0 mg, 0.809 mmol) and 

disulfanyl acetate 2d (100.0 mg, 0.674 mmol) in THF (3 mL) and sodium methoxide (0.6 

mL, 1M, 0.6 mmol) to afford 102 (153.0 mg, 76%) as a colourless oil. IR (νmax/cm−1) 754, 

619; 1H NMR (400 MHz, CDCl3) δ 7.63 – 7.54 (d, 2H, H-2), 7.45 (d, J = 8.1 Hz, 2H, H-3), 5.86 

(m, 1H, H-7), 5.27 – 5.15 (m, 2H, H-8), 4.11 (s, 2H, H-5), 3.46 (dt, J = 7.3, 1.0 Hz, 2H, H-6); 

13C NMR (101 MHz, CDCl3) δ 140.9, 132.7, 129.8, 125.5-125.7 (q, J = 270.0 Hz), 42.5, 41.6; 

HRMS (ASAP+) m/z [M] + calcd. for C11H11F3S3 295.9975, found 295.9970.  

6.5.3 Library 3  

1,3-Dibenzyltrisulfane (54)93 

From thiosulfonate 1e (505.0 mg, 1.82 mmol) and disulfanyl 

acetate 2i (300.0 mg 1.51 mmol) in THF (5 mL) and sodium methoxide (1.5 mL, 1M, 1.5 

mmol) to afford 54 (375.0 mg, 89%) as white crystals. 1H NMR (600 MHz, CDCl3) δ 7.38 – 

7.21 (m, 10H, H-1/H-2/H-3), 4.02 (s, 4H, H-5). 

1,3-Bis(4-fluorobenzyl) trisulfane (103)93 
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From thiosulfonate 1q (131.0 mg, 0.443 mmol) and 

disulfanyl acetate 2j (80.0 mg, 0.369 mmol) in THF (3 mL) and sodium methoxide (0.36 

mL, 1M, 0.36 mmol) to afford 103 (90.0 mg, 77%) as white crystals. 1H NMR (600 MHz, 

CDCl3) δ 7.25 (m, J = 8.6, 5.4 Hz, 2H, H-2), 6.99 (t, J = 8.7 Hz, 3H, H-3), 3.98 (s, 4H, H-5). 

1,3-Bis(4-chlorobenzyl) trisulfane (104)93 

 From thiosulfonate 1r (112.0 mg, 0.360 mmol) and 

disulfanyl acetate 2k (70.0 mg, 0.300 mmol) in THF (3 mL) and sodium methoxide (0.30 

mL, 1M, 0.30 mmol) to afford 104 (70.0 mg, 67%) as white crystals. 1H NMR (400 MHz, 

CDCl3) δ 7.30 (d, J = 8.5 Hz, 4H, H-2), 7.23 (d, J = 8.7 Hz, 4H, H-3), 3.98 (s, 4H, H-5). 

1,3-Bis(4-bromobenzyl) trisulfane(105)93 

 From thiosulfonate 1s (361.0 mg, 1.01 mmol) and 

disulfanyl acetate 2l (234.0 mg, 0.844 mmol) in THF (4 mL) and sodium methoxide (0.8 

mL, 1M, 0.80 mmol) to afford 105 (250.0 mg, 67%) as white crystals. 1H NMR (400 MHz, 

CDCl3) δ 7.46 (d, J = 8.6 Hz, 2H, H-2), 7.19 (d, J = 8.7, 2H, H-3), 3.97 (s, 4H, H-5). 

1,3-Bis(4-methylbenzyl) trisulfane (106)93 

 From thiosulfonate 1t (436.0 mg, 1.49 mmol) and 

disulfanyl acetate 2m (264.0 mg, 1.24 mmol) in THF (4 mL) and sodium methoxide (1.2 

mL, 1M, 1.2 mmol) to afford 106 (355.0 mg, 93%) as a white powder. 1H NMR (400 MHz, 

CDCl3) δ 7.23 (d, J = 8.0 Hz, 4H, H-3), 7.16 (d, J = 7.9 Hz, 4H, H-4), 4.04 (s, 4H, H-6), 2.36 (s, 

6H, H-1). 

