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CHAPTER 1: INTRODUCTION TO THE CHEMISTRY OF
ORGANIC TRISULFIDES

1.1 Acknowledgement

Dr. Harshal D. Patel for the advice and discussion on the chemistry of organic trisulfides

1.2 Background and Motivations

Despite its high volume production (~80 million tons/year), sulfur recovered from refining processes
is still underutilised and mainly used to make sulfuric acid." However, sulfur and its derivatives have
recently become a significant area of interest for researchers. Construction of sulfur compounds
directly from elemental sulfur can be achieved through sulfuration, reduction, oxidation, and redox
condensation processes.? Sulfur compounds have been an important part of our lives. Hundreds of
FDA approved drugs contain sulfur.® Other sulfur compounds such as organic polysulfides from
allium family of garlic and onions have been studied as endogenous H,S releasing compounds for
antitumour drugs.*

With many diverse applications of sulfur, many efforts have been made to convert sulfur into
value added materials, such as polymers. One of the most notable ways to directly convert sulfur
into value-added high sulfur content polymers (typically 20-90% sulfur) is via inverse vulcanization.
This technique was introduced in a landmark paper published in Nature Chemistry in 2013 by Pyun
and co-workers.® By using this technique, sulfur polymers can be made via radical copolymerization
with polyenes. Since then, sulfur has been used via inverse vulcanization to make various value-
added materials such as polymers for energy storage® 7, sorbents for toxic and or precious metals®
1. sorbents for oil spill remediation', antimicrobial agents'?, infrared optics'™ ', sustainable
adhesives' ¢, and composite materials.'”-°

Inverse vulcanization offers researchers to explore various functional sulfur polymers (often
called organic polysulfides or simply polysulfides). The physical and chemical properties of inverse
vulcanized polymers depend primarily on the alkene starting material and the ratio of sulfur to the
alkene. The ratio of sulfur to the alkene determines the average number of sulfur atoms that crosslink
to the alkene (sulfur rank). At 1:1 ratio of sulfur to alkene, for example, inverse vulcanized sulfur
polymer made from aromatic hydrocarbons such as 1,3-diisopropenyl benzene (DIB) is glassy and
brittle® 2°, while if it is made from unsaturated triglycerides, the resulting polymer is soft and rubbery.™":
21 The properties of the sulfur polymers can also be altered by combining two alkenes in a single
synthesis step or more to make a terpolymer, or by doing post-modification of an inverse vulcanized
polymer.22-24

In 2022, Hasell group at the University of Liverpool and Chalker group at Flinders University
carried out a study on post-modification of an inverse vulcanized polymer made from Span-80 and

sulfur, followed by crosslinking it with bisphenol epoxides (BADGE). The aim of this study was to



design sulfur polymers that are solvent processable and recyclable. It is important to note that most
of the inverse vulcanized sulfur polymers are insoluble in many organic solvents. Pyridine is often a
solvent used to dissolve these polymers. However, this nucleophilic amine is thought to actually
breaking the S-S bond in the sulfur polymer made by inverse vulcanisation via an ionic mechanism.?
In their study, Hasell and Chalker developed a stretchable and durable inverse vulcanized polymer
made from Span-80, sulfur, and BADGE. The remarkable finding is that this polymer can be
dissolved in amide solvents (DMF, DMAc, and NMP). GPC analysis of the DMF soluble fraction of
the polymer provided evidence that the molecular weight of the soluble fraction of the polymer
decreased.?? This result suggests that the amide solvents could play a role in breaking and reforming
S-S bonds in the polymer. This theory was tested by using a model S-S metathesis reaction
employing dimethyl and di-n-propyl trisulfide for the trisulfide system and the disulfide analogues for
the disulfide system. DMF, DMAc, and NMP were found to induce the S-S metathesis in the trisulfide
system at room temperature (Figure 1.1), while no reaction was observed in the disulfide system.
The results of this investigation support the theory that polysulfide system with the sulfur rank 3 can
be reprocessed via S-S metathesis in these solvents, though the mechanism was not fully
understood at the time.

Tonkin and Chalker, 2020
Pyridine, Et3N,
or BusP*
/S\S/S\ + /\/S\S/S\/\ —_— . /S\S/S\/\
*BusP reacts vigorously and mediates desulfurization S-S metathesis via ionic mechanism
Yan, Chalker, and Hasell, 2022
/S\S/S\ /S\S/S\ /S\S/S\
+ + +
/\/S\S/S\/\ /\/S\S/S\/\ /\/S\S/S\/\
. 1h 20°C “ DMF, NMP, or 241,20 °C # DMF, NMP, or
neat, 20°C % up to 24 h DMAc TEMPO (10 mol%) DMAc
/S\S/S\/\ /S\S/S\/\ /S\S/S\/\
No crossover No crossover
100 S e 100 = T 100 N bl ad
€ w0 e g€ 80 g Se (80
% e ) S60
2 S 60 - [}
T T T "
¢ 2ol T g1 o ®
S 2 S % ‘ 320 L "y
3 © | = L! |
3 4 5 6 7 8 9 10 11 12 13 3 45 6 7 8 9 10 11 12 13 3 4 5 6 7 8 9 10 11 12 13
Retention Time (mins) Retention Time (mins) Retention Time (mins)
Trisulfides 24 hr Trisulfides + DMF 1 hr Trisulfides + DMF + TEMPO 24 hr
Key questions:
(1) What mechanism accounts for this reaction?
(2) What sterics and functional groups are tolerated?
(3) What applications can this rapid reaction be used for?

Figure 1.1: Previous works on the solvent induced S-S metathesis of trisulfides? 2° and the research
questions in this study. The GC images were reproduced from ref. 22, under a Creative Commons
Licence: CC-BY 4.0.



This room temperature trisulfide metathesis reaction induced by polar amide solvents is quite
unusual. In the report, a complete S-S exchange between the trisulfides in DMF occurs within one
hour. As shown in Figure 1.1, the exchange reaction selectively gave only a new trisulfide, and no
disulfides or tetrasulfides were formed.?? The room temperature trisulfide metathesis has also been
reported previously by Harpp?® and our group? but it is required nucleophilic phosphines or amines.
In some case, desulfurization caused by the phosphine nucleophiles is unavoidable, especially for
longer reaction time. In an Honours project, Shapter also found that other polar aprotic solvents like
DMSO can also induce the trisulfide metathesis. Acetonitrile, acetone, and alcohols could also
induce the metathesis but the rate was much slower compared to those amides. Hence, in general
polar solvents can induce trisulfide metathesis, but the mechanism by which this occurs are not
established.

Furthermore, Hasell and co-worker found that TEMPO can inhibit the trisulfide metathesis
reaction which suggests that the reaction may follow a radical pathway. In another study by
Shapter?, the rate of reaction between the trisulfides in DMF was found to reduce in the presence
of acetic acid. Because the trisulfide metathesis in DMF is inhibited by TEMPO, it was thought that
the thiyl radical could be trapped using a methacrylate monomer. If this idea was successful, it would
be a novel and mild way to initiate radical polymerization. The polymerization of methyl methacrylate
in the mixture of dimethyl trisulfide, di-n-propyl trisulfide, and DMF was investigated by Shapter.
Despite these efforts, no polymer product was observed and the radical mechanism was called into
doubt.

The discovery of the unusual S-S metathesis reaction of organic trisulfides in polar solvents
opens up many questions. From a mechanistic perspective, if the radical mechanism is involved, a
disulfide and a tetrasulfide should be formed in the reaction, but only trisulfides were formed. What
mechanism accounts for this observation? What steric effects and functional groups are tolerated?
What applications can the rapid reaction be used for? Indeed, a better understanding of this
chemistry can be crucial as it would allow us to explore the reactivity of organic trisulfides in polymer
synthesis and recycling, modification of biomolecules, or synthetic chemistry. Therefore, the aim of
this thesis is to study this trisulfide metathesis chemistry in detail to better understand its mechanism
and scope. To provide the context for this trisulfide metathesis research, a literature review on the
S-S metathesis chemistries, theories and knowledge gaps is provided in the next sections of this

chapter.

1.3 Introduction to Organic Polysulfides

Organic polysulfides (RSnR), consist of a chain of sulfur atoms (n > 2) that link to alkyl or aryl via
carbon atoms. The number of sulfur atoms (n) in the organic polysulfide is often called “sulfur rank”.?
For example, dimethyl trisulfide (CH3SSSCH3) has a sulfur rank of 3. Today, polymers containing
high sulfur contents are also colloquially called “polysulfides” such as polymers made by inverse

vulcanization.® Organic trisulfides are important in our everyday life. They exist in natural products?®,

3






Polysulfides can undergo several types of reactions, such as interconversion (sulfur atom
exchange between molecules containing S-S bond or known as S-S metathesis), sulfur transfer
reactions, replacement reactions, nucleophilic displacement reactions at S-S bonds, and oxidation
reactions.?® %" The focus on this review is the discussion of interconversion reaction and nucleophilic

displacement reaction since it is related to the PhD project.

1.4 Interconversion Reaction of Organic Trisulfide (Trisulfide Metathesis)

Trisulfide Metathesis Induced by Thermal, UV and Nucleophiles

The exchange of sulfur atom in polysulfides can occur by several mechanisms and the rate of
reaction at certain temperature heavily depends on the polysulfide compounds and solvents. A study
by Tobolsky and co-worker showed that neat dimethyl trisulfide (Me2Ss), with exclusion of light,
decomposes at 80 °C to give dimethyl disulfide (Me2S.) and dimethyl tetrasulfide (Me2S4) (Figure
1.3). This reaction takes almost 3 days to give approximately 1:1 mixture of disulfide and tetrasulfide.
Also, prolonged heating of the trisulfide (> 9 days) can lead to the formation of dimethyl penta- and
hexasulfide (Me2Ss and Me;Sg).* This thermal reaction is notably slow and lead to the formation of

a mixture of di-, tri-, tetra-, and higher polysulfides.

80 °C
/S\S/S\ . \S/S\ + /S\S/S\S/ + /S\S/S\S/S\ + /S\S/S\S/S\S/
neat, ~3 days
5% 6% penta- and hexasulfide are observed > 9 days

Figure 1.3: Decomposition of dimethyl trisulfide at 80 °C. Prolonged heating of the trisulfide leads to

the formation of dimethyl penta- and hexasulfide.®

However, if the trisulfide is heated in benzene, it takes around 20 days for the reaction to
reach equilibrium.3® In another study by Trivette and Coran®®, the crossover reaction between an
equimolar mixture of two dialkyl trisulfides (Figure 1.4A), diethyl trisulfide (Et>Ss) and di-n-propyl
trisulfide ("Pr2Ss), at 132 — 148 °C yield to a new trisulfide, ethyl n-propyl trisulfide (EtS:"Pr). In a
control experiment, the S-S exchange reaction does not occur at room temperature after storage in
the dark for around 30 days. For the thermal S-S metathesis involving more hindered trisulfides, the
reaction does not occur. Chauvin et al.*® reported that the crossover reaction between di-tert-butyl
trisulfide (‘Bu2Ss) and diisopropyl trisulfide (‘Pr.Ss) at 100 °C in chlorobenzene (Figure 1.4B) does
not occur. This is due to the higher S-S bond strength of a trisulfide, which is ~70 kJ mol™! higher,
compared to a tetrasulfide. In addition to this, perthiyl radical (RSS*) is more stable than thiyl radical
(RS*).* In the reaction employing the tetrasulfides analogues, Chauvin et al.®® observed that the S-
S exchange reaction had reached equilibrium after ~2 hours. Trivette and Coran® also observed that
the S-S exchange of the trisulfide shown in Figure 1.4A is accelerated when a small portion of

tetrasulfide is presence in the mixture.



CeHe or
CgHg/PhNO, mixture
A. \/S\S/S\/ + /\/S\S/S\/\ \/S\S/S\/\
132 -148 °C

B. YS\S/SY + XS\S/S\’< 100X°C YS\S/S\’<

No reaction

Figure 1.4: Several examples of thermal S-S exchange between trisulfides reported by (A) Trivette

and Coran®® and (B) Chauvin and co-workers®.

Uncatalyzed S-S metathesis at elevated temperature is thought to follow a radical pathway.
This mechanism is illustrated in Figure 1.5. In the initiation process, two thiyl radicals are formed by
an unsymmetrical dissociation of the trisulfide. The generated thiyl radicals would then attack the
central sulfur atom (more electron rich) of a trisulfide to yield the new trisulfide and another thiyl
radical during the propagation step. Similarly, the perthiyl radical can attack the trisulfide and yield
the same thiyl radical. In the termination process, two radicals can undergo a recombination which

then leads to the formation of disulfide, trisulfide and tetrasulfide.3% 3738

Initiation:
R/S\S/S\R —_— R/S + 'S/S\R
Propagation:
Attack on the central sulfur atom
. S._.S. S’
R1/s + RZ/S\SCS\RZ RS R, * Ry
Attack on the terminal sulfur atom
. S...R S
RS+ RS SR, R7TST? * RS
Attack on the central sulfur atom
Sea- S..C8. :
Attack on the terminal sulfur atom
S. _S.___S. S.__S. S.
R77S" * Ry USSR, R7"S"°R, * Ry S
Termination:
- N _— R..-S<
RS + SR S S R
/S\ /S\ —_—— /S\ /S\ /R
RS ¥ 'R R8s
P PN —_— .S .S<
RS T 8"TR RV SR

Figure 1.5: A radical mechanism in trisulfide metathesis reaction.



The light promoted S-S metathesis of polysulfides also proceeds via a radical pathway. The
light promoted trisulfide metathesis was discussed by Guryanova.® Birch and co-workers*° studied
the decomposition of dimethyl trisulfide under the UV light of a medium pressure mercury lamp.
During the UV exposure, dimethyl trisulfide is converted to its corresponding di- and tetrasulfide
(Figure 1.6A). Milligan and co-workers*' studied the photolysis of several trisulfides (i.e., Me;Ss,
Et,Ss, and 'Pr2S;) using 254 nm (UV mercury lamp) or sunlight (midsummer) in some cases as the
irradiation sources (Figure 1.6B). They found the similar result as reported by Birch et al. where a
mixture of di-, tri-, and tetrasulfide is observed and can be isolated by distillation. Interestingly, upon
UV irradiation of dimethyl and diethyl trisulfide, hydrocarbons are formed but the yield was low. The
results suggest that C-S bond scission also occurs but the S-S bond scission occurs preferentially.

Evidence on the radical mechanism for the trisulfide metathesis induced by UV light is
supported by several reported experiments. A study by Burkey et al. showed that tert-BuSS’ is
generated upon photolysis of frozen tert-butyl tetrasulfide (-160 °C, 20% v/v in toluene) and this
radical can be characterised by means of electron paramagnetic resonance (EPR).*? Everett et al.

also reported the formation of perthiyl radicals from photolysis penicillamine and cysteine trisulfide.*®

A. Birch, 1953: Disproportionation of dimethyl trisulfide by UV light

5. s UV light s s 5. s
~Sag-SN T» NgrS\ NS + Sig-Sig”

B. Milligan, 1963: UV light induced trisulfide metathesis

UV light (254 nm, 4 — 72 h)
or Sunlight (16 h)

/S\S/S\ A 7an \S/S\ + \S/S\S/ + /S\S/S\ -
UV light
254
\/S\S/S\/ ( nm)_ AN+ /\S/S\/ + /\S/S\S/\ + \/S\S/S\S/\
4-120h =
I diat
O"ge'g,:z, ration SN+ X\ (hydrocarbons'yield <0.2%; ethane/ethylene = 10:1)
UV light
254 nm)
S..S _(284nm) _ )\J\,L)\/s L s o s s
\(87/24_45”1 S ST/ s Yss

N+ X (hydrocarbons'yield <0.2%; propane/propane = 19:1)

S..-S _S. s
3% 10% 37%
UV light (254 nm) (trisulfide exchange product)
ight (254 nm
ASag St g S —0 - . s .
4h \S/ ~ + s~ ~ + /\S/ -
5% 3% 39
/S\S/S\S/ + \S/S\S/S\/ + /\S/S\S/S\/
" 2% 2%

Figure 1.6: UV light promoted trisulfide metathesis. A. Disproportionation of dimethyl trisulfide under
UV studied by Birch et al.*° B. Disproportionation of various trisulfides (i.e., dimethyl, diethyl, and
diisopropy! trisulfide) and the trisulfide exchange between dimethyl trisulfide and diethyl trisulfide
under UV light studied by Milligan et al.*!