1,3-Bis(4-methoxybenzyl) trisulfane (107) 
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From thiosulfonate 1u (227.0 mg, 0.735 mmol) 

and disulfanyl acetate 2n (140.0 mg, 0.613 mmol) in THF (3 mL) and sodium methoxide 

(0.18 mL, 1M, 0.18 mmol) to afford 107 (163.0 mg, 78%) as white solid crystals. 1H NMR 

(600 MHz, CDCl3) δ 7.24 (d, J = 8.7 Hz, 2H, H-3), 6.86 (d, J = 8.7 Hz, 2H, H-4), 4.02 (s, 4H, 

H-6), 3.80 (s, 6H, H-1); 13C NMR (151 MHz, CDCl3) δ 159.3, 130.7, 128.6, 114.2, 55.4, 42.8; 

HRMS (ASAP+) m/z [M] + calcd. for C16H18O2S3 338.0460, found 257.2480 as C8H9OS3 due 

to the loss of one methoxybenzyl group C8H9O. 

1,3-Bis(4-(trifluoromethyl) benzyl) trisulfane (108)93 

From thiosulfonate 1v (292.0 mg, 0.842 mmol) and 

disulfanyl acetate 2o (187.0 mg, 0.702 mmol) in THF (4 mL) and sodium methoxide (0.7 

mL, 1M, 0.7 mmol) to afford 108 (190.0 mg, 65%) as a white solid. 1H NMR (400 MHz, 

CDCl3) δ 7.59 (d, J = 8.1 Hz, 4H, H-2), 7.41 (d, J = 8.0 Hz, 4H, H-3), 4.05 (s, 4H).  

6.6 Synthesis of the Azide Probe, 112, via 2 steps 

Step 1: Synthesis of (4-bromo-N-butyl-1,8-naphthalimide)483 

 

Compound 116 was synthesized following the procedure outlined by Song et al.483 A 

mixture of 4-bromo-1,8-naphthalic anhydride (800 mg, 2.89 mmol, 1 eq.) and n-

butylamine (1.90 g, 25.99 mmol, 9 eq.) was dissolved in acetic acid (15 mL) and heated to 

reflux under nitrogen for 6 hours. After completion of the reaction, the solution was 

poured into distilled water, resulting in the formation of a precipitate. This precipitate 

was filtered, washed with water, and the resulting yellow powder was collected. 
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Recrystallization from ethanol afforded compound 116 as white crystals (810.0 mg, 84 

%). ¹H NMR (400 MHz, CDCl₃) δ 8.56 (d, J = 6.2 Hz, 1 H, ArH), 8.47 (d, J = 8.1 Hz, 1 H, ArH), 

8.10 (d, J = 7.9 Hz, 1 H, ArH), 7.99 (d, J = 7.4 Hz, 1 H, ArH), 7.80 (t, J = 7.0 Hz, J = 8.5 Hz, 1 

H, ArH), 4.16 (t, J = 7.5 Hz, 2 H, H-1), 1.69-1.74 (m, 2 H, H-2), 1.41-1.48 (m, 2 H, H-3), 0.98 

(t, J = 7.5 Hz, 3 H, H-4). 

Step 2: Synthesis of 2 (4-azido-N-butyl-1,8-naphthalimide) (112).483 

 

 

A solution of compound 116 (700 mg, 2.11 mmol, 1 eq.) and sodium azide (1.37 g, 21.07 

mmol, 10 eq.) in DMF (13 mL) was stirred at 40 °C for 4 hours. Upon completion, the 

reaction mixture was poured into water, forming a precipitate which was subsequently 

filtered and rinsed with water. The resulting yellow powder was collected and 

recrystalised from ethanol (450 mg, 72%). 1H NMR (300 MHz, CDCl3) δ 8.64 (d, J = 7.3 Hz, 

1H, ArH), 8.54 (d, J = 7.3 Hz, 1H, ArH), 8.40 (d, 1H, ArH), 8.00 (t, 1H, ArH), 7.80 (d, 1H, 

ArH), 4.22 – 4.11 (t, J = 8.0 Hz, 2H, H-1), 1.77 – 1.64 (m, 2H, H-2), 1.45 (m, J = 8.5, 2H, H-

3), 0.98 (t, J = 7.3 Hz, 3H, H-4). 
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6.7 Biological Procedures 

All biological work was carried out in a biosafety-certified laboratory with regulated 

temperature, airflow, and filtration. Strict protocols for handling, storage, and disposal 

were adhered to. Cell culture solutions were sterilized by autoclaving before use. 

6.7.1 Cell Culture  

Origin and Maintenance of Cell Lines 

The human epithelial breast cancer cell line MDA-MB-231 was purchased from ATCC. The 

oesophageal cancer cell line WHCO1 was derived from a South African patient with 

oesophageal squamous cell carcinoma, derived from moderately differentiated tumour 

resections with metastatic disease.456 Both cell lines were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, Gibco®) supplemented with 10% fetal bovine serum (FBS, 

Gibco®) and 1% penicillin-streptomycin (Pen Strep, Gibco®). Complete media refers to 

FBS and penicillin-streptomycin supplemented media. MTT solutions were prepared by 

dissolving MTT (Sigma-Aldrich, RSA) in phosphate-buffered saline (PBS, pH 7.4, Gibco®). 

A 10% (w/v) sodium dodecyl sulfate (SDS) solution was made by dissolving the SDS 

powder in a 0.01 M HCl solution. 

Cell Growth Conditions 

Cells were grown in 100 mm sterile tissue culture dishes (Nest®, non-pyrogenic) in 8 mL 

of complete media and maintained in a humidified incubator (37°C, 5% CO2, 91% 

humidity). All procedures were conducted in a UV-sterilised laminar flow hood and all 

equipment was sanitised with 70% ethanol. Cells were cultures until reaching 75-80% 

confluence, and then split using the protocol below. All experiments were performed on 

logarithmically growing cells.  

Cell Splitting 

The media was removed by suction, and then 0.25% Trypsin-EDTA (Gibco®) (2 mL) was 

added. After 5 minutes, detached cells were collected in a sterile 15 mL centrifuge tubes 

(NEST®, non-pyrogenic) and the trypsin was neutralised with complete media (2 mL). 

The mixture was centrifuged at 5000 rpm for 5 minutes to pellet the cells. Thereafter the 

supernatant was removed, and the pellet was re-suspended in complete media (2 mL). To 

maintain the cell line, the pellet suspension (300 µL) was added to a new dish with 

complete media (8 mL) and cultured again until 75% confluency. 
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Thawing and Freezing Cells 

Cells from cryostorage were rapidly thawed at 37 °C, and the thawed cell solution (1 mL) 

was then added to a dish containing complete media (7 mL). The media was refreshed the 

following day, and the date and passage numbers were documented. For long-term 

storage, one 70-80% confluent dish of cells were trypsinised, and collected as described 

before. The pellet was resuspended in 1 mL of freeze-down media containing 10% DMSO, 

20% FBS, and 1% Penicillin-streptomycin in DMEM. The samples were transferred to a 2 

mL cryotube and frozen at -80 °C for a few days before transfer to liquid nitrogen for long 

term cryopreservation. 

Determining Cell Concentration 

Cell concentrations were determined by mixing a cell suspension (10 μL) with 0.1% 

trypan blue solution (10 μL) (Invitrogen®, Thermo Fischer Scientific). A 10 µL sample of 

this mixture was placed on a cell counting chamber slide (Invitrogen®) and analysed 

using an automated cell counter (Invitrogen®, Countess 3 FL) to quantify number of live 

and dead cells per millilitre. 

6.7.2 Cell Viability Assay (MTT) 

The cells were assessed for cytotoxicity using MTT cell viability assay. The WHCO1 cells 

were cultured to 70-80% confluency and collected and counted as described above. They 

were then seeded in 96-well plates (NEST®) at a density of 2.5–3.0 x 103 cells/well in 

complete media (90 μL). The cells were then allowed to settle overnight in the culture 

incubator as described above and then treated with the compounds at eight different 

concentrations each at 2-fold dilution. The concentration range selected depended on the 

compound under investigation but could fall within the broader range of 50 nM – 200 µM 

in 0.1% DMSO. Control cells were treated with 0.1% DMSO alone. 

Each drug concentration was added to the cells in triplicate. The drug concentrations 

were prepared by first preparing stock solutions of the compounds in DMSO at a 

concentration of 100 mM. From this, eight 2-fold dilutions of the stock solutions in DMSO 

were prepared from 0.781 – 100 mM. These solutions were then diluted 100-fold into 

complete media to give 7.81 – 1000 µM solutions and 1% DMSO. These solutions were 

then added to the cells by transferring 10 µL of the media-compound solution to 90 μL of 
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cells to give a final concentration of compound in cells of 0.781 – 100 µM.  Control wells 

received 0.1% DMSO alone as the vehicle.  

Thereafter, the compounds were incubated with the cells for 48 hours. At the conclusion 

of the incubation period, MTT solution (10 μL, 5mg/mL in PBS) was added to each well 

and incubated for an additional 4 hours to allow for the formazan crystals to form. 