Several amines such as pyridine and triethylamine can also catalyse the S-S metathesis
between the two organic polysulfides. However, the results depend on the concentration of the
amine. In a study by Tonkin et al.?%, in an excess molar of pyridine (~105 eq. to the trisulfide), dimethyl
trisulfide (Me2Ss) and di-n-propyl trisulfide ("Pr2S3), the crossover reaction between the trisulfides
occurs rapidly with the equilibrium reached within 5 minutes (Figure 1.7A). This reaction, in contrast,
does not occur if an equimolar mixture of pyridine and the trisulfides is reacted as a chloroform
solution (115 mM) for 24 h (Figure 1.7B). However, when pyridine is replaced by triethylamine (also
the same concentration of 115 mM), the trisulfide crossover did occur (Figure 1.7C). This
phenomenon could be explained by nucleophilic parameter (N) of the amines. Triethylamine (N =
17.3 in CH,Cly) is more nucleophilic than pyridine (N = 12.9 in CH2Cly).** 4> Hence, the trisulfides

crossover reaction can occur in triethylamine.

A. Pyridine (~105 eq.)
/S\S/S\ + /\/S\S/S\/\ < - \S/S\/\
20 °C, 5 min

B Pyridine (1 eq.)
' S...S + S...S CHEL S...S
~ONg7 SN AN ONgT I ¥ g INTN

20°C, 24 h

C. EtsN (1 eq.), CHCI3
/S\S/S\ + /\/S\S/s\/\ /S\S/S\/\
20°C, 24 h

Figure 1.7: Trisulfide metathesis reaction in (A) neat pyridine after 5 min, (B) 115 mM pyridine (1 eq.
to the trisulfide) after 24 h, and (C) 115 mM triethylamine.

Unlike the reactions with pyridine or triethylamine, some strong nucleophiles e.g., phosphines
(RsP, R= alkyl, aryl, dialkylamino), sulfite ions (SO3?) and cyanide ions (CN-) can even desulfurize
the polysulfide (Figure 1.8).2¢ 37 For example, Harpp et al. reported that organic trisulfides can be
desulfurized to disulfides by triphenyl phosphine (PhsP). They also reported that tris(dialkylamino)
phosphines are particularly efficient to desulfurize trisulfides to disulfides.?® Recently, Tonkin et al.?
demonstrated the rapid and vigorous trisulfide metathesis reaction in the presence of
tributylphosphine. The phosphine catalysed trisulfide metathesis and desulfurization is discussed in
more detail in Chapter 3. Sulfite can react with a tetrasulfide to give disulfide and cyanide can react
with a trisulfide to give a thioether.’” 46 The reactivity of these nucleophiles toward organic
polysulfides depends on the steric and strain requirements of the S-S bonds to be broken.?” These
reactions are not categorised as interconversion reactions but a nucleophilic displacement reaction

or desulfurization.



R';P
RSSSR ———> RSSR + R'P=S

SO,%
RSSSSR ———> RSSR + 25,042

CN-
RSSSR — RSR + 28CN°

Figure 1.8: Several reaction between organic tri- or tetrasulfide and phosphines, sulfite, and cyanide

jon.%"

The mechanism of nucleophilic induced trisulfides crossover reaction can be explained via
an ionic mechanism. For desulfurization of organic trisulfides, the Sny2 displacement could occur
either via central or terminal sulfur atom. This mechanism is shown in Figure 1.9 below. In addition
to this, polar solvents such as acetonitrile and acetone were found far more effective to assist
desulfurization via removal a central sulfur atom of the trisulfide (Table 1.2) compared to those less

polar solvents.

* central sulfur attack _/*\\ Sn2 displacement at S , *
RP/ + RS—-S—-SR =———— R-S S—SR RSSR + R';P=S

* terminal sulfur attack *_/\ Sn2 displacement at C * .
R'sP° + RSQS_SR ~—— RS-S S—R RSSR + R'3P=S

R3P*
Figure 1.9: Harpp’s discussion on the mechanistic desulfurization of organic trisulfides catalysed by

phosphines.?®



Table 1.2: Desulfurization of (R,R)-bis(1-phenylethyl) trisulfide by tris(dimethylamino) phosphine.?

Data was reprinted with permission from ref. 26. © 1982 American Chemical Society.

(MezN)sp
(10 - 40% excess) S
S.__S s + (MeyN)3P=8
: S Solvent,
- 2 - 20 days, N,, RT
Solvent Average [a]?°D o
Reaction solvent Polarity of Product o ii':;:)a\: aslilfur
(Et value) in benzene (degree)*
MeCN 46.0 252 82
Acetone (Me2C=0) 42.2 200 65
EtOAc 38.1 106 34
THF 37.4 80 26
Et20 34.6 102 33
CsHs 34.5 62.9 20
Cyclohexane
31.2 150 49

(cy-CeH12)

* Average data obtained from 3 — 6 experiments.
** Each optical rotation value [a]?° D was divided by 309° to obtain the percentage central sulfur removal since a 1:1 mixture
of (R,R)-bis(1-phenylethyl) disulfide and (Me2N)sP=S had [a]?* +309° (c 2.01, CeHs) (addition of up to 0.5 mol eq. of the

phosphine to this sample had a negligible effect on this optical rotation)

Trisulfide Metathesis Induced by Polar Solvents

In general, the crossover reaction between two dialkyl trisulfides requires heating at elevated
temperature (> 80 °C), UV light, or a strong nucleophile to cleavage the S-S bond. These processes
allow the formation of thiyl radicals or thiolate ions which can then proceed the crossover reaction.
A recent discovery from the work of Hasell and Chalker laboratory demonstrated that the crossover
reaction of dialkyl trisulfides can now be done in the presence of polar aprotic solvents at room
temperature (20 °C).?2 A model study using small molecules trisulfides, dimethyl and di-n-propyl
trisulfide, was investigated by Tonkin and Chalker. The trisulfide models were selected to mimic the
nature of polysulfide bonds in the polymer system with sulfur rank of 3. As mentioned in the
introduction of this chapter, upon addition of amide solvents (i.e., DMF, DMAc, or NMP) to the
trisulfide mixture, a new trisulfide, methyl n-propyl trisulfide, is formed and the equilibrium has
reached within 1 hour (Figure 1.10). After longer reaction time (~24 h), the mixture only consists of
the starting materials and the new trisulfide. THF was also found to induce the exchange, however,

the rate was much slower than those amides.
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Trisulfide (neat) - Control experiment:

Neat
/S\S/S\ + /\/S\S/S\/\ Y2 /S\S/S\/\
24 h, RT
100 - A i -l 100 ; (B) g
—_ ? Mg o
£ 80 ~ 3 £ 80
< =
S 60 2 60
Q
T T
o 40 e 40
5 g
§ 20 2 20
3 4 5 6 7 8 9 10 11 12 13 3 4 5 6 7 8 9 10 11 12 13
Retention Time (mins) Retention Time (mins)
Trisulfides 1 hr Trisulfides 24 hr

Trisulfide reaction with amide solvents:

DMF, NMP, or DMAc

1eq.
/S\S/S\ + /\/S\S/S\/\ (1eq) /S\S/S\/\
~5min, RT
100 100 1 (D) e RS
< — PR R
£ 80 £ 80
= -
3 60 S 60 s
T T (]
fé 40 2 40 QN/
© s |
o 20 o 20 l
0 0 +—r—r—rbr—r—rr—vr—rdrlr——tr—————
3 4 5 6 7 8 9 10 11 12 13 3 4 5 6 7 8 9 10 11 12 13
Retention Time (mins) Retention Time (mins)
Trisulfides + DMF 1 hr Trisulfides + DMF 24 hr

Figure 1.10: Crossover reaction between dimethyl trisulfide and di-n-propyl trisulfide. A, B. No
crossover product formed after 1 h and 24 h reaction in the trisulfides (neat). C, D. An equimolar
amide solvents (DMF, NMP or DMAC) yielded a crossover product (methyl propyl trisulfide) at 20 °C
within 1 hour and no other product formed after 24 h.?2 The GC images were reproduced from ref.

22, under a Creative Commons Licence: CC-BY 4.0.

The metathesis investigation using other polar solvents was also studied by Shapter?’ in his
Honour project in the Chalker Lab. The same trisulfide models were used in the experiments. DMSO
was also found to effectively induce the trisulfide metathesis in which the rate of metathesis is
comparable with other amides such as DMF, NMP, and DMAc. It has been known that DMSO
possesses unique properties. This high boiling point polar aprotic solvent has been known for its
ability to improve organic reactions by enhancing solubility, participating as a reagent, and stabilising
the reaction intermediates.*” “® It also has a high dielectric constant (46.6 at 25°C)*°, and DMSO is
a nucleophile at either oxygen or sulfur,%° which might also be important in this reaction. Furthermore,
other polar aprotic solvents such as acetonitrile and acetone were investigated by Shapter for the
trisulfide metathesis reaction. These common solvents were also found to induce the trisulfide
metathesis reaction, but the rate is generally slower than those amides. Protic solvents such as
alcohols also induce the metathesis but it took days to generate the new trisulfide. The exact

mechanism on how these polar aprotic solvents interacts with a trisulfide in the trisulfide metathesis
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reaction is unknown. Nevertheless, Steudel had previously proposed that the metathesis reaction
could possibly occur due to the presence of trace nucleophiles as impurities on the glass surface.®’

It was initially proposed by Hasell and Chalker that the solvent-induced metathesis was a
radical pathway. This hypothesis was put forth because TEMPO was found to inhibit the reaction. In
the pervious study reported by Hasell and Chalker??, the trisulfide metathesis was inhibited by 10
mol% TEMPO even after 24 h in solvents such as DMF. Shapter re-investigated the inhibition
reaction by varying the amount of TEMPO. He found that TEMPO inhibition depends on the
concentration of TEMPO where higher concentration of TEMPO leads to the greater inhibition. The
inhibition mechanism by TEMPO could be explained via a radical-coupling process (Figure 1.11A).5"
A thiyl or perthiyl radical (RS* or RSS*), which could be generated from the reaction between the
trisulfides and DMF, is trapped by TEMPO; thus, the inhibition occurs. With that said, GC-MS analysis
of the reaction mixture showed only all starting materials: the trisulfides, DMF, and TEMPO (Figure
1.11B).

R
A E '/\.X _— /'\Il\ ,X
R O R™ O
cross-coupling  short-lived cross-coupled
trap radical stable adduct

DMF, NMP, or DMAc
(1eq)
X

/S\S/S\/\

TEMPO (10 mol%), No crossover

24 h, RT
100 - A N 100 - R AN
- ~ - = S i
280 - £380 |
‘g) =
260 260
T T
2 40 0 M 240 )
® | < ® | <
320 - L s $20 - s
ol L e
3 4 5 6 7 8 9 10 11 12 13 3 4 5 6 7 8 9 10 11 12 13
Retention Time (mins) Retention Time (mins)

Trisulfides + DMF + TEMPO 1 hr Trisulfides + DMF + TEMPO 24 hr

Figure 1.11: A. Radical-radical recombination to form a stable adduct. B. TEMPO radical inhibits the
crossover reaction between the ftrisulfides in DMF, suggesting the reaction involves radical
mechanism. The GC images were reproduced from ref. 22, under a Creative Commons Licence:

CC-BY 4.0.

If the thiyl radical exists in the reaction mixture, a radical-radical recombination will occur
between TEMPO (R2NO*®) and thiyl/perthiyl radical (RS*) could form an adduct (R:NO-SR). Goldstein
et al.®? reported that the deprotonated form of this adduct was unstable and prone to decomposition
via heterolysis of N-O bond to yield an amine (>NH) and sulfinic acid (RS(O)OH) while the protonated

form of the adduct decomposes via homolysis of N-O bond to aminium radical (>NH**) and sulfenyl
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radical (RSO*®) which could produce an amine and sulfonic acid (RS(O)20H) in the presence of a
thiol and nitroxide (Figure 1.12). They also reported that in physiological conditions the unstable
adduct (>NO-SR) decomposes mainly to amine via heterolysis process. In the amide-trisulfides
system, considering the mixture is neutral and if the adduct is formed it would not be decomposed
or slightly decomposed if a small amount of water present. The adduct can, therefore, be analysed

by either mass spectroscopy techniques or NMR spectroscopy.

k=(5-7)x 108 M's”’ Ht
N-O" + R-S N-OSR =—— +*NHOSR

H,O

RS(O)OH

N—H ﬁ NH o+ R-SO’

RS’ RSH

RS(0),0H
N-O°

H,0
N-O(0)SR

Figure 1.12: TEMPO recombination with a thiyl radical to form N-O-SR bond. This product can
undergo decomposition in the presence of water and acid.%?

The inhibition of trisulfide metathesis was also observed when in the presence of acetic acid.
Shapter observed that the addition of 10 mol% of acetic acid does decrease the rate of the
metathesis reaction, particularly in DMF (Figure 1.13).2” The same reaction was also carried out in
NMP and DMSO. The results showed that there is no significant change in the reaction rate
compared to the normal reaction (without the addition of acid). Because reaction was analysed after
1 hour of the reaction, it is difficult to see how the reaction can significantly be influenced by the acid.
Moreover, acetic acid can react with the trace of basic impurity such as amines which may present
in the solvents. The metathesis reaction was found to still occur in the presence of acid which
suggests that the reaction is not affected by the impurity.
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DMF (1 eq.),
10 mol% AcOH
PN N U2 N NG - = /S\S/S\/\
S S 1h RT

Significant reduction of
crossover rate
NMP or DMSO (1 eq.),
10 mol% AcOH s s
A8 S+ NS S = I
S S 1h, RT

No significant change of
crossover rate

Figure 1.13: Trisulfide metathesis reaction in the presence of acetic acid.?’

In these solvent-promoted trisulfide metathesis studies?? 27, the focus was mainly to identify
which solvents induce the metathesis reaction. The mechanisms by which this may occur are still
unknown. The most puzzling feature of these studies is that TEMPO inhibits the S-S metathesis
reaction, suggesting a radical mechanism. However, only trisulfides are formed (no disulfides and
no tetrasulfides), which is difficult to explain if a radical process is involved. Furthermore, the limited
scope of the trisulfides being studied in the previous works is also a barrier to fully understand this
chemistry and the specific role of the solvent is not clear. Therefore, by studying the substrate scope,
the effect of solvent polarity, and the inhibition by other small molecules, this thesis aims to provide

insight into the scope and mechanism of this unusual reaction.

1.5 Solvents Effect in Chemical Reactions: Solvent Polarity and Trisulfide
Metathesis

Solvents can affect chemical reactions in many different ways and influence the reaction rate,
selectivity, and yield.%® There are basically two approaches that can be used to understand the
solvent effects: the phenomenological and physical approaches. The phenomenological approach is
split into two aspects which are the dielectric and chemical considerations. Early understanding of
the solvent effects invoked the term “solvent polarity”, but this term is not always precisely defined.%*
Solvent polarity is often discussed in conjunction with dielectric constant. However, it is not always
sufficient to correlate the solvent effects with solvent polarity based on the pure electrostatic
approach (dielectric constant). It is because other aspects such as solute-solvent interactions such
as intermolecular forces (i.e., Electron-Pair Acceptor (EPA) and Electron-Pair Donor (EPD), dipole-
dipole, hydrogen bonding interactions) must be considered.%? 5°

To quantify the solvent polarity based on the interaction between solute and solvent
experimentally by spectroscopic measurements, empirical solvent polarity parameters are often
used. There are several common solvent polarity parameters: Z-scale (Kosower), Er (Dimroth-
Reichardt), n* (Dipolarity), a (Kamlet and Taft — Hydrogen Bond Donor Acidity), B (Kamlet and Taft —
Hydrogen Bond Donor Basicity), AN (Acceptor Number, Gutman), and DN (Donor Number,
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Gutman).5% %% % Among these solvent polarity parameters, Dimroth and Reichardt E 1 (30) scale are
the most widely studied and utilized solvent polarity. Z value, or E+ (molar transition energy) defined
by Kosower, is a measurement of solvent polarity based on the shift of the longest-wavelength
absorption band of 1-ethyl-4-(methoxycarbonyl)pyridinium iodide in the appropriate solvent. The E+
value is obtained from the formula in Equation 1. A high Z value corresponds to a high solvent
polarity. For example, the Z value of MeOH (83.6 kcal/mol) is higher than dichloromethane (64.2
kcal/mol). Thus, methanol is more polar than dichloromethane.®” Analogous to Z value, Dimroth and
Reichardt®® %° established the Er(30) which a molar electronic transition energy of Reichardt’s dye
(Betaine 1 or B30, Figure 1.14) and E7" value which is the dimensionless value derived from E7(30)
or absolute measured of solvent polarity. The value is also determined based on Equation 1. While
Kosower Z value is more general to interpret the solvent polarity, E+(30) value is specific to betaine
dyes and has focus on dipolarity and hydrogen bonding interaction within solute-solvent. The E+(30)
and E7" value of selected organic solvents are shown in Table 1.3. From this table, we know that, for

instance, acetonitrile is more polar than acetone.

Er (kcal mol) =h.c. v. Na=2.859 x 103 v/icm"'=Z Eq. 1

where, h = Planck’s constant (6.626 x 10°3* J s), ¢ = the velocity of light (3 x 108 m s™), v = the

wavenumber of the photon, Na = Avogadro’s number (6.022 x 10%2).

C(CH3)s
= AN
s N
O 10l 10
O] e
1 (=B30) 2 3
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2-propanol (isopropanol) Protic 48.4 0.546

Acetic acid Protic 51.7 0.648
Ethanol Protic 51.9 0.654
Phenol Protic 53.4 0.701
Methanol Protic 55.4 0.762
Water Protic 63.1 1.000

Polar solvents have been shown to influence the rate of reaction. For instance, Harpp and
co-workers?® demonstrated that desulfurization of an organic trisulfide by a phosphine catalyst
improve in polar solvents (Table 1.2). This indeed was rationalized by the act of polar solvent in
stabilising the charged intermediate (formation of the phosphonium ion). Furthermore, for
nucleophilic reactions with anions such as a thiolate/disulfide metathesis (Figure 1.15), the reaction
rate was greater in DMSO than in water.%" The increase in the rate of reaction is due to better
solvation of the charged delocalised polar activated complex by DMSO, which can lead to the

decrease in the activation barrier.

R k2 o~ Koo gt R
R1-g~ + S—S—R2 ‘TT‘ R1-S-- S e S-Ry ——> R'-g-5 + S—R?

R'=R =R?=-CH,-CH,-OH

Figure 1.15: A thiolate/disulfide exchange reaction.®’

Unlike many examples of disulfide metathesis reactions®25, the trisulfide metathesis reaction
described here is unique in that it proceeds without the need of nucleophilic catalysts such as
phosphines or amines.?®> From preliminary studies in the Chalker Lab, the trisulfide metathesis
reaction generally takes place rapidly in polar aprotic solvents, while the reaction was found to be
much slower in polar protic solvents. Figure 1.16 shows the solvents which have been tested for the
trisulfide metathesis studies.?? 2’ Since this trisulfide metathesis is new, the role of solvents on this

chemistry is poorly understood.
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Solvent (1 eq.) S S
/S\S,S\ + /\/S\S/S\/\ < OGO
1h, RT

Solvents promoted rapid trisulfide S-S metathesis:

Solvents promoted slower trisulfide S-S metathesis:

o} o OH
N=—— )J\ Q —OH /\OH )\

Figure 1.16: Various solvents tested for trisulfide metathesis from previous studies.?? %’

The influence of solvents on the trisulfide metathesis reaction is a critical aspect of
understanding the fundamental mechanism of the reaction. Besides stabilizing polar transition states
or intermediates generated in the reaction, polar aprotic solvents could also induce polarization in
non-polar bonds such as S-S bond in a trisulfide molecule. This could result in weakening the S-S
bond and induce a chemical reaction. Moreover, polar protic solvents such as alcohols could
protonate the sulfur atom in a trisulfide and activate the charged sulfur species. However, the
previously reported S-S metathesis showed that reaction in polar protic solvents such as alcohols is
very slow compared to that of polar aprotic solvents such as DMF, NMP, and DMSO.?” Lastly, the
solute-solvent interaction could also occur between the lone pair electrons in sulfur atom of a
trisulfide and the solvent. It has been discussed previously that compounds containing S-S bond
such as di-, tri- and tetrasulfides may exist as thiosulfoxide, (a branch structure).?”- 66-¢® Theoretical
studies by Steudel have indicated that thiosulfoxide is highly polar (Figure 1.17).7° Thus, this species
should be stabilized in polar solvents. The sulfur atoms in the trisulfide could interact with the solvent
and undergo rearrangement to form this polar species. This species could then participate in the
trisulfide metathesis reaction. However, the mechanism on how solvents participate in the S-S

exchange is unknown. The area of this research is still developing.

Polar solvents _
s s (e.g., DMF, DMSO) 8 S
ZONqr O - _S__R -— > +
R S R R S R/S\S/R
Trisulfide Thiosulfoxide Thiosulfoxide
(unbranched) (branched) (polar)

Figure 1.17: Polar solvents may interact with a trisulfide to form a highly polar thiosulfoxide, which

are intermediates considered in this thesis.

18



1.6 Synthesis of Organic Trisulfides and Tetrasulfides

This section provides a review on the synthesis of organic trisulfides via several methods. The
discussions on the synthesis of organic trisulfides and tetrasulfides have been recently reviewed by
Ali and co-workers.”" In this discussion, several trisulfide synthesis methodologies are presented.
The main purpose of this review is to provide readers with simplest and most general ways to access
organic trisulfides. The following methods for synthesizing organic trisulfides are discussed: (1)
Direct synthesis from a thiol and sulfur dichloride, (2), Direct synthesis from a thiol and a sulfur
transfer reagent, and (3) A two-step process from an alkyl halide via thiosulfate salt (Bunte salt). The

reaction between a thiol and sulfur monochloride (S2Cl,) will be discussed for a tetrasulfide synthesis.

Direct Trisulfide Synthesis from A thiol and Sulfur Dichloride

Organic trisulfides can be quickly prepared using a direct synthetic method employing a thiol (R-SH)
and sulfur dichloride (SCl.). A general reaction scheme is shown in Figure 1.18. Two equivalents of
thiol are required for this synthesis. This synthesis is first demonstrated by Clayton and Etzler in
1947 where they prepared hexadecyl trisulfide in a fair yield (~60%). This first demonstration of
trisulfide synthesis was experimentally done in petroleum ether solution employing sulfur dichloride
and the corresponding hexadecyl thiol. This reaction is exothermic, with the temperature of the
mixture rising from 17 to 27 °C after the addition of sulfur dichloride. Hydrogen chloride gas is a by-

product of this reaction.

General Scheme:

SCl,
(0.5 eq.) s S
R-SH ——— " » #ON O~ + HCI
ether R S R
a trisulfide
Clayton & Etzler, 1947:
SCl,

(0.5 eq.)
s s Ss

petroleum ether

Figure 1.18: A general scheme for the trisulfide synthesis from a thiol and sulfur dichloride.

In 1994, Derbessy and Harpp? further developed this trisulfide synthesis method by altering
the reaction conditions. The reaction was set to a low temperature (-78°C, dry ice/acetone bath) and
a tertiary amine (i.e., EtsN, pyridine) was used to neutralize the resulting hydrochloric acid. The
reaction is relatively quick (typically complete within 3 h). At low temperatures, the first reaction
between a thiol and sulfur dichloride would provide an intermediate alkyl thiosulfenyl chloride (or
alkyl chlorodisulfide). This reactive intermediate can react in the second step with another thiol
molecule in situ to produce a trisulfide. This method improves the yield and purity of the resulting
trisulfide. For instance, Derbessy and Harpp’? reported that the synthesis of various symmetrical

trisulfides can be achieved with the yield typically > 94%, except for diallyl trisulfide which is only
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46% (Figure 1.19). Unsymmetrical trisulfides can also be prepared using this procedure, although
several of them are obtained in moderate yield. The low yield of diallyl trisulfide is because sulfur
dichloride (SCI2) and sulfur monochloride (S2Clz2) can react with alkenes to form episulfonium
intermediate.” 7 Indeed, copolymerization of sulfur monochloride with polyenes has recently been

reported as an alternative to inverse vulcanization.”

Reaction scheme:

base
(e.g., pyridine, Et3N) R'—SH
R-SH + SCl, RS g ¢ L S¢S
dry ether, -78 °C
alkyl- or arylchlorodisulfide dialkyl- or diaryl trisulfide

Symmetrical trisulfides:

Sk O Ol s L

di-tert-buty! trisulfide bis(p-chlorobenzyl) trisulfide dibenzyl tFISU|fde diisopropyl trisulfide
quantitative, ~100% quantitative, ~100% quantitative, ~100% 98%
o, O PO
S S diallyl trisulfide
\S/ 46%
ShoYals g Sy
ditrityl trisulfide bis(p-tert-butylphenyl) trisulfide di-n-butyl trisulfide
98% 98% 94%

Unsymmetrical trisulfides:

>L S J\ S\S/S XS\S/S
s77°s

tert-butyl isopropyl trisulfide tert-butyl benzyl trisulfide tert-butyl p-chlorobenzyl trisulfide
94% 75% 57%
Cl Cl
\/\/S\S/S\/©/ \/\/S\S/S\/© \©\/S\S/s\/©
n-butyl p-chlorobenzyl trisulfide n-butyl benzyl trisulfide p-chlorobenzyl benzyl trisulfide
34% 25% 40% (after recystallization from hexane)

Figure 1.19: Examples of various symmetrical trisulfide prepared from a thiol and sulfur dichloride

using Harpp’s method.”? Yields for the synthesis of symmetrical trisulfides are generally excellent.

In general, this method is operationally simple. However, there are several disadvantages of
using sulfur dichloride. First, sulfur dichloride is relatively unstable at room temperature and
undergoes decomposition to other sulfur chlorides, chlorine gas, and elemental sulfur.”®7® For this
reason, it is best to use freshly distilled sulfur dichloride. The addition of phosphorus trichloride
(PCl3)" or phosphorus pentachloride (PCls)® to this sulfur dichloride aims to prevent decomposition
during distillation. However, this process does not inhibit the decomposition for a long period of
time.” Therefore, freshly distilled sulfur dichloride should be used soon after purification. The

synthesis of sulfur chlorides (SCl2 and S2Clz) is provided in more detail in Chapter 2 of this Thesis.
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If sulfur dichloride is heavily contaminated with other decomposition products such as sulfur
monochloride, for instance, this sulfur dichloride reaction with a thiol can result in the formation of
polysulfides (Figure 1.20).6 7® Indeed, this issue can cause significant inconvenience because
organic polysulfides can be difficult to separate by column chromatography due to the similar polarity.
Second, due to its high reactivity, sulfur dichloride may not be suitable for making linear alkyl
trisulfides containing alkene group (i.e., diallyl trisulfide’?) or cyclic trisulfides such as trithiane.8" &

The reactions could give low yield or a mixture of di-, tetra-, or pentasulfide.

Derbessy & Harpp, 1994:

SCl, (0.5 eq.)
Et3N, -78 °C

0, 0,
R = rr‘J\/SiMe;; 32% 28%

Figure 1.20: Sulfur dichloride (SCI.) could give a mixture of polysulfides.

Direct Trisulfide Synthesis from a Thiol and a Monosulfur Transfer Reagent

Because sulfur dichloride is unstable at room temperature and not easy to handle, the synthesis of
organic trisulfides can alternatively be achieved via reaction between a thiol and a sulfur transfer
reagent with nitrogen heterocycles as a leaving group.”® 8 One example of stable sulfur transfer
reagent is N,N-thiobisphthalimide. However, this monosulfur transfer reagent possesses lower
reactivity compared to sulfur dichloride, which can be a disadvantage. In a study by Harpp and co-
workers’® reported that an attempt to prepare cyclic trisulfides using N,N-thiobisphthalimide was not
successful.

The sulfur transfer reagents shown in Figure 1.22 can be synthesized from
hexamethyldisilazane (HMDS) with the nitrogen heterocycles. The silylated of heterocycles are then
treated with a half equivalent of sulfur dichloride to obtain the sulfur transfer reagents (Figure 1.21).7
N,N’-thiobisphthalimide can also be prepared from sulfur monochloride (S.Clz) and phthalimide
(Figure 1.21). Kalnins® demonstrated that phthalimide or its potassium salt in dry DMF reacts very
readily with sulfur monochloride to give N,N-thiobisphthalimide as a white solid with the melting point

of 315 — 317 °C. N,N*thiobisphthalimide can alternatively be obtained from the reaction between
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potassium phthalimide and sulfur dichloride in dry petroleum ether as a solvent. However, owing to
its stability sulfur monochloride is much more preferable reagent to use than sulfur dichloride for the
synthesis of N,N*-thiobisphthalimide. To date, the most commonly method to prepare N,N*-

thiobisphthalimide is a reaction between phthalimide and sulfur monochloride in dry DMF.

Harpp, 1978: Synthesis of sulfur transfer reagents

~ H _ - SxCl ~ - | .
/Sli’ ‘Sli\ + HN_ W _NS,N__ + —Si-Cl
N-heterocycles Sulfur transfer reagent

Kalnins, 1966: N,N"-thiobisphtalimide

[ S,Cl ° 0

NH z7e vN
DMF, 28 °C ~s7

o) o) o)

Figure 1.21: Synthesis of sulfur transfer reagents from N-heterocycle compounds and sulfur

chlorides. Harpp’s method can also be used to prepare N,N’-dithiobis compounds.

(0] 0] 0] 0]
PN PN NAN/S\
N N N N \—y/ Z/\>
NS
OO0 OO N

N, N"-thiobisphthalimide N, N*-thiobissuccinimide N, N'-thiobisimidazole
/=N N=N
AN

s-N N7 NS\ N s-N

/ \: 1 N /

N N D N,

P N N

N N
N,N'-thiobisbenzimidazole N,N'-thiobis(1,2,4-triazole) N, N'-thiobis(1,2,3-benzotriazole)

Figure 1.22: Several sulfur transfer reagents with N-heterocycles.”

The reactivity toward nucleophiles of sulfur transfer reagents shown in Figure 1.22 above has
been qualitatively assessed by Harpp and co-workers.” The order of reactivity for these reagents
are as follow: imidazole > 1,2,4-triazole > benzimidazole > 1,2,3-benzotriazole > succinimide >
phthalimide. All of these reagents can transform benzyl thiol to dibenzyl trisulfide in good to excellent
yields (> 84%), which is far superior to N,N*-thiobisphthalimide (27%). Due to its low reactivity, the
reaction involving N,N-thiobisphthalimide is often carried out under reflux. In terms of the
mechanism, the authors suggested that the first step involves a protonation of these sulfur transfer
reagents, followed by a nucleophilic attack from the thiolate (Figure 1.23A).”® The synthesis of

dibenzyl and diallyl trisulfide are shown in Figure 1.23B.
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A. Reaction of a sulfur transfer reagent with a thiol

s RS )
5. Cs.
N7 NN H R //\N/S‘rr\}é\ » Né\N/S\S’R+ Né\N/H
e g/ N\7/ \Q/N \7, \7’

N, N'-thiobisimidazole

B. Synthesis of dibenzyl and diallyl trisulfide

ZNTTINY
N N ~S< _H
©/\SH \7/ _ @/\S S/\© .\ NGN
2eq =
dibenzyl trisulfide imidazole (by-product)
NS N
NS N Ny N1
SH \7, &/ NS a S + N\
P - = ~s” A \—/
2 eq. diallyl trisulfide imidazole (by-product)

Figure 1.23: A. A proposed mechanism of protonation of a sulfur transfer reagent and nucleophilic

attack to the sulfur atom by thiolate. B. Synthesis of dibenzyl trisulfide using N,N*-thiobisimidazole.

The use of sulfur transfer reagents in the synthesis of organic trisulfides offers several
advantages. First, it allows the synthesis of trisulfides containing functional groups such as alkene.
In contrast to the use of sulfur dichloride, N,N’-thiobisimidazole reacts with allyl thiol to give diallyl
trisulfide in a very good yield (80%).8% The use of sulfur transfer reagents can effectively improve the
synthesis of trisulfide containing functional groups which cannot be tolerated by sulfur dichloride.
Second, the synthesis of trisulfides employing the monosulfur azole reagents (Figure 1.22) is
relatively quick, where the reaction is complete within few minutes. Only N,N’-thiobisphthalimide is
less reactive in which the reaction can be controlled until a monosubstitution stage. This, however,
can be an advantage especially for the synthesis of unsymmetrical trisulfide.®® 8 Lastly, the N-
heterocycle compound as the by- product of the reaction between the sulfur transfer reagent and a
thiol can be reused. For instance, in Figure 1.23B the by-product imidazole from the reaction can be
isolated and reused to make the sulfur transfer reagent by reacting them with HDMS and sulfur

chlorides.

Trisulfide Synthesis from an Alkyl Halide via Sodium S-Alkyl Thiosulfate Salt

Another strategy to access an organic trisulfide is via Bunte salt or sodium S-alkyl thiosulfate
(RSSOs'Na*). A Bunte salt is prepared from the reaction between an alkyl halide (R-X) and sodium
thiosulfate (Na»S,03) via an Sy2 reaction. In a report by Lecher and Hardy®?, thallium(l) thiosulfate
can also be used in place of sodium thiosulfate. In the original method reported by Bunte®, the salt
is obtained by heating an aqueous solution of sodium thiosulfate and alkyl halides (Figure 1.24, the
first reaction). This method becomes a general method for the preparation of sodium S-alkyl
thiosulfate. In the synthesis of this salt, aqueous methanol, ethanol, dioxane, and DMSO are
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commonly used.®® ' Various methods for making the salt such as from disulfides and alkali metal
bisulfites, from thiols and alkali metal sulfites, chlorosulfonic acid, sulfur trioxide, sulfur trioxide-
pyridine complexes, and so on, had been reviewed by Distler.*® Moreover, the reaction of sodium S-
alkyl thiosulfate salt with sodium sulfide leads to the formation of organic trisulfides (Figure 1.24, the

second reaction).