Thereafter, SDS solution (100 μL, 10% w/v in 0.01 M HCl) (was added to each well and 

incubated for 24 hours at 37°C. The absorbance of each well was measured at 595 nm 

using a Multiskan FC multi-well reader (Thermo Scientific®). The background 

absorbance of the media, test compound, and MTT reagent alone (i.e. without cells) was 

subtracted from each reading. The data was then analysed using GraphPad Prism 7 or 9, 

applying non-linear regression analysis fitted to a sigmoidal dose-response curve at 595 

nm versus log (concentration) to obtain the IC50 value. Each compound was tested 

independently at least three times. The overall procedure is summarized in Table 6.1. 

Table 6.1: Summary of MTT procedure 

Step Description Details 

1 Seeding Cells 2.5 – 3.0 x 10³ cells/well in 90 μL complete media 

2 Compound Treatment 
In the broad range 200 µM to 50 nM depending on 
the compound and 0.1% DMSO in media as the 
vehicle 

3 Incubation 48 hours 

4 MTT Solution Addition 10 μL of 5mg/mL MTT in PBS, 4 hours incubation 

5 Formazan Solubilization 
100 μL of 10% SDS in 0.01 M HCl, 24 hours 
incubation 

6 Absorbance Measurement 595 nm using Multiskan GO FC plate reader 

7 Data Analysis 
GraphPad Prism 8.01, sigmoidal dose-response 
curve fitting 

6.8 Perthiol Stability Study (Ellman’s Assay) 

Calibration Curve of DTNB with NAC 

The NAC stock solution of 1.5 mM was prepared in reaction buffer (24.5 mg in 100 mL 

PBS). From this stock solution, six dilutions were prepared as shown in Table 6.2. These 

dilutions were further diluted in reaction buffer to obtain final NAC concentrations of 150, 

125, 100, 75, 50, and 25 μM used for the reactions. 
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Table 6.2: Standard solutions preparations of NAC 

Standard Volume Reaction 
ACN/Buffer 

Volume of NAC Final Concentration 
(mM) 

A 100 
24.5 mg in 100 

mL 
1.50 

B 5 25 1.25 

C 10 20 1.00 

D 15 15 0.750 

E 20 10 0.500 

F 25 5 0.250 

G 30 0 0 

To prepare the Ellman's reagent, a 10 mM stock solution was made by dissolving 4 mg of 

Ellman's reagent in 1 mL of reaction buffer. For the calibration curve, 50 μL of this 

Ellman's reagent solution was added to 2.5 mL of reaction buffer in a glass vial. Next, 250 

μL of each diluted NAC solution was added. The final concentrations of NAC after dilution 

are: 150 μM initial -> 13.4 μM final, 125 μM initial -> 11.2 μM final, 100 μM initial -> 8.9 

μM final, 75 μM initial -> 6.7 μM final, 50 μM initial -> 4.5 μM final, and 25 μM initial -> 2.2 

μM final. 

Stability Assay using DTNB 

The compounds p-OMe-BnSSH; 110, and p-Br-BnSSH; 111 was synthesised by acid 

deprotection method.351 Here, p-Br-BnSSAc; 2l, (7 mg, 0.025 mmol) and p-MeO-BnSSAc; 

2n, (5.8 mg, 0.025 mmol) were dissolved in a mixture of 0.1 mL AcCl in 1.9 mL methanol. 

The reaction progress was monitored using TLC (hexane: EtOAc). After completion, the 

reaction mixture was evaporated under reduced pressure using a rotary evaporator to 

yield the crude perthiol product which was dissolved immediately in 16.6 mL of a 50:50 

acetonitrile: PBS buffer solution to prepare a stock solution at a concentration of 1.5 mM. 

From this, a 1 mM dilution also in 50:50 ACN: PBS was prepared for use in subsequent 

reactions. 

Ellman's Reagent was prepared by dissolving 4 mg of DTNB in 1 mL of reaction buffer to 

create a 10 mM solution. In the mixing step, 50 μL of the Ellman’s Reagent solution was 

combined with 2.5 mL of reaction buffer in a series of vials. To each vial, 250 μL of the 1 
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mM perthiol stock solution was added at different timepoints, as 0, 10, 20, 30, 40, 50, 60, 

70 minutes, which resulted in a final perthiol concentration of 0.089 mM. The mixtures 

were incubated at room temperature for 15 minutes, after which the absorbance at 412 

nm was measured for each sample using a spectrophotometer.  