N828203 n NaZS (05 eq) S S
R-X — > RS—S-ONa R"°°S"T°R
(X =Cl. Br, I - NaX 5 - Na,SO;
sodium S-alkyl thiosulfate dialkyl trisulfide

Figure 1.24: A synthetic route to make a trisulfide via sodium S-alkyl thiosulfate (Bunte Salt).

Upon addition of sodium sulfide to a solution of sodium S-alkyl thiosulfate, the target trisulfide
is formed. However, sodium sulfite is also produced in this reaction. Sulfite is found to react with
organic trisulfide to give a disulfide. Milligan and co-workers® demonstrated that the reaction
between dimethyl trisulfide and sodium sulfite at pH ~8 results in the formation of dimethyl disulfide
(Figure 1.25A). In a case of dimethyl trisulfide synthesis from sodium S-methyl thiosulfate and
sodium sulfide, Milligan and co-workers® found that the molar ratio between dimethyl disulfide and
trisulfide was 3 : 2. Dimethyl trisulfide was found to be relatively soluble in water compared to the
higher dialkyl trisulfides. In comparison, solubility of dimethyl trisulfide in water (0.025%) was ten
times higher than that of diethyl trisulfide.®? This was thought to be the cause of low trisulfide ratio
because the sulfite can react with dimethyl trisulfide and yield the corresponding disulfide. Later,
Milligan and co-workers then found that the addition of light petroleum, which extracts the trisulfide,
and saturating the mixture with sodium chloride, which decreases the solubility of the trisulfide in
water, could increase the yield of trisulfide over disulfide. They also found that combination of these
techniques does not significantly improve the trisulfide yield.

These approaches only minimize the formation of disulfide by removing the trisulfide from
aqueous phase, and so it does not remove the main problem, the sulfite anions. The removal of
sulfite anions can be achieved through the addition of formaldehyde.®* ®* Thus, Milligan and co-
workers® then explored the synthesis of trisulfides by using of formaldehyde in phosphate buffer
solution at pH around 8. Sodium sulfite reacts with formaldehyde to form a stable adduct, sodium
formaldehyde bisulfite (HOCH2-NaSQ3).% By doing so, the sulfite is chemically removed from the
solution. The addition of formaldehyde solution to the mixture of sodium S-alkyl thiosulfate and
sodium sulfide improve the trisulfide synthesis significantly. Milligan and co-workers reported that
disulfide formation could be supressed by the addition of formaldehyde (Figure 1.25B). Acetaldehyde
in place of formaldehyde also gave similar result.®? The use of paraformaldehyde or other aldehydes
in the synthesis has not been reported yet in the literature. Thus, this can be an alternative additive

to formaldehyde.

24









(~20 °C to room temperature). Figure 1.29 shows several examples of tetrasulfides prepared from

a thiol and sulfur monochloride.
A. Chakravarti 1932:
@/\SH 1. KOH, EtOH, RT s /s\/©
2. S,Cl,, petroleum ether ©/\S S

B. Harpp 1994; 2003:

base
(e.g., pyridine, Et3N) s s R'—SH
R-SH + S,Clp R "S”Cl —_— RS S
dry ether, -78 °C

C. Ramaraju 2012: base
(e.g., Et3N)

R-SH + S,Cl RS g-S g R

2eq. CH,Cl,, -20 °C to RT

dialkyl- or diaryl tetrasulfide

Figure 1.28: A. An example of dibenzyl tetrasulfide synthesis reported by Chakravarti.®” A general
scheme for the tetrasulfide synthesis developed by: B. Harpp and co-workers.”> 8 and C. Ramaraju

and co-workers.%°

/\S/S\S/S\/ S\S/S\S/© R/S\S/S\S/R
Chakravarti (1932) R = "Pr, 'Pr, "Bu, S¢°Bu
Chakravarti (1932) Ramaraju & co-workers (2012)
)< Derbessy & Harpp (1994)
XS\S/S\S Ramaraju & co-workers (2012)

X
Derbessy & Harpp (1994) S /©/
~ S/S\ S
S .S
s s S S
s-S%g X X = NO,, Br, Me
Chakravarti (1932) Zysman-Colman & Harpp (2003)

Chakravarti (1932) Derbessy & Harpp (1994)

Figure 1.29: Several examples of organic tetrasulfides prepared from the reaction between a thiol

and sulfur monochloride.
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1.7 Thesis Objectives

The general goal of this thesis is to understand the reaction mechanism of the trisulfide metathesis
induced by the polar aprotic solvents, particularly DMF. With this understanding, this chemistry can
provide new tools for synthetic chemistry methodologies, polymer synthesis, recycling, and
depolymerisation under mild conditions.

In Chapter 2, the syntheses of various organic trisulfides and tetrasulfides are reported. With
the limited understanding on the effect of different substituents (R group) of trisulfides on the
metathesis reaction induced by DMF, various trisulfides containing primary, secondary, and tertiary
alkyl groups were made and used in the metathesis reaction in DMF. In addition to this, several
organic tetrasulfides are reported and used to investigate the tetrasulfide metathesis to see how it
compares to the corresponding trisulfide. Disulfides were obtained commercially. All metathesis
studies involving di-, tri-, and tetrasulfides are reported in Chapter 3. To access those trisulfides, we
reported various trisulfide synthetic methods: 1) a trisulfide from thiosulfoxide salt (Bunte salt) and
sodium sulfide, 2) a trisulfide from a thiol and sulfur dichloride (SCl.), and 3) a trisulfide from a thiol
and N,N’-thiobisphthalimide (a monosulfur transfer reagent). All tetrasulfides were prepared using a
thiol and sulfur monochloride (S2Cl>). In the synthesis of trisulfides via Bunte salt chemistry, we
explored the use of paraformaldehyde to improve the synthesis process. Several new trisulfides (i.e.,
diisobutyl trisulfide, di-n-hexyl trisulfide, and bis(4-methoxybenzyl) trisulfide) are reported for the first
time in this Chapter.

In Chapter 3, the effect of various solvents on the trisulfide metathesis between dimethyl
trisulfide and di-n-propyl trisulfide are reported. This study aims to evaluate how solvents with
different polarity influence the rate of trisulfide metathesis. Examples of trisulfide metathesis are also
demonstrated in a binary solvent system (e.g., DMF and chlorobenzene). The S-S metathesis study
between dimethyl trisulfide and various trisulfides made in Chapter 2 is presented. In a special case
study, S-S metathesis reaction involving a cyclic trisulfide, norbornane trisulfide, is demonstrated.
This Chapter also discusses several applications of this metathesis chemistry for the preparation of
unsymmetrical trisulfide directly from two symmetrical trisulfides, the production of trisulfide-based
dynamic combinatorial library, and the late-stage modification of a complex natural product
containing trisulfide moiety (i.e., calicheamicin-y1). In the last section of this Chapter, the investigation
of disulfide and tetrasulfide metathesis are presented. The goal of this study was to understand the
reactivity of disulfides and tetrasulfides and how they compare or differ to the key trisulfide substrates
of interest.

Chapter 4 describes the mechanistic investigations of ftrisulfide metathesis. Several
mechanistic proposals involving radical, ionic, and thiosulfoxide intermediate were proposed.
Several key experiments were conducted to find evidence for or against these mechanistic
hypotheses. For instance, Electron Paramagnetic Resonance (EPR) spectroscopy experiments
were carried out to obtain determine whether or not thiyl radical signals are present in the trisulfide

metathesis. NMR spectroscopy experiments to identify the presence of possible intermediates. This
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chapter also presents trapping experiments to sequester putative thiyl or thiolate intermediates. The
reaction between a thiolate and trisulfide, or a trisulfide in the presence of UV light, are also studied
to assess the product distributions of these ionic or radical processes, respectively. The overall aims
of these key experiments were to rule out some proposed mechanisms and determine the underlying
process. Moreover, TEMPO is not the only molecule that can inhibit the trisulfide metathesis reaction,
other small molecules such as acids, dienophiles (i.e., maleic anhydride and benzoquinone), and
water can also inhibit the metathesis reaction. The metathesis inhibition is also discussed in this
Chapter. Finally, a proposed mechanism via a thiosulfoxide intermediate is discussed in this Chapter.
Until now, the thiosulfoxide intermediate is not directly observed and reported. Future investigations,
theoretically and experimentally, are suggested in order to successfully characterise the intermediate
and to understand the reaction behaviour of trisulfide metathesis.

The ultimate goal of this Thesis is for us to be able to use the trisulfide metathesis chemistry
for broader applications. The dynamic nature of the S-S metathesis, for instance, was applied to a
novel dynamic library synthesis of trisulfides. The reaction is also rapid and selective, providing a
method to modify therapeutic trisulfides. The reversibility of the reaction was also proposed for use
in polymerization and depolymerization of novel poly(trisulfide)s. Discussion on the future research

regarding this chemistry is presented in Chapter 5.
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CHAPTER 2: THE SYNTHESIS OF ORGANIC TRISULFIDES AND
TETRASULFIDES
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2.2 Introduction

For the purposes of studying the scope and mechanism of S-S metathesis, several trisulfides and
some tetrasulfides needed to be synthesised. This chapter explored the synthesis of a variety of
symmetrical organic trisulfides, R-SSS-R, (Figure 2.1) via several previously reported reagents such
as Bunte salt (sodium S-alkyl thiosulfate)'3, sulfur dichloride (SCl.)*, and a monosulfur transfer
reagent, N,N'-thiobisphthalimide.® The selection of these synthetic methodologies was based on the
availability and the ease of handling the starting materials. The aim was to provide a library of
trisulfides (and tetrasulfides) for metathesis mechanistic studies, and to assess the generality of each
synthesis method for application to novel trisulfide targets. Several new, previously unreported,
trisulfides, diisobutyl trisulfide 2.4 and di-n-hexyl trisulfide 2.11, were successfully synthesized using
the Bunte salt method.

Sodium S-alkyl thiosulfate (RSSOs'Na*), also referred to as a Bunte salt, is a valuable
intermediate that can be used to prepare organic trisulfides.® The thiosulfate salt can be easily
prepared from an alkyl halide and sodium thiosulfate via an Sn2 reaction (Figure 2.1A). The addition
of sodium sulfide (NazS) to the thiosulfate salt yields an organic trisulfide (Figure 2.1B)." 2 A major
advantage of this synthetic method is that it does not require thiols, which can be malodorous. For
the synthesis of unsaturated trisulfides from alkyl halides (i.e., conversion of allyl bromide to diallyl
trisulfide), the Bunte salt method could be the method of choice because it can tolerate a reaction
involving olefinic group. However, there are some drawbacks when employing this method for
making trisulfide. Typically, it takes almost a day or more to produce the desired trisulfide.
Additionally, tertiary alkyl halides do not react with sodium thiosulfate due to steric hindrence.” The
Bunte salt method cannot be used, therefore, in the synthesis of di-tert-butyl trisulfide (‘Bu2Ss) or any
sterically hindered trisulfide. For these substrates, an alternative method to make organic trisulfides

was required.
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A. An alkyl halide to sodium S-alkyl thiosulfate or "Bunte salt"

I
R—X + Na,S,0; RS—S-ONa + NaX
(X=Cl, Br, I) 0

sodium S-alkyl thiosulfate

B. Sodium S-alkyl thiosulfate to a trisulfide

2RS-$-ONa + Na5 ———> RSSSR + NaSO
O dialkyl trisulfide
Figure 2.1: A. Synthesis of sodium S-alkyl thiosulfate (Bunte Salt). B. Synthesis of an organic

trisulfide from sodium S-alkyl thiosulfate (Bunte Salt).

Trisulfides can also be synthesized using a classic and efficient method of reacting a thiol
with sulfur dichloride (SCI2) in a dry solvent such as diethyl ether. The use of sulfur dichloride in
trisulfide synthesis can be traced back to 1947 where Clayton and Etzler first attempted to prepare
hexadecyl trisulfide.? Since then, the method has been used and developed further. In 1994, Harpp
reported a comprehensive study on the use of sulfur dichloride for synthesis of symmetrical and
unsymmetrical trisulfides.* This method is generally simple and quick (~3 hours of reaction time)
compared to that of sodium S-alkyl/aryl thiosulfate method. However, it requires the use of a thiol,
a base such as a tertiary amine (e.g., pyridine, triethylamine), and low temperature (-78 °C) (Figure
2.2A). The amine is used to neutralise the HCI generated in the reaction. Harpp et al.# also believe
that the amine could form an activated intermediate e.g., sulfenyl pyridinium or thiosulfenyl
pyridinium complex to assist the reaction by nucleophilic catalysis. Although sulfur dichloride is an
efficient sulfenylating agent, this reagent needs to be freshly distilled prior to use. This is because
sulfur dichloride is slowly decomposed at room temperature to give sulfur monochloride and chlorine
gas.®

The use of sulfur monochloride (S2>Cl.) and a thiol for the synthesis of symmetrical tetrasulfide
was first explored by Chakravarti'® in 1923. Harpp further developed the method for the general
synthesis of symmetrical organic tetrasulfides.* " For symmetrical aromatic tetrasulfides,
optimisation of the synthesis was reported by Zysman-Colman and Harpp.'? In general, tetrasulfides

are prepared in a similar way to that of trisulfides (Figure 2.2B).
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A. Harpp 1994, 2003: trisulfide (SCl, method)

base
(e.g., pyridine, Et3N) R'—SH
R-SH + SCb, [ RSSCI ] —_ R-SSS-R’
dry ether, -78 °C ' ) -
alkyl- or arylchlorodisulfide dialkyl- or diary! trisulfide
B. Harpp 1994, 2003: tetrasulfide (S,Cl, method)
base
(e.g., pyridine, Et3N) R'—SH
R-SH + S,Cl, [ RSSSCI ] _— R-SSSS-R'

dry ether, -78 °C ) ) )
alkyl- or arylchlorotrisulfide dialkyl- or diaryl tetrasulfide

Figure 2.2: A. Synthesis of organic trisulfide from a thiol (R-SH) and sulfur dichloride (SCl) B.
Synthesis of organic tetrasulfide from a thiol (R-SH) and sulfur monochloride (S2Clz).

Due to the need of freshly distilled sulfur dichloride for the synthesis of organic trisulfides, we
decided to synthesize sulfur dichloride from elemental sulfur and chlorine gas. Sulfur dichloride was
synthesized and purified according to the procedures adapted from Brauer'® and Harpp.® 1> There
are two main steps in the synthesis. Briefly, as shown in Figure 2.3, chlorine gas is first generated
from the reaction between trichloroisocyanuric acid (TCCA) and hydrochloric acid (step 1). The
chlorine gas, after being carefully dried using concentrated sulfuric acid (or calcium chloride), is then
bubbled through the molten sulfur (step 2). As reaction progress, the viscosity of the molten sulfur
decreases and the colour of the mixture changes from yellow to dark red, indicating the formation of
sulfur chlorides (mainly sulfur dichloride and sulfur monochloride). The mixture containing sulfur
chlorides can be easily separated by fractional distillation (SCl, b.p. 59 — 60 °C and S,Cl,b.p. 137 —
138 °C). The collected fraction of sulfur dichloride was redistilled in the presence of phosphorus
pentachloride (typically 0.05 — 0.10% PCls) prior to use in the trisulfide synthesis.'> When sulfur
monochloride was required for the synthesis of organic tetrasulfides, it was purified by distillation in
the presence of elemental sulfur. Otherwise, sulfur monochloride is also available commercially with

a typical purity of approximately 98%.
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Step 1: generation of chlorine gas

(FI HO._N.__OH

Os_N__O =
T \,]T + 3 HCI _ N\le/ + 3Clp
cl” j( ~Cl Y

o OH
trichloroisocyanuric acid . . .
(TCCA) cyanuric acid chlorine gas

Step 2: reaction of molten sulfur and chlorine gas

38 + Ch - SCl, + S,Cly

sulfur dichloride disulfur dichloride
(sulfur monochloride)

Figure 2.3: Synthesis of sulfur dichloride (SCI;) from elemental sulfur and chlorine gas.

The use of a stable monosulfur transfer reagent, N,N'-thiobisphthalimide, for trisulfide
synthesis has also been reported. This sulfur transfer reagent was exclusively used in this thesis for
the synthesis of bis(2-hydroxyethtyl) trisulfide. This reagent was also reported to be useful for the
synthesis of unsymmetrical trisulfides. Both symmetrical and unsymmetrical trisulfide are generally
prepared using a two-step reaction. First, the synthesis of an alkyl or arylphtalimido disulfide is
achieved from the reaction between a thiol and N,N'-thiobisphthalimide. Second, the isolated alkyl
or arylphtalimido disulfide is then reacted with another thiol to obtain the trisulfide. The by-product of
this reaction is phthalimide. Phthalimide can be recovered from this reaction and reused for the
synthesis of N,N'-thiobisphthalimide. The general synthetic scheme is shown in Figure 2.4.

o] o] 0
AN SR R'—SH
R-SH + NN - N-S —_ R-SSS-R
00 5

N,N*thiobisphthalimide N-(alkyl thiosulfenyl) phthalimide
or alkyl phtalimido disulfide

Figure 2.4: Synthesis of trisulfide using N,N'-thiobisphthalimide as a sulfur transfer reagent.

Despite their potent smell, sulfur dichloride and thiols are still the reagents of choice for
reliably making trisulfides. The use of sodium S-alkyl thiosulfate was also an alternative option used
to make trisulfides from primary and secondary alkyl halides. In addition, a reaction of a stable
monosulfur transfer reagent, N,N-thiobisphthalimide, with a thiol can be another alternative method
to access trisulfide. The use of these methods for making trisulfides, and their associated challenges,

are discussed in this chapter.
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2.3 Results and Discussion

Organic trisulfides from Bunte salt (sodium S-alkyl thiosulfate) and sodium sulfide

Among ten organic trisulfides reported in this chapter, four trisulfides i.e., diallyl trisulfide, diethyl
trisulfide, di-n-hexyl trisulfide, and di-iso-butyl trisulfide were synthesized using this method. For the
synthesis of these trisulfides, alkyl bromides were first converted to their sodium S-alkyl thiosulfates,
typically in aqueous EtOH at temperature of refluxing. In some cases, this transformation can also
be done using only water, aqueous MeOH, dioxane.® 7 In a study of the synthesis of S-aryl or S-vinyl
Bunte salt (sodium S-aryl thiosulfate), a polar aprotic solvent such as DMSO is typically used. For
this, we suggest the reader to see the study by Reeves for a more comprehensive study on the
synthesis of S-aryl or S-vinyl Bunte salt.® Since we only prepared sodium S-alkyl thiosulfates,
aqueous EtOH is a preferrable solvent for this synthesis. After isolating the Bunte salt, the salts were

reacted with sodium sulfide to yield the targeted trisulfides.

Synthesis of diallyl trisulfide, di-iso-butyl trisulfide, and dibenzyl trisulfide via Bunte salt and
sodium sulfide

The synthesis of three trisulfides i.e. diallyl trisulfide (2.2), di-iso-butyl trisulfide (2.4), and dibenzyl
trisulfide (2.6) were first attempted using the protocol described by Srivastava and Bhabak.? Allyl
bromide, isobutyl bromide, and benzyl bromide were converted to sodium S-allyl thiosulfate (2.1),
sodium S-isobutyl thiosulfate (2.3), and sodium S-benzyl thiosulfate (2.5), respectively. The
thiosulfate salts were obtained by reacting the bromides (each 10 mmol) with excess of sodium
thiosulfate (1.2 eq.) in 30% aqueous ethanol at 65 °C. The addition of the bromide to a solution of
sodium thiosulfate creates a two-phase mixture. With vigorous stirring and heating, the mixture
became homogeneous after few minutes. This indicates that the alkyl halide is being converted to
S-alkyl thiosulfate sodium salt. For allyl bromide and benzyl bromide, it took only 5 — 10 minutes for
the mixture to become one phase, while for isobutyl bromide it took around 5 — 6 hours upon heating
at 65 °C. To push reaction into completion, heating for a total of 4 hours was applied for allyl bromide
mixture (Figure 2.5A) and benzyl bromide mixture (Figure 2.5C), whereas isobutyl bromide mixture
(Figure 2.5B) was heated for at least 16 hours. Although those bromides are classified as a primary
alkyl halide, longer reaction time was required for the conversion of isobutyl bromide to the thiosulfate
salt 2.3. This occurs because of the steric hindrance of the isobutyl group, impeding nucleophilic
attack which slows down the Sn2 reaction.™ After solvent removal, the crude thiosulfate salt was
ready to be used for the next step. NMR analysis of the crude salts in DO indicates the clean
conversion of the bromides to their corresponding the thiosulfate salt 2.1, 2.3, and 2.5, respectively.

With the crude Bunte salts in hand, the next step was to convert these salts to the desired
trisulfides by reacting the salts with sodium sulfide (Figure 2.5). The reaction was continued without
any further purification. The addition of sodium sulfide solution to each thiosulfate salt solution in
water was done at 0 °C for 8 hours (based on the optimum condition for the trisulfide synthesis

reported in the literature method®). It should be noted that the reaction temperature has to be
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maintained at 0 °C and this is crucial; otherwise, the reaction would favour the formation of disulfide.®
This method yields trisulfide 2.2 in 86% yield, 2.4 in 90% yield, and 2.6 in 73% yield. Trisulfides
obtained from this method also contain their disulfides which can be observed by GC-MS. Trisulfide
2.6 was recrystallised from hexane to yield a high purity product (>99% by 'H NMR spectroscopy).
The yield of those trisulfides were good but NMR analysis showed that the purity of trisulfide 2.2 was
90% (10% diallyl disulfide) and trisulfide 2.4 was 97% (3% di-iso-butyl disulfide). The result was not
satisfactory, especially for the synthesis of diallyl trisulfide, because in general post-synthetic
separation of organic polysulfides is difficult to achieve due to similar polarity. Trisulfides with high
purity are desirable for the S-S metathesis study, otherwise the presence of any disulfide impurity

could confound experiments designed to understand the mechanism.

A.
Na2$203, EtOH(aq‘) NaZS H20
A~Br S “SO,Na ————~ » /\/S\S/S\/\
65°C,4h 21 C,8h 2.2, 86%
B.
Na;S;03, EtOH(aq) )\/ Na,S, H,0 )\/ \)\
)\/Br c S‘so3Na _— S\S/s
65°C, 16 h °
23 0°C.8h 2.4, 90%
C.
©/\Br NayS,03, EtOH4q) ©/\S/803Na Na,S, H,0 ©/\ /\@
65°C,4h 0°C,8h
2.5 2.6, 73%

Figure 2.5: Synthesis of diallyl trisulfide (2.2), di-iso-butyl trisulfide (2.4), and dibenzyl trisulfide (2.6)

via sodium S-alkyl thiosulfate and sodium sulfide.

Synthesis of diallyl trisulfide, di-iso-butyl trisulfide, diethyl trisulfide, di-n-hexyl trisulfide, and
dibenzyl trisulfide via Bunte salt and sodium sulfide with paraformaldehyde additive

The synthetic methodologies for trisulfide synthesis via Bunte salt method were then re-evaluated
with the goal to improve the overall purity. Milligan reported several experimental techniques to obtain
high purity dialkyl trisulfides from their Bunte salts, and one of them is by the addition of
formaldehyde.? Instead of using formaldehyde, the conversion of sodium S-alkyl thiosulfate to dialkyl
trisulfide was carried out in the presence of paraformaldehyde (polymeric formaldehyde) as the
additive. The solution pH was not buffered and remained high after the sodium sulfide addition (pH
= ~12). This was intentionally set to meet condition so that paraformaldehyde can be slowly
depolymerised to formaldehyde which can react and form stable adducts with sulfite anions. Unlike
the previous attempt, the obtained Bunte salt was extracted using methanol and filtered to remove
excess sodium thiosulfate and sodium bromide. This was done in order to avoid any potential side

reaction between the product and thiosulfate ion.
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The conversion of allyl bromide to trisulfide 2.2 was tested (Figure 2.6A). The synthesis was
carried out by reacting the bromide (100 mmol) and excess sodium thiosulfate (1.1 eq.) in 50%
aqueous ethanol at 70 °C. Under this condition, it took around 20 minutes for the mixture to become
one phase. The total reaction time was shortened to 2.5 hours instead of 4 hours. Prolonged heating
was seen to be unnecessary because the reaction is generally complete when the mixture becomes
homogenous.” After extraction with hot methanol and solvent removal, salt 2.1 was then subjected
to reaction with sodium sulfide in the presence of paraformaldehyde. After the dropwise addition of
the sulfide (pH= ~12), the paraformaldehyde solid was slowly dissolved, indicating that the
depolymerization of paraformaldehyde occurs. However, it is not clear at this time whether
paraformaldehyde is partially or fully converted to formaldehyde under this condition (0 °C, pH=~12).
Normally, this conversion occurs in a basic medium (pH = ~10) with the temperature of 60 — 75 °C.">
16 After a total of 4 hours, the reaction was stopped. Following the workup, trisulfide 2.2 was isolated
in 88% yield as a clear pale-yellow oil. Gratifyingly, this improved method gave diallyl trisulfide with
the high purity of 99% when analysed by 'H NMR spectroscopy and GC-MS. This method is
advantageous due to shorter reaction time for the conversion of sodium S-alkyl thiosulfate to dialkyl
trisulfide. Most importantly, no further separation techniques such as column chromatography,
distillation, or any other separation technique are required.

With the successful synthesis of diallyl trisulfide (2.2), three other ftrisulfides: di-iso-butyl
trisulfide (2.4), diethyl trisulfide (2.9), and di-n-hexyl trisulfide (2.11), were also prepared using the
same paraformaldehyde method. The schematic synthesis of these trisulfides is shown in Figure
2.6. First, the conversion of isobutyl bromide to salt 2.3 was achieved after a 24-hour reflux at 100
°C. It should be noted that isobutyl bromide was not fully reacted (two phases observed) after several
hours of refluxing. This is, as previously discussed, due to the steric effect of isobutyl group. Hence,
a longer reaction time was necessary to complete this conversion. After the reaction with sodium
sulfide and paraformaldehyde for 5.5 hours at 0 °C, trisulfide 2.4 was isolated in 82% as a beige oll
with the purity of 99.7% (GC-MS). Second, trisulfide 2.9 was synthesized from ethyl bromide. Using
the same condition for the synthesis of diallyl trisulfide (2.2), trisulfide 2.9 was successfully isolated
in 72% vyield as a beige oil with the purity of above 99% (GC-MS). Lastly, trisulfide 2.11 was
successfully synthesized from n-hexyl bromide. Salt 2.10 was prepared from the reaction between
n-hexyl bromide and sodium thiosulfate at 100 °C for 6 hours. The resulting sodium S-hexyl
thiosulfate (2.10) was isolated and then further reacted with sodium sulfide in the presence of
paraformaldehyde at 0 °C for 4 hours to give trisulfide 2.11 in 70% yield with the purity of 99.9% (GC-
MS). To the best of our knowledge, both trisulfide 2.4 and 2.11 have not been reported previously in
any literature using this synthetic method. The results suggest that the addition of paraformaldehyde
in the synthesis of dialkyl trisulfides is essential. It allows the selective conversion of sodium S-alkyl
thiosulfate to a highly pure trisulfide. This improved method not only gives trisulfides with good to
excellent yield but also require no tedious purification steps such as column chromatography and
distillation.
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Figure 2.6: Synthesis of diallyl trisulfide (2.2), di-iso-butyl trisulfide (2.4), diethyl trisulfide (2.8), and
di-n-hexyl trisulfide (2.10) via sodium S-alkyl thiosulfates and Na,S with paraformaldehyde as the
additive.

The synthesis of dibenzyl trisulfide was also attempted using the paraformaldehyde method
(Figure 2.7). In this case, benzyl chloride was used as the starting alkyl halide. At the first stage, the
conversion of benzyl chloride to its S-benzyl thiosulfate salt was successfully achieved. After the
addition of sodium sulfide, the reaction was continued for a total of 4 hours similar to that of normal
method (without paraformaldehyde additive). '"H NMR analysis of the aliquot revealed that the crude
mixture consists of around 95% of dibenzyl trisulfide (2.6) and around 5% of dibenzyl disulfide (2.7).
However, when paraformaldehyde was used in the synthesis, the crude mixture contains 80% of
dibenzyl trisulfide (d Ph-CH2-S = 4.03 ppm) and 20% of dibenzyl disulfide (d Ph-CH2-S = 3.60 ppm).
The result was even worse when the mixture was continued to stir for nearly 8 hours where the
composition of dibenzyl trisulfide as the target product monitored by 'H NMR spectroscopy was
reduced to 67%. This experiment suggests that the synthesis of dibenzyl trisulfide using
paraformaldehyde additive did not improve product purity. This method appears to have most benefit
in the synthesis of dialkyl trisulfides. Therefore, the sulfur dichloride method was employed to

synthesize trisulfide 2.6.

@Aq Na;S,03, EtOH 5q) ©A5/803Na Na,S, (CH20)y, Ho0 ©AS/S\S/\© + S/S\/©
e, e e
70°C, 4h 0°C,4-8h @A
2.5 2.6, 55% by GC 2.7, 45% by GC

Figure 2.7: Synthesis of dibenzyl trisulfide via sodium S-benzyl thiosulfate and sodium sulfide with

paraformaldehyde as the additive.
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Figure 2.8: "H NMR spectra of the crude mixture for the synthesis of dibenzyl trisulfide after 4 hours

of reaction time: A. Reaction with paraformaldehyde (B) Reaction without paraformaldehyde.

Organic trisulfides from thiols and sulfur dichloride (SCI2)

Three trisulfides: di-tert-butyl trisulfide (2.12), dibenzyl trisulfide (2.6), and bis(1-adamantyl) trisulfide
(2.13) were synthesized from their thiols and sulfur dichloride. The synthesis of trisulfide 2.12 was
adapted from the protocol described by Harpp.* Trisulfide 2.6 and 2.13 were synthesized using a

modified method from Zysman-Colman and Harpp.* 2

Synthesis of sulfur dichloride
Sulfur dichloride is not a commercially available compound and for the use in the trisulfide synthesis
we, therefore, had to prepared it form sulfur and chlorine gas as described in Figure 2.3. An

alternative way to prepare sulfur dichloride is by reacting sulfur monochloride with excess chlorine
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gas." Trichloroisocyanuric and concentrated hydrochloric acid were used because these reagents
does not react violently to generate chlorine gas. In addition to this, both reagents are inexpensive.
Hydrochloric acid had to be slowly dropped to granular TCCA in order to control the production of
chlorine gas. Wet chlorine gas is produced by this method, and it was carefully dried by passing
through concentrated sulfuric acid. Drying chlorine gas before reacting with molten sulfur is
important. Any traces of water can hydrolyse the resulting sulfur chlorides into sulfur dioxide,
hydrochloric acid, and elemental sulfur.’ Therefore, all glassware used for the synthesis of sulfur
chlorides must be rigorously dried. Since excess of chlorine gas was used in the synthesis, it is also
important to trap chlorine gas using sodium hydroxide solution. The obtained red liquid containing
sulfur chlorides (SCl, and S.Cl,) was then distilled in the presence of phosphorus pentachloride to
obtain sulfur dichloride (b.p. 59 — 60 °C). Another distillation is also required to obtain high purity of
sulfur dichloride since it is easily to decompose at room temperature or the presence of light.

Synthesis of di-tert-butyl trisulfide

Trisulfide 2.12 was prepared according to a method of Derbesy and Harpp (Figure 2.9).# The reaction
was performed under an atmosphere of nitrogen. This is typically to prevent oxidation of the thiol to
the disulfide by molecular oxygen.'® '® The orange solution of sulfur dichloride in dry ether (-78 °C,
dry ice/acetone bath) disappeared upon a slow addition of a solution of tert-butyl thiol and
triethylamine in ether. In this reaction, the first equivalent of tert-butyl thiol (‘BuSH) was reacted with
sulfur dichloride to give tert-butyl thiosulfenyl chloride (‘BuSSCIl). Besides obtaining a stable
thiosulfenyl chloride in the reaction* ", the low temperature aimed to ensure a controlled reaction.
This is because the reaction of sulfur dichloride and most nucleophiles is exothermic.?’ A good
example of this is the synthesis of hexadecyl trisulfide demonstrated by Clayton and Etzler where
the reaction temperature increased from 17 °C to 27 °C after the slow addition of sulfur dichloride to
hexadecyl thiol dissolved in petroleum ether. Harpp et al.?' also described that in some cases sulfur
dichloride addition to ethereal solution of a thiol required cooling (an ice-water bath) otherwise the
ether would start to reflux. Next, tert-butyl thiosulfenyl chloride (‘BuSSCI) has been reported in the
literature as a stable compound so it can be isolated and characterized at room temperature. In the
subsequent reaction, tert-butyl thiosulfenyl chloride was then reacted with another equivalent of tert-
butyl thiol to yield tert-butyl trisulfide. Following workup, this desired trisulfide was isolated as a beige
oil in 79% yield (Figure 2.9).