6.9 Quantification of Sulfhydryl Groups in WHCO1 Cancer Cells  

WHCO1 cells were seeded in 24-well plates at a density of 50,000 cells per well and 

allowed to attach overnight. The trisulfides under investigation in this experiment were 

(p-H; 54, p-Br; 105, p-OMe; 107), as well as the disulfide BnSSBn, each prepared at a 

molarity of 1 mM by dissolving (3 mg, 0.0103 mmol), (4.5 mg, 0.0103 mmol), (3.5 mg, 

0.0103 mmol), (3.1 mg, 0.0103 mmol), respectively, in the appropriate volume of DMSO. 

DTNB was prepared as a 10 mM solution in PBS (see Table 6.3). All compounds were 

diluted to a working concentration of 0.1 mM in DMEM before use. The cells were treated 

with the three trisulfide derivatives (p-H; 54, p-Br; 105, p-OMe; 107) and a disulfide 

(BnSSBn), by adding 0.1 mL of the compound solution to 0.9 mL of cells, to give a final 

concentration 100 μM compound and 0.1 % DMSO.  

Table 6.3: Sample Data on Concentrations, Masses, and Volumes Used 

Substrate Mass / 
mg 

Moles / 
mmol 

Volume of DMSO / 
mL 

Molarity 
/ mM 

Dilution to 0.1 mM 
in DMEM 

54 (p-H) 3.0 0.0103 10.3 1 
0.1 mL in 0.9 mL 
cells in DMEM 

105 (p-Br) 4.5 0.0103 10.3 1 
0.1 mL in 0.9 mL 
cells in DMEM 

107 (p-OMe) 3.5 0.0103 10.3 1 
0.1 mL in 0.9 mL 
cells in DMEM 

BnSSBn 3.1 0.0103 10.3 1 
0.1 mL in 0.9 mL 
cells in DMEM 

DTNB 4.0 0.0103 1 (in PBS) 10 
Dilute to 1 mM in 
buffer 

 

Cells treated with 0.1% DMSO alone were used as controls, and all treatments were 

conducted in triplicate. After incubation for 3 hours with the compounds, the media was 

collected and centrifuged to obtain the supernatant. A 1 mM DTNB solution was prepared 

in PBS, and 100 µL of this solution was mixed with 100 µL of the supernatant in a 2 mL 

microcentrifuge tube (final concentration is now 500 µM). The mixture was incubated for 

30 minutes. Following incubation, this mixture was then diluted 10-fold by taking 200uL 
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and adding to 1.8 mL PBS to give a total volume of 2 mL. The absorbance was measured 

at 412 nm using a UV spectrophotometer. 

6.10 H2S Evaluation in WHCO1 Cancer Cells 

Timeline Study 

WHCO1 cells were seeded in 24-well plates at 50 000 cells per well and cultured for a few 

days until they reached approximately 80% confluence. A 10 mM stock solution of each 

compound was made in DMSO. A stock solution of 1 mM was made for the probe, 110, in 

acetonitrile. The compounds were then diluted to 10 μM in DMEM and 0.1% DMSO and 

added to the cells (by adding 0.1 mL diluted stock solutions into 0.9 mL cells). The 

compounds used were the homo trisulfides series (p-H; 54, p-F; 103, p-Cl; 104, p-Br; 105, 

p-CH3; 106, p-OMe; 107, p-CF3, 108). These compounds were incubated with the cells for 

the indicated times as 10 minutes, 1h or 3h. Thereafter, the media was removed, and the 

probe, 112, was added at 10 μM in 0.5 mL for 10-minutes.  

Control cells were treated with either the drug alone, probe alone, or Na₂S (10 μM) with 

the probe. The preparations of concentrations illustrated in Table 6.4. 

Table 6.4: Sample Data on Concentrations, Masses, and Volumes 

Substrate 54 103 104 105 106 107 108 BnS2Bn NAP, 112 

Mass/mg 2.9 3.2 3.6 4.5 3.2 3.5 4.3 2.5 3.0 

No of mmoles 0.0101 0.0101 

Volume of DMSO / mL 1                                                                                          10 mL (ACN) 

Molarity / mM 10 1 

Dilution to 10 μM in 
DMEM 

         4.8 μL in 5 mL                                       50 μL in 5 mL 

 

Fluorescent Imaging 

Fluorescent images were obtained using the Nikon fluorimeter, with a FITC filter at an 

emission wavelength of 509 nm. Each experimental condition was conducted in triplicate, 

and each experiment was performed independently three times. The fluorescent images 

were analysed using ImageJ software. The analysis involved the following steps: 

1. Image Import and Preprocessing: 

The images were imported into ImageJ. 