>L NEts, SCl, >L >L J<
SH > S | T sSs

Et,0, -78 °C, 1 h

212, 79%
tert-butyl thiosulfenyl chloride

Figure 2.9: Synthesis of di-tert-butyl trisulfide.
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During the reaction, a cloudy white suspension was formed, which is due to the reaction
between hydrochloric acid and triethylamine to produce triethylamine hydrochloride salt (white solid)
which is insoluble in dry ether. The role of a tertiary amine in this reaction is to neutralise the
hydrochloric acid and to enhance the nucleophilicity of the thiol.'" '> However, it was not clear until
now whether the nucleophilic enhancement occurs via the deprotonation of the thiol to form a thiolate
(Figure 2.10A) by the amine (e.g., triethylamine, pyridine), the formation of an activated sulfenyl-
amine complex (Figure 2.10B), or the combination of both pathways (Figure 2.10C). To date, no
studies related to the mechanism have been reported so far. However, in some relevant studies such
as in a thiol-Michael addition reaction, amines are mostly used as a base to deprotonate thiols into
their reactive thiolates.?> 2% If we look back to the original method, even without the presence of a
tertiary amine, a nucleophilic substitution reaction between a thiol and sulfur dichloride still produces
a trisulfide in a moderate to excellent yield.?’ The benefit of using a tertiary amine, however, is clear.
Hydrochloric acid gas can be trapped in situ while reaction is progressing. This can make the
synthesis process become more efficient because it does not require reflux to drive off the acid gas
by-product from the trisulfide solution. Refluxing can even be problematic as it could lead to the
formation of other polysulfides because of increased temperature. Organic trisulfides have been
reported to undergo decomposition at high temperature to their corresponding di- and tetrasulfide or

even higher polysulfides.?*

R., .R B R.H.R
A. R-SH + N —— R-s + +N
R R
a thiolate
R....R SCl, R
B. R-sH '?l — | s N | 4 HCI
R R™7>s" R
a sulfenyl-amine complex
R R.,,-R
C R_S_ + S +N/R —_— R/S\S/S\R + '}l
R™°S” R R

a trisulfide

Figure 2.10: Possible roles of amine in the synthesis of organic trisulfides from a thiol and sulfur
dichloride.

Synthesis of dibenzyl trisulfide

The synthesis of dibenzyl trisulfide from benzyl thiol and sulfur dichloride, without a tertiary amine,
has been previously reported by Harpp.?® In earlier discussion, we demonstrated that this trisulfide
can also be prepared from a reaction of sodium S-benzyl thiosulfate with sodium sulfide (see Figure
2.5C). Although the synthesis of dibenzyl trisulfide from its sodium S-benzyl thiosulfate was a
success, the method is laborious. Therefore, we attempted to prepare the trisulfide using the

alternative pyridine-sulfur dichloride method developed by Zysman-Colman and Harpp.'? Pyridine
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was used as a base for this reaction. No attempt on using different bases, e.g., triethylamine, were
made. A slow addition of benzyl thiol and pyridine to a cooled solution of sulfur dichloride in dry
diethyl ether gave crude dibenzyl trisulfide as an oil. This reaction only took a total of two hours which
is efficient compared to that of the thiosulfate salt method. This oil was dissolved in hexane and
stored in a freezer at —25 °C for overnight to obtain white needle-like crystals of dibenzyl trisulfide
(2.6) in 80% vyield. X-ray crystallography revealed the structure of dibenzyl trisulfide as monoclinic
with space group C2 (Figure 2.11). The crystallography data also revealed the length of S-S bond
for this trisulfide which is around 2.05 A. This value is in the range of S-S bond for trisulfides (2.012
to 2.086 A) reported in the Cambridge Structural Database.?’ The length of S-S bond in organic
polysulfides can provide information about their bond dissociation energy (BDE) which is a crucial
factor to understand the reactivity. Generally, BDEs for disulfide is higher than those of tri- and
tetrasulfides in polysulfide (Table 1.1, Chapter 1).

@/\SH Pyridine, SCI, . @/\S/S\S/\Q
Et,0,-78°C,2h

- (60723)

v

ds.s =2.052A, do_=1.837 A

N PLATON-Aug 23 3:48:07 2023

-180 Bn2S3 C.2 R = 0.06 RES= 0-180 X

Figure 2.11: Synthesis of dibenzyl trisulfide via sulfur dichloride method and a crystal structure of
dibenzyl trisulfide.

Synthesis of bis(1-adamantyl) trisulfide

Bis(1-adamantyl) trisulfide (2.13) is a sterically bulky trisulfide with non-polar adamantyl groups
(Figure 2.12). To date, there is very limited study about the synthesis and applications of this
compound. Two synthetic methods from Sirakawa? and Gorjian?” have been reported for the
synthesis of 2.13, and only one study by Pavelko? on thermochemical and tribological behaviour of
trisulfide 2.13 was reported. Another literature method of Pavelko?® in 1989 describes the synthesis
of bis(1-adamantyl trisulfide) from 1-adamantyl thiol and sulfur dichloride. In this publication, only
melting point data was determined and compared to the one reported by Sirakawa.?® In 1994,
Derbesy and Harpp* then reported the NMR data of bis(1-adamantyl) trisulfide; however, Derbesy",
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in his PhD thesis, only reported the synthesis of bis(1-adamantyl) disulfide and the NMR data for
bis(1-adamantyl) disulfide and the trisulfide are nearly identical. Therefore, it was important in this
study to unambiguously characterise this trisulfide. For the synthesis of trisulfide 2.13, we adapted
the general procedure reported by Zysman-Colman and Harpp.' Similar to the preparation of
trisulfide 2.6, the reaction of 1-adamanty! thiol and sulfur dichloride with pyridine was carried out in
dry diethyl ether at -78 °C to give trisulfide 2.13 as a white solid. Recrystallisation of this solid from
chloroform/methanol gave pure trisulfide 2.13 in 61% yield. An attempt to recrystallize this solid for
obtaining a single crystal XRD was not successful. Thus, no crystal data is obtained for this
compound. Elemental analysis for the obtained white solid confirmed that it was a trisulfide (C20H30S3
requires C, 65.52%; H, 8.25%; N, 0%; S, 26.23%. Found C, 65.74%; H, 8.72%; N, 0%; S, 27.92%.)

@\ pyridine, SCl, Z@
SH S/S\S

Et,0, Ny, -78 °C, 2 h
2.13, 61%

Figure 2.12: Synthesis of bis(1-adamantyl) trisulfide.

Synthesis of diphenyl trisulfide

We also attempted to synthesize diphenyl trisulfide (2.14). The synthesis protocol was adapted from
Zysman-Colman and Harpp.'? A solution of sulfur dichloride in dry ether was added dropwise to a
solution of thiophenol and pyridine for 0.5 hour at -78 °C (Figure 2.13). The reaction was continued
to stir at that temperature for an additional 1.5 hours. Following the workup, trisulfide 2.14 was
obtained as a yellow oil. This oil was directly dissolved in n-pentane. Upon recrystallization from n-
pentane at -25 °C (freezer) overnight, a white crystal was formed. Initially, we thought that trisulfide
2.14 was successfully obtained. However, it was ultimately found that the crystal was diphenyl
disulfide (2.15). First, X-ray structure analysis showed that this crystal was diphenyl disulfide (S-S
bond length 2.026 A). Second, GC-MS analysis of this crystal (Figure 2.14) showed that a single GC
peak with the mass fragments (base peak m/z 218) similar to that of diphenyl disulfide (2.15). While
Zysman-Colman and Harpp'? reported HRMS data for the obtained crystal was 249.9936 (HMRS
calculated for diphenyl trisulfide, C12H10S3 = 249.9945), the mass spectrum data of their obtained
crystal by electron ionization (El) gave a base peak of m/z 218 (100%) and the molecular ion peak
[M**] of 250 with only 4% relative intensity. This MS data was consistent with MS-EI data of diphenyl
disulfide by NIST (National Institute of Standards and Technology, US Department of Commerce).
Further analysis revealed another evidence that the melting point of this white crystal was 61 — 62
°C in which this value was consistent with the melting point of diphenyl disulfide.* Therefore, in the

first attempt, recrystallization of the oil product has led to the formation of diphenyl disulfide.
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2.14, yellow oil 2.48 g 215,141¢g

dg.g=2.026 A: dc.g = 1.784 A
Figure 2.13: A. Synthesis of diphenyl trisulfide. B. Attempt on recrystallization of the oil product
leading to the formation of diphenyl disulfide.

In the second attempt, trisulfide 2.14 was again synthesized from thiophenol and sulfur
dichloride following the procedure described previously. The result gave a consistent yield. The
yellow oil was stored in the round bottom flask covered with aluminium foil to exclude any light. This
precaution was made as Zysman-Colman and Harpp' found that trisulfide 2.14 would be
decomposed upon exposure to light in a matter of hours. Instead of doing recrystallization from n-
pentane, the oil was directly characterized by NMR and GC-MS. First, both the 'H and *C NMR
spectra looked like pure trisulfide. Three proton peaks gave integrations of 10 protons in total. Four
carbon peaks indicated four different carbon environments (see experimental details and
characterizations). NMR data comparison of the oil and diphenyl disulfide (purchased from TCI)
showed very close chemical shifts (Figure 2.14). For '"H NMR analysis, the chemical shift of the
protons of the phenyl group of disulfide 2.15 was slightly higher than that of diphenyl trisulfide.
Interestingly, the chemical shifts of the carbons of disulfide 2.15 showed the opposite values which
is slightly lower compared to that of diphenyl trisulfide 2.14. Next, GC-MS analysis of this oil show
two peaks at retention time of 18.3 min and 25.9 min with the percent composition of 1% and 99%,
respectively. The former GC peak was assigned to be diphenyl disulfide (m/z calcd.: 218.0; m/z
found: 218.0) and the latter peak was assigned to be diphenyl trisulfide (m/z calcd.: 250.0; m/z found:
250.0). It is important to note that a correct GC method should be applied for analysis trisulfide 2.14.
We adapted a GC method by Wu et al.*' that was suitable for the analysis (Figure 2.15). A lower
ramp rate of 8 °C/min with MS transfer line set at 180 °C gave a good separation while a higher ramp
rate of 50 °C/min with MS transfer line set at 250 °C gave poor separation and caused decomposition.

However, for analysis most other trisulfides the latter GC method did not give any problem.
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Figure 2.14: A. '"H NMR (600 MHz, CDCls) and B. ®C NMR (150 MHz, CDCls) spectra of as

synthesized diphenyl trisulfide (yellow oil) in comparison to diphenyl disulfide (white solid) purchased

from TCI (Tokyo Chemical Industry). Peaks highlighted for as synthesized diphenyl trisulfide (yellow
oil). Chemical shift was calibrated to the residual solvent (CDCls: § 7.26 ppm for 'H NMR and & 77.16
ppm for *C NMR).
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Figure 2.15: A. GC-MS analysis of the yellow oil containing diphenyl trisulfide using an analysis
method by Wu et al.*' B. GC-MS analysis of the same oil using a method developed by author to

analyse other common trisulfides.

After several hours of storing trisulfide 2.14 in dark by wrapping with aluminium foil to exclude
light, we checked again by running NMR and GC-MS analysis. As shown in Figure 2.16, a significant
change was observed in both proton and carbon NMR profile of trisulfide 2.14 just after synthesis
and a mere 6-hour storage in the dark at room temperature (11 — 13 °C). From the *C NMR spectrum
(Figure 2.16D), it seems that trisulfide 2.14 had been transformed into several polysulfides. GC-MS
analysis (Figure 2.17) confirmed that only two compounds were observed i.e. diphenyl trisulfide (m/z
250.0) at 18.3 min and diphenyl disulfide (m/z 218.0) at 26 min with the percent area of 73% and
27%, respectively. It is still not clear how and why trisulfide 2.14 was converted to its corresponding
disulfide, but desulfurization reactions of trisulfides have been reported. And because of the

instability of trisulfide 2.14, it was not employed in the S-S metathesis study.
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Figure 2.16: "H NMR spectra of: A. Trisulfide 2.14 after synthesis. B. Trisulfide 2.14 after stored for
6 hours in dark at 11 — 13 °C. *C NMR of: C. Trisulfide 2.14 after synthesis. D. Trisulfide 2.14 after

stored for 6 hours in dark at 11 — 13 °C.
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Figure 2.17: A. Gas chromatogram profile of trisulfide 2.14 after a 6-hour store in dark at 11 — 13 °C.

B. MS spectrum of the peak at 18.3 min, indicating the mass fragments of diphenyl disulfide. C. MS
spectrum of the peak at 26 min, indicating the mass fragments of diphenyl trisulfide.

Organic trisulfides from thiols and N,N’-thiobisphthalimide

Bis(2-hydroxyethyl) trisulfide and bis(4-methoxybenzyl) trisulfide were prepared from the reaction
between their thiol starting materials (i.e., 2-mercaptoethanol and 4-methoxybenzyl thiol), and the
monosulfur transfer reagent N, N-thiobisphthalimide (2.16, Figure 2.18). This compound is used as
an alternative reagent for the synthesis of organic trisulfides, replacing the unstable and malodorous
sulfur dichloride. Another benefit of using N, N-thiobisphthalimide is that it can be advantageous for

the preparation of unsymmetrical trisulfide due to its low reactivity towards nucleophiles.®
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Synthesis of N,N’-thiobisphthalimide

In our study, N,N-thiobisphthalimide (2.16) was prepared using the reported method by Kalnins®?
with minor modification. Phthalimide was first dissolved in dry DMF (dried and stored over molecular
sieves type 4A). To this solution was added sulfur monochloride in portions and the mixture was
heated at 28 °C. A precipitate starts to form typically after 20 — 30 minutes of the reaction, indicating
the formation of N,N’-thiobisphthalimide. This was shown by Kalnins®? that the product has a low
solubility in DMF which is around 1.87 g/100 mL. After 20 hours, the solid product was isolated by
filtration and dried under high vacuum to remove the remaining DMF. A complete DMF removal can
be done at 100 °C under vacuum (~30 mbar) without any sign of decomposition. Recrystallisation of
the product from chloroform/hexane gave a product as a white solid in 59% yield. In another
experiment, we also attempted the purification by washing crude 2.16 with methanol to remove DMF
and other impurities. After filtration and vacuum drying, pure 2.16 can be obtained in 62% yield. The

obtained spectral data is in agreement with the literature.3?

S2Clp, DMF NN
NH -
28°C, Ny, 20 h o o

© 2.16, 59 - 62%

Figure 2.18: Synthesis of N,N*-thiobisphthalimide.

Synthesis of bis(2-hydroxyethyl) trisulfide

The synthesis of bis(2-hydroxyethyl) trisulfide (2.17) was carried out by reacting p-mercaptoethanol
with 2.16 in toluene at 80 °C under nitrogen atmosphere. In this first attempt, 2-mercaptoethanol (3.0
mmol, 2 eq.) was added in a single portion to a suspension of monosulfur transfer reagent 2.16 (1.67
mmol, 1.1 eq.) in toluene (Figure 2.19). '"H NMR analysis of the crude mixture (Figure 2.20) showed
that reagent 2.16 was fully consumed after heating for 1 hour. Proton signals for the target trisulfide
2.17 can be observed at 6 3.98, 3.09, and 2.25 ppm (Figure 2.20, green dot). In the mixture, we also
observed the formation of 2.18 which appears at 6 7.97 — 7.91, 7.83 — 7.78, 4.06, 3.23, and 1.93
ppm (Figure 2.15, red square). Ercole et al.>* reported the synthesis of 2.17 in two steps: (1) the
conversion of 2.16 and 2-mercaptoethanol to 2.18 and (2) the conversion of 2.18 and another
equivalent of the thiol to trisulfide 2.17. Therefore, both 2.16 and 2.17 were expected to form during
the reaction. This one-pot synthesis method gave trisulfide 2.17 in 67% yield (187.3 mg, 1.01 mmol)
along with 2.18 in (102.7 mg, 0.46 mmol) and phthalimide (127.3 mg, 0.87 mmol). Our focus of this
study was only to obtain 2.17 and we were not interested in the by-products. Nevertheless, if a large-
scale reaction is established, it is worth to consider the recovery of 2.18 and phthalimide. In that way,
2.18 can be used as a precursor to synthesize trisulfide 2.17 or other unsymmetrical trisulfides.
Phthalimide later can be used to regenerate monosulfur transfer reagent 2.16 (see the reaction

shown in Figure 2.18).
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Figure 2.20: '"H NMR studies of the reaction between N,N-thiobisphthalimide (2.16) and 2-
mercaptoethanol at 80 °C in toluene. '"H NMR spectra of (A) the crude mixture after heating for 2 h
heating, (B) the crude mixture after heating for 1 h, (C) 2-mercaptoethanol, (D) phthalimide, and (E)

N,N*-thiobisphthalimide (2.16).