2. Quantification of Fluorescence: 

For each well determination, three regions of interest (ROIs) around the well 
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were selected and the mean fluorescence intensity for each ROI was measured. 

This for each experiment 9 data points were obtained per compound, and this 

was repeated in triplicate to give a total of 27 data points which were averaged to 

give the mean and standard deviation for each compound. 

Statistical Analysis: 

Statistical significance was determined using two-way ANOVA, followed by post hoc 

tests where appropriate. A p-value of less than 0.05 was considered significant.  

6.11 Live Cell Confocal Imaging 

MDA-MB-231 cells were plated at a density of 2 x 104 cells per well in 8-well chambered 

cover glass plates (Lab-Tek II, 1.5 borosilicate, Australia) in 200 µL supplemented DMEM 

media. The cells were allowed to settle overnight in a humidified incubator. 

The following day, stock solution (100 mM) of DPTS in DMSO was diluted into media to 

make 2mL of a 50 µM DPTS solution and 0.05% DMSO. The media was then removed from 

the cells and replaced with this 50 µM DPTS solution or media with 0.05% DMSOP alone 

for control cells. After 30 minutes, the trackers were added to the cells at the following 

concentrations: Lysotracker (50 nM), Mitotracker (25 nM) and ER tracker (1 µM). The 

trackers were firstly diluted into media and then added to the cells. Control cells received 

either media alone or trackers alone.  

Imaging and Analysis 

Thirty minutes after compound and label addition, live cell imaging was performed using 

a Zeiss LSM 880 Confocal Fast AiryScan microscope. Imaging sessions lasted 

approximately 3 hours, during which cells were maintained in an incubation chamber at 

37 °C under 5% CO2. Data analysis was conducted and analysed using the Zen 3.4 Blue 

Edition and Black® software. 

6.12 Computational Procedure 

Calculations involved for pKa values 

The pKa values were determined using a computational DFT procedure for AH and A-(as 

described above) to obtain thermodynamic data and methods outlined in the literature 

and below for H+ in particular.505,506 The pKa for a perthiol was calculated using the 

solution phase Gibb’s free energy of the deprotonation reaction, AH ⇌ A− + H+, where 

𝑝𝐾𝑎=Δ𝐺𝑎𝑞∗/2.303𝑅𝑇 and Δ𝐺𝑎𝑞∗=𝐺𝑎𝑞∗(𝐴−)+𝐺𝑎𝑞∗(𝐻+)−Δ𝐺𝑎𝑞∗(𝐴𝐻). Note, the aqueous phase 
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proton (H+) free energy is calculated using Δ𝐺𝑎𝑞∗(𝐻+) =𝐺𝑔°(𝐻+) + Δ𝐺𝑎𝑞, 𝑠𝑜𝑙𝑣(𝐻+) + Δ𝐺1𝑎𝑡𝑚→1𝑀 

. Δ𝐺𝑎𝑞, 𝑠𝑜𝑙𝑣(𝐻+) = -265.9 kcal/mol was taken from the literature,506 and 𝐺𝑔°(𝐻+) was 

calculated using 𝐺𝑔°(𝐻+) = 𝐻𝑔° −𝑇𝑆𝑔°, where 𝐸0𝐾=0, 𝐻𝑔°=5/2𝑅𝑇= 1.48 kcal/mol, and 𝑆𝑔° 

= 26.05 cal/(mol ·K).506 Δ𝐺1𝑎𝑡𝑚→ 1𝑀= 1.89 kcal/mol, corresponding to the free energy 

change due to changing the standard state from 1 atm to 1 M. The Gibbs free energy of a 

proton was empirically scaled by -14.542 kcal/mol from the generally accepted -265.9 

kcal/mol for all pKa calculations such that the calculated pKa value for a known compound 

(an unsubstituted benzyl trisulfide) fit the literature value of 6.2 ± 0.1 more closely.506,507 

This empirical scaling does not change the linear correlations (gradients remain the 

same) shown in Figures 5.19-5.20, only the y-axis intercepts change.  
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