Moreover, the synthesis of 2.17 was also attempted using sulfur dichloride method (Figure
2.21A). However, the product contains a mixture of trisulfide 2.17 and disulfide 2.19 (Figure 2.21B-

D). This is due to the unstable sulfur dichloride which could undergo decomposition during the

synthesis.
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Figure 2.21: A. Synthesis of bis(2-hydroxyethyl) trisulfide using the sulfur dichloride method. B. GC-
MS analysis of the product from the reaction A. B. MS spectrum of the peak at 5.9 min, indicating
the mass fragments of bis(2-hydroxyethyl) disulfide. C. MS spectrum of the peak at 6.7 min,

indicating the mass fragments of bis(2-hydroxyethyl) trisulfide.

Bis(2-hydroxyethyl) trisulfide was also prepared using the synthetic protocol reported by
Ercole et al.* First, 2-mercaptoethanol was converted into disulfide 2.18 in a poor yield of 38%. Next,
this disulfide 2.18 was reacted with 2-mercaptoethanol to obtain the target trisulfide 2.17 also in a
poor yield of 39%. Both reactions (Figure 2.22) show a noticeable low yield for the product, but the
target trisulfide could be prepared in decent purity. Trisulfide 2.17 can be obtained and this was

further used for the synthesis of silyl protected trisulfide 2.20 which is shown in the next section.
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Figure 2.22: A two-step synthesis of bis(2-hydroxyethyl) trisulfide.

Synthesis of bis(2-trimethylsiloxyethyl) trisulfide

For investigating different substrate scope of S-S metathesis, and the tolerance of OH groups in
trisulfide metathesis, we also prepared bis(2-trimethylsiloxyethyl) trisulfide (2.20). Silylation of 2.17
was carried out using chlorotrimetylsilane (MesSiCl) under basic conditions (Figure 2.23). After
addition of the silylating agent, the reaction was allowed to proceed at room temperature for 3 hours.
Isolation of the product was carried out by filtration using celite, followed by solvent removal under
reduced pressure. The silyl protected trisulfide 2.20 was obtained in a very good yield (80%) as an
oil. '"H NMR analysis of the trisulfide product indicated a strong signal at & 0.14 ppm, which strongly
indicates the presence of 9 protons of trimethylsilyl group that typically appeared at & close to 0
ppm, and two additional peaks of CH, proton at 3.02 and 3.89 ppm. In addition to this, three carbon
peaks at 8 61.1, 41.0, and -0.3 ppm were also observed in *C NMR spectrum. Furthermore, GC-
MS analysis showed a single peak with m/z 330.1, indicating the molecular ion [M]* for bis(2-
trimethylsiloxyethyl) trisulfide (m/z calcd. for C10H2602S3Si2*: 330.1 [M]*). Elemental analysis also

indicated the empirical formula of the target trisulfide.

S.__S Me3SiCl, EtsN < |
HO™ """ 7>""0H Sl Sag- S SIS
Et,0,0°C, 3h
2.7 2.20, 80%

Figure 2.23: Synthesis of bis(2-trimethylsiloxyethyl) trisulfide.

Synthesis of bis(4-methoxybenzyl) trisulfide

Next, bis(4-methoxybenzyl) trisulfide (2.21) was prepared according to the general method reported
by Harpp et al.® The synthesis of trisulfide 2.21 using N,N*-thiobisphthalimide has never been
reported in the literature. 4-methoxybenzyl thiol and N,N*-thiobisphthalimide were reacted at 90 °C
for 3 hours in toluene (Figure 2.23). Because excess of the thiol was used in the synthesis, NMR
analysis of the crude reaction mixture after 3 hours indicated a full consumption of the monosulfur
transfer reagent 2.16. The formation of bis(4-methoxybenzyl) trisulfide can be observed by 'H NMR
spectroscopy (5 benzylic proton = ~4.01 ppm, Figure 2.24A). "H NMR spectra comparison between
the product and the starting materials is shown in Figure 2.24. The synthesis optimisation was not

carried out for this trisulfide. Next, after purification by column chromatography trisulfide 2.21 was
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obtained as an oil in a good yield of 79%. This oil was solidified to an off-white solid upon cooling at
12 — 14 °C. Elemental analysis supported the empirical formula for the target trisulfide 2.21.
Unfortunately, an attempt to analyse this trisulfide by GC-MS failed as the compound was found to

undergo decomposition under the GC-MS analysis condition (Figure 2.25).

O O
o OO0
SH phme, 90°c, 3h S.g-S

2.2 eq.

2.21, 79%

Figure 2.23: The synthesis of bis(4-methoxybenzyl) trisulfide.
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Figure 2.24: '"H NMR studies of the reaction between N,N-thiobisphthalimide (2.14) and 4-
methoxybenzyl thiol at 90 °C in toluene. '"H NMR spectra of (A) the crude mixture after heating for 3
h heating, (B) bis(4-methoxybenzyl) trisulfide, (C) 4-methoxybenzyl thiol, (D) N,N’-thiobisphthalimide
(2.14), and (E) phthalimide.
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Figure 2.25: An attempt on the analysis of bis(4-methoxybenzyl) trisulfide by GC-MS. A peak at

18.08 min indicated bis(4-methoxybenzyl) trisulfide with m/z found 338.1, while the disulfide is

observed at 12.40 min with m/z found 306.1. Other peaks were not identified.

Several trisulfides were prepared using several methods described above. This includes the

preparation of new trisulfide compounds, diisobutyl trisulfide 2.4 and di-n-hexyl trisulfide 2.11. Figure

2.26 summaries all trisulfides which were prepared and reported in this chapter. These compounds

were critical in the study of the novel S-S metathesis reaction of trisulfides that is the focus of this

thesis.
/\/S\S/S\/\ /\S/S\S/\ /\/\/\S/S\S/\/\/\ )\/S\
diallyl trisulfide diethyl trisulfide di-n-hexyl trisulfide
88% 72% 70%

Sulfur dichloride method:

Slese K

di-tert-butyl trisulfide

79% 80% 61%
N,N'-thiobisphthalimide method:
| |
S...S N -
HO™ " 5" ~"0oH /SI‘O/\/S\S/S\/\O/SI\ o
bis(2-hydroxyethyl) trisulfide i (Otri : P
67% bis(2-trimethylsiloxyethyl) trisulfide bis(4-methoxybenzyl) trisulfide

S/S\)\

diisobutyl trisulfide
82%

o DD

dibenzyl trisulfide bis(1-adamantyl) trisulfide

0,
80% 79%

*from bis(2-hydroxyethyl) trisulfide reaction with Me3SiCl and Et3N

Figure 2.26: A summary of trisulfide syntheses reported in this chapter.
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The synthesis of organic tetrasulfides

Three different tetrasulfides were also prepared: di-n-propyl tetrasulfide, dibenzyl tetrasulfide, bis(4-
methoxybenzyl) tetrasulfide. These substrates were required so that S-S metathesis reactions of
these unique compounds could be compared to trisulfides and disulfides. All tetrasulfides were
synthesized from a thiol and sulfur monochloride (S2Cl2) with an amine as a base, e.g. pyridine,
triethylamine, etc., in dry diethyl ether at a low reaction temperature (-78 °C, acetone/dry ice bath)
as shown in Figure 2.27. The reaction proceeds to the formation of alkyl- or arylchlorotrisulfide
(RSSSCI) which is an intermediate. This intermediate further reacts with one equivalent of the thiol
to form a tetrasulfide (Figure 2.2B, see the introduction section). This method was pioneered by
Derbesy and Harpp*, and it is a convenient method for the synthesis of organic tetrasulfides.

pyridine or Et3N, S,Cl,
R-SH - ROg SR
dry Et,0, -78 °C, N,

a tetrasulfide

Figure 2.27: A general reaction for the synthesis of organic tetrasulfide

di-n-propyl tetrasulfide

(quantitative yield) dibenzyl tetrasulfide
(82%)**

N

s

bis(4-methoxybenzyl) tetrasulfide
(91%)

*not required purification by silica column chromatography
**a yellow oil, which can be recrystalised from hexane at -18 °C.

Figure 2.28: Organic tetrasulfides prepared from a thiol and sulfur monochloride.

Figure 2.28 summarises the synthesis and yields of three tetrasulfides. Overall, the synthesis
of organic tetrasulfides is operationally simple and similar to that of the synthesis of organic
trisulfides. It is relatively simple, as sulfur monochloride is more stable than sulfur dichloride. To
access a tetrasulfide, sulfur monochloride was added to a stirred solution of a thiol and an amine
(pyridine or triethylamine was used in this case) in anhydrous diethyl ether at -78 °C. The reaction
was stirred under a nitrogen atmosphere for a certain time. A slight excess of sulfur monochloride is

typically used in the synthesis. To quench the remaining sulfur monochloride, water was then added
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to the reaction mixture. Purification by chromatography on silica using either hexanes only or a
mixture of ethyl acetate and hexanes afforded the tetrasulfides: dibenzyl tetrasulfide (yellow oil),
bis(4-methoxybenzyl) tetrasulfide (yellow oil which solidifies into a yellow solid upon cooling in the
fridge at around 4 — 5 °C). In the case of di-n-propyl tetrasulfide (yellow oil), this compound could be

obtained in a quantitative yield without chromatographic purification.

2.4 Conclusion and Outlook

In conclusion, there are various methods available in literature for the synthesis of symmetrical
trisulfides and tetrasulfides. For the synthesis of trisulfides, the method of choice depends on the
starting material. Alkyl halides and sodium thiosulfate can be converted to the sodium S-alkyl
thiosulfate, which is a precursor for making the trisulfide. The subsequent addition of sodium sulfide
to the thiosulfate salt results in the formation of dialkyl trisulfide. A successful modification of this
reaction through the addition of paraformaldehyde has led to the formation of highly pure trisulfide.
However, this method was found to not suitable for the synthesis of dibenzyl trisulfide. This
phenomenon will be studied in the future to understand the mechanism.

A direct conversion of thiols to their corresponding trisulfides can also be carried out using
sulfur dichloride. The only problem arising from using this sulfur transfer reagent is that sulfur
dichloride tends to decompose into sulfur monochloride; thus, this method frequently produces
trisulfide with disulfide and tetrasulfide contaminants. The use of freshly distilled sulfur dichloride
while maintaining the reaction at -78 °C is essential to minimise these side reactions. In addition, this
method is efficient for the synthesis of trisulfides as it allows the reaction to take place within 1 — 2
hours. Despite of having this stability issue, sulfur dichloride is still a reagent of choice for the
synthesis of organic trisulfides. Moreover, an amine such as pyridine and triethylamine can be used
as a base for nucleophilic enhancement for the reaction. Additionally, diphenyl trisulfide was
successfully synthesized but this trisulfide was not stable, which was an interesting discovery. This
trisulfide was transformed to diphenyl disulfide after leaving at room temperature in dark condition
for around 6 hours. This interesting and spontaneous desulfurization will be studied in the future.

N,N*-thiobisphthalimide was reported here as an alternative monosulfur transfer reagent in
order to overcome the issue of using sulfur dichloride for the synthesis of trisulfide. This monosulfur
transfer reagent can be conveniently synthesized from phthalimide and sulfur monochloride in DMF.
This reagent here was used to synthesize bis(2-hydroxyethyl) trisulfide and bis(4-methoxybenzyl)
trisulfide in a good to excellent yield in a one-pot reaction. Although a slight excess of thiol was used
in the synthesis, after certain time the mixture also contains N-(thiosulfenyl) phthalimide as a by-
product. The synthesis can also be done in two steps which was reported previously by Ercole et
al.3* However, this two-step reaction is not quite practical and time-consuming, particularly when the
yield is comparable to the literature report. Bis(2-trimethylsiloxyethyl) trisulfide, a hydroxylated

protected ftrisulfide, was also synthesized employing N,N-thiobisphthalimide and p-
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mercaptoethanol. Silylation of bis(2-hydroxyethyl) trisulfide using chlorotrimetylsilane (MesSiCl) gave

the silyl protected trisulfide in a very good yield. This compound is purposely prepared for substrate

investigations in the S-S metathesis study.

Lastly, several tetrasulfides were also synthesized for the investigation of S-S metathesis.

The tetrasulfides can be accessed from thiols and sulfur monochloride in the presence of amine

base such as pyridine and triethylamine in a one pot reaction. Owing to its stability, sulfur

monochloride was used as the main reagent to make tetrasulfides.
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2.6 Experimental Details and Characterizations

General Considerations

Analytical thin-layer chromatography was conducted with commercial aluminium sheets coated with
silica gel (Chem-supply, silica gel 60 F254). Compounds were either visualized under UV-light at 254
nm, or by dipping the plates in agueous potassium permanganate or ceric ammonium molybdate
solution followed by heating. Flash column chromatography was performed using either a glass
chromatography column or a Biotage Selekt Flash Chromatography Instrument, with either silica gel
(6 A, 40 — 63 um) or Biotage Sfar Silica (60 ym). Melting point (m.p.) was determined using either a
Gallenkamp, or a DigiMelt 161 SRS (Stanford Research System), melting point apparatus using

open ended capillary tubes.

Chemicals were purchased from commercial suppliers and used as received. Dry diethyl ether was
obtained from solvent purification system and stored over 3A molecular sieves. Pyridine and
triethylamine were distilled and stored over 3A molecular sieves and KOH pellets. Deionized water
was used for chemical reactions. Brine refers to a saturated solution of sodium chloride. Anhydrous
sodium sulfate (Na2SO4) or magnesium sulfate (MgSO.) were used as drying agents after reaction
workup, as indicated.

NMR (Nuclear Magnetic Resonance) Spectroscopy

'H and "*C NMR spectra were recorded on a Bruker Ultrashield Plus 600 MHz spectrometer at 600
MHz and 150 MHz respectively, or a Bruker Ascend 400 MHz spectrometer at 400 MHz and 100
MHz, respectively. All spectra were obtained at 298 K unless stated otherwise. Deuterated solvents
were used as solvent and internal lock unless stated otherwise. Residual solvent peaks were used
as an internal reference for '"H NMR spectra [CDCls & 7.26 ppm; DMF-d; & 8.03 ppm; Toluene-ds &
7.09, 2.09 ppm] and for *C NMR spectra [CDCIl; & 77.16 ppm, DMF-d; 8 163.15 ppm; Toluene-ds &
137.86 ppm]."? Coupling constants (J) are quoted to the nearest 0.1 Hz. The following abbreviations,
or combinations thereof, were used to describe NMR multiplicities: s = singlet, d = doublet, t = triplet,

q = quartet, p = pentet, h = heptet, m = multiplet, ap. = apparent, br. = broad).

GC-MS (Gas Chromatography Mass Spectrometry)

GC-MS analysis was performed using an Agilent 5975C series GC-MS system. A 29.4 m x 250 ym
x 0.25 um, (5%-phenyl)-methylpolysiloxane column was used with a helium mobile phase. A 1 uL
sample was injected with a split ratio of 60:1 and a gas flow rate of 1.2 mL/min. The following GC-

MS methods were used for experiments as indicated:
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GC-MS method A: Initial temperature 30 °C. Hold at 30 °C for 3 minutes. Ramp rate at 20 °C/min to

250 °C. Hold at 250 °C for 6 minutes. Total run time was 20 minutes.

GC-MS method B: Initial temperature 85 °C. Hold at 85 °C for 3 minutes. Ramp rate at 50 °C/min to
250 °C. Hold at 250 °C for 13.7 minutes. Total run time was 20 minutes.

GC-MS method C: Initial temperature 50 °C. Hold at 50 °C for 3 minutes. Ramp rate at 30 °C/min to
250 °C. Hold at 250 °C for 20 minutes. Total run time of 29.667 minutes.

GC-MS method D: Initial temperature 85 °C. Hold at 85 °C for 3 minutes. Ramp rate at 10 °C/min to
250 °C. Hold at 250 °C for 40 minutes. Total run time of 59.5 minutes.

FTIR (Fourier-transform infrared spectroscopy)

FTIR spectra were recorded between 4000 and 450 cm™, using either a Perkin Elmer Spectrum Two
FT-IR Spectrometer equipped with a Universal ATR (Diamond Crystal), or a PerkinElmer Spectrum
100 FT-IR spectrometer equipped with ATR accessory (ZnSe crystal). Absorption maxima (vmax) are

reported in wavenumbers (cm™).

Elemental Analysis (CHNS)

Elemental analysis was performed by combustion analysis at the Chemical Analysis Facility at
Macquarie University Analytical & Fabrication Facility. Elemental analysis was performed on
Elementar vario MICRO (Elementar Analysensysteme GmbH). The instrument hardware was
configured for the analysis of 4 elements (C, H, N and S). In a typical procedure, 1 — 2 mg of sample
material was loaded into a tin foil boat and combusted at 1150 °C with oxygen dosing time of 80 s
and total O; flow rate of 30 mL/min. Ultra-high purity grade helium (BOC, 99.999%) and oxygen
(BOC, 99.995%) were employed as working fluids in all cases. Pure sulphanilamide was employed
as a standard with quality control samples performed every 15-20 runs. The follow-up data analysis

was performed using a custom peak picking and integration algorithm written in Python 3.11.

HRMS (High resolution mass spectrometry)
HRMS was recorded on a Waters Synapt HDMS Q-ToF by electrospray ionization (ESI). Where
applicable, samples were dissolved in acetonitrile with silver nitrate 0.1% w/v, whereby [M+Ag]*

values are quoted using "’Ag.
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Trisulfides synthesis from sodium thiosulfate and sodium sulfide

Trisulfide synthesis using a procedure by Bhattacherjee et al.® (method A)

General procedure
O A +
Rox NazS,03, EtOH 5q) R. /\\S/o Na Na,S*9H,0, H,0 s._s.
SIS R™°>S™T°R
sodium S-alkylthiosulfate dialkyl trisulfide

Synthesis of sodium S-alkylthiosulfate. To a 20 mL glass vial equipped with a stir bar was added
sodium thiosulfate pentahydrate (2.98 g, 12 mmol, 1.2 eq.) and 10 mL of 30% v/v ethanol. The
mixture was stirred until all sodium thiosulfate dissolved. The alkyl halide (10 mmol, 1.0 eq.) was
added to the stirred solution giving a cloudy mixture, which was heated at 65 °C until a homogenous
clear solution formed. After several minutes the mixture was homogeneous (except for isobutyl
bromide where the mixture became homogenous after around 6 hours) and heating was continued
for several hours. The solvent was then removed under reduced pressure to give a solid consisting

of sodium S-alkylthiosulfate. The obtained thiosulfate salt was used without further purification.

Synthesis of dialkyl trisulfide. In a 100 mL round bottom flask, crude sodium S-alkyl thiosulfate
(10 mmol, 1 eq., considering all alkyl bromide was converted to its thiosulfate salt) was dissolved in
25 mL of water and cooled to 0 °C. To this stirred solution of sodium S-alkyl thiosulfate was added
dropwise (~15 min) a pre-cooled solution of sodium sulfide nonahydrate (1.20 g, 5 mmol, 0.5 eq.)
dissolved in 25 mL of water. Next, the mixture was stirred for 8 hours at 0 °C using an ice bath. The
product was then isolated by extraction using ethyl acetate (30 mL x 4). The extract was washed
with brine (10 mL x 2). The combined organic layer was dried over anhydrous sodium sulfate and
the solvent was evaporated under reduced pressure to afford crude trisulfide. NMR analysis of the
crude trisulfide indicated the presence of disulfide as a minor product. No attempt for purification by
column chromatography since the polarity of the obtained trisulfide and disulfide was similar. Only

dibenzyl trisulfide that was purified by recrystallization from 100% hexane.
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Diallyl trisulfide (2.2) — method A

1. Nay;S,03, EtOH(aq) S S S
Br\/\ /\/ \S/ \/\ + /\/ \S/\/
2. NapS+9H,0, H,0 77% 9%
A (o

Diallyl trisulfide was synthesised following the general procedure using allyl bromide (864 uL, 10

mmol, 1.0 eq.). Heating at 65 °C gave a clear yellow solution (around 5 minutes) and was continued
for a total of 4 hours. Solvent removal under reduced pressure gave a pale-yellow solid of sodium
S-allylthiosulfate. The solid was dissolved in water and reacted with sodium sulfide solution for a
total of 8 hours (15 minutes for sodium sulfide addition). Following workup, diallyl trisulfide was
obtained as a clear pale-yellow oil (766.0 mg, 86% yield, diallyl trisulfide = 90% purity confirmed by

'H NMR spectroscopy). The obtained spectral data is in agreement with the literature.®*

Sodium S-allylthiosulfate (2.1) — method A

"H NMR (600 MHz, D-0) & 6.05 (ddtd, J = 17.05, 10.05, 7.06, 0.58 Hz, 1H), 5.40 — 5.32 (m, 1H),
5.23 (ddt, J=9.89, 1.56, 0.77 Hz, 1H), 3.80 — 3.77 (m, 2H). 3C NMR (150 MHz, D-0) 5 133.2, 118 .4,
37.7.
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Figure S2.1: '"H NMR spectrum of sodium S-allylthiosulfate
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Figure S$2.2: 3C NMR spectrum of sodium S-allylthiosulfate

Diallyl trisulfide (2.2) — method A

H NMR (600 MHz, CDCls) & 5.89 (ddt, J = 17.18, 9.97, 7.30 Hz, 1H), 5.28 — 5.18 (m, 2H), 3.51 (dt,
J =7.27,1.03 Hz, 2H). *C NMR (151 MHz, CDCls) 5 133.1, 119.5, 42.0.

Diallyl disulfide

H NMR (600 MHz, CDCls) & 5.85 — 5.81 (m, 1H), 5.18 — 5.13 (m, 3H), 3.34 (dt, J = 7.34, 1.03 Hz,
4H). *C NMR (151 MHz, CDCls) 5 133.8, 118.8, 42.6.
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Figure $2.3: "H NMR spectrum of diallyl trisulfide (method A)
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Figure S$2.4:"3C NMR spectrum of diallyl trisulfide (method A)

Di-iso-butyl trisulfide (2.4) — method A

1. Na28203, EtOH(aq)
Br\)\ g )\/S\S/S\)\

2. Na,S+9H,0, H,0
90%

Di-iso-butyl trisulfide was synthesised following the general procedure using 1-bromo-2-
methylpropane (1.087 mL, 10 mmol, 1.0 eq.). Heating at 65 °C gave a clear solution (around 6 hours)
and was continued for a total of 16 hours. Solvent removal under reduced pressure gave a white
solid of sodium S-isobutylthiosulfate. The solid was dissolved in water and reacted with sodium
sulfide solution for a total of 8 hours (15 minutes for sodium sulfide addition). Following workup, di-
iso-butyl trisulfide was obtained as a beige oil (955.9 mg, 90% vyield, =2 97% purity confirmed by 'H
NMR spectroscopy).

Sodium S-isobutyl thiosulfate (2.3) — method A

"H NMR (600 MHz, D20) & 3.03 (d, J = 6.89 Hz, 2H), 2.04 (n, J = 13.46, 6.73 Hz, 1H), 1.02 (d, J =
6.67 Hz, 6H). 3C NMR (151 MHz, D;0) 5 43.6, 27.9, 21.0.
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Figure S2.6: *C NMR spectrum of sodium S-isobutylthiosulfate
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Di-iso-butyl trisulfide (2.4) — method A

H NMR (600 MHz, CDCls) & 2.78 (d, J = 6.86 Hz, 4H), 2.04 (n, J = 13.44, 6.72 Hz, 2H), 1.02 (d, J =
6.69 Hz, 12H). *C NMR (151 MHz, CDCls) 5 48.5, 28.1, 22.0.

Di-iso-butyl disulfide
"H NMR (600 MHz, CDCls) & 2.59 (d, J = 6.84 Hz, 4H), 1.98 — 1.90 (m, 2H), 1.00 (d, J = 6.68 Hz,
12H). *C NMR (151 MHz, CDCl;) 5 48.7, 28.3, 21.9.
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Figure S2.8: *C NMR spectrum of di-iso-butyl trisulfide
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Dibenzyl trisulfide (2.6) — method A

Qe e O,
Br 5 Na,S-9H,0, H,0 S

73%

Dibenzyl trisulfide was synthesised following the general procedure using benzyl bromide (1.19 mL,
10 mmol, 1.0 eq.). Heating at 65 °C gave a clear solution (around 10 min) and was continued for a
total of 4 hours. Solvent removal under reduced pressure gave a white solid of sodium S-
benzylthiosulfate. The solid was dissolved in water and reacted with sodium sulfide solution for a
total of 8 hours (15 minutes for sodium sulfide addition). Following workup, crude dibenzyl trisulfide
was collected (1.27 g). This crude was dissolved in chloroform and filtered through silica gel (1 g).
After solvent removal, the solid product was recrystallised from hexane to obtain dibenzyl trisulfide
as a white solid in 73% yield (1.02 g, >99% purity confirmed by 'H NMR spectroscopy). The obtained

spectral data is in agreement with the literature.®

Sodium S-benzyl thiosulfate (2.5) — method A
"H NMR (600 MHz, D-0) & 7.50 (d, J = 8.17 Hz, 2H), 7.45 (dd, J = 8.69, 6.74 Hz, 2H), 7.39 (t, J =
7.59 Hz, 1H), 4.38 (s, 2H). 3C NMR (151 MHz, D,0) 5 136.8, 129.1, 128.9, 127.8, 39.0.
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Figure S2.9: "H NMR spectrum of sodium S-benzyl thiosulfate
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Figure S$2.10: 3C NMR spectrum of sodium S-benzylthiosulfate

Dibenzyl trisulfide (2.6) — method A

H NMR (600 MHz, CDCls) 5 7.38 — 7.31 (m, 8H), 7.31 — 7.26 (m, 2H), 4.04 (s, 4H). *C NMR (151
MHz, CDCls) 5 136.7, 129.6, 128.8, 127.7, 43.3.
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Figure S2.11: "H NMR spectrum of dibenzyl trisulfide
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Figure S2.12: 3*C NMR spectrum of dibenzyl trisulfide

Trisulfide synthesis using a method from Milligan et al.® with modification (method B)

General procedure
Na,S203, EtOH(aq Q0 Ng MNaSOH0,(CHO) HO o o
R—X > R\S/S\\C) R/ \S/ \R
sodium S-alkyithiosulfate dialkyl trisulfide

Synthesis of sodium S-alkylthiosulfate. To a 250 mL round bottom flask equipped with a stir bar
was added sodium thiosulfate pentahydrate (27.3 g, 110 mmol, 1.1 eq.) and 100 mL of 50% v/v
ethanol. The mixture was stirred until all sodium thiosulfate dissolved. The alkyl halide (100 mmol,
1.0 eq.) was added to the stirred solution giving a cloudy mixture, which was refluxed until a
homogenous clear solution formed; refluxing was continued for several hours. The solvent was then
removed under reduced pressure to give a solid consisting of sodium S-alkylthiosulfate. Methanol
(75 mL) was added and the solid was crushed using a glass stir rod while heating the mixture at 60
°C (water bath). The hot mixture was quickly filtered through a sintered glass funnel (porosity 3) and
rinsed further with hot methanol (75 mL). This collects the sodium S-alkylthiosulfate, leaving behind
excess sodium thiosulfate and sodium bromide. The filtrate was concentrated under reduced
pressure to yield crude sodium S-alkyl thiosulfate (solid). (Note: If the sodium S-alkylthiosulfate

precipitates from the methanol filtrate, heat the methanol to redissolve)
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Synthesis of dialkyl trisulfide. The sodium S-alkylthiosulfate (~100 mmol) was dissolved in water
(100 mL) and cooled to 0 °C (ice bath) with stirring. Paraformaldehyde (7 g) was then added. A
solution of sodium sulfide nonahydrate (12.01 g, 50 mmol, 0.5 eq.) in water (100 mL) was then added
dropwise over 30 minutes to the cooled solution of sodium S-alkyl thiosulfate. The mixture was then
stirred for several hours while maintaining the temperature at 0 °C. The product was extracted using
diethyl ether (3 x 50 mL). The combined organic extracts were washed with water (2 x 25 mL) and
saturated NaClq) (50 mL). The organic layer was dried with MgSQy, filtered through neutral alumina

(10 g), and concentrated under reduced pressure to yield the dialkyl trisulfide.
Diallyl trisulfide (2.2) — method B

1.NayS;,03, EtOH 54
Br\/\ (aq.) _ /\/S\S/S\/\

2.NayS:-gH0, (CH,0),, H,0 88% vyield

Diallyl trisulfide was synthesised following the general procedure (method B) using allyl bromide
(12.1 g, 8.64 mL, 100 mmol, 1.0 eq.). Refluxing at 70 °C gave a clear yellow solution (around 15 —
20 minutes) and was continued for an additional 2 hours. Methanol treatment and solvent removal
gave a pale-yellow solid of sodium S-allylthiosulfate. The solid was dissolved in water and reacted
with sodium sulfide solution for a total of 4 hours (30 minutes for sodium sulfide addition and 3.5
hours of additional stirring). Following workup, diallyl trisulfide was obtained as a clear pale-yellow
oil (7.94 g, 88% yield, =2 99% purity confirmed by 'H NMR spectroscopy and GC-MS). The obtained

spectral data is in agreement with the literature.® 4

H NMR (600 MHz, CDCls) & 5.89 (ddt, J = 17.2, 10.0, 7.3 Hz, 2H), 5.23 (ap. dq, J = 16.9, 1.4 Hz,
2H), 5.20 (ap. dt, J = 9.9, 0.7 Hz, 2H), 3.51 (d, J = 7.3 Hz, 4H). *C NMR (150 MHz, CDCls) & 132.8,
119.2, 41.8. IR (vmax, ATR): 3082, 3010, 2979, 2905, 1634, 1423, 1398, 1217, 984, 916, 721 cm"".
GC-MS (El, 70 eV) m/z (rel. intensity): m/z calcd. for CeH1oSs™: 178.0 [M]*, found: 178.0 (M*, 7), 137.0
(2), 113.1 (91), 105.0 (6), 73.0 (100)
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Figure S2.14: 3*C NMR spectrum of diallyl trisulfide
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Figure S$2.15: FTIR spectrum of diallyl trisulfide
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Figure $2.16: Gas chromatogram and mass spectrum of diallyl trisulfide. GC-MS method A.
Retention time: 9.88 min (Allyl,S3)
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Diethyl trisulfide (2.9) — method B

1. N328203, EtOH(aq)

BI’\/ \/S\S/S\/

2.NayS-gH,0, (CH20),, H20 72% yield

Diethyl trisulfide was synthesised following the general procedure (method B) using bromoethane
(10.9 g, 7.46 mL, 100 mmol, 1.0 eq.). Refluxing at 70 °C gave a clear solution (around 30 — 40
minutes) and was continued for an additional 2 hours. Methanol treatment and solvent removal gave
a white solid of sodium S-ethylthiosulfate. The solid was dissolved in water and reacted with sodium
sulfide solution for a total of 4 hours (30 minutes for sodium sulfide addition and 3.5 hours for an
additional stirring). Following workup, diethyl trisulfide was obtained as a as a beige oil (5.57 g, 72%
yield, = 99% purity confirmed by 'H NMR spectroscopy and GC-MS). The obtained spectral data is

in agreement with the literature.?

"H NMR (600 MHz, CDCl3) 5 2.88 (q, J = 7.3 Hz, 4H), 1.37 (t, J = 7.4 Hz, 6H). 3C NMR (150 MHz,
CDCls) 8 32.7, 14.3. IR (vmax, ATR): 2969, 2925, 2868, 1446, 1417, 1373, 1252, 1049, 967, 758 cm"
. GC-MS (El, 70 eV) m/z (rel. intensity): m/z calcd. for CsH10S3*: 154.0 [M]*, found: 154.0 (M+, 100),
125.0 (5), 122.0 (2), 93.0 (19), 61.1 (56).
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Figure S2.17: "H NMR spectrum of diethyl trisulfide
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Figure S2.18: *C NMR spectrum of diethy! trisulfide
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Figure S$2.19: FTIR spectrum of diethyl trisulfide
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Figure S$2.20: Gas chromatogram and mass spectrum of diethyl trisulfide. GC-MS method A.
Retention time: 8.64 (Et,S3)

Di-n-hexyl trisulfide (2.11) — method B

1.NayS,03, EtOH
B~ zmems (a. o /\/\/\S/S\S/\/\/\

2.N328'9H20, (CHZO)n: HQO 70% yleld

Di-n-hexyl trisulfide was synthesised following the general procedure using 1-bromohexane (16.5 g,
14.0 mL, 100 mmol, 1.0 eq.). Refluxing at 100 °C gave a clear solution (around 40-50 minutes) and
was continued for an additional 6 hours. Methanol treatment and solvent removal gave a white solid
of sodium S-hexylthiosulfate. The solid was dissolved in water and reacted with sodium sulfide
solution for a total of 4 hours (30 minutes for sodium sulfide addition and 3.5 hours for an additional
stirring). Following workup, di-n-hexyl trisulfide was obtained as a beige oil (9.40 g, 70% yield, =
99.9% purity confirmed by 'H NMR spectroscopy and GC-MS).
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"H NMR (600 MHz, CDCl3) 5 2.86 (t, J = 7.3 Hz, 4H), 1.73 (ap. p, J = 7.4 Hz, 4H), 1.40 (ap. p, J =
7.3 Hz, 4H), 1.36 — 1.26 (m, 8H), 0.89 (t, J = 7.0 Hz, 6H). '*C NMR (150 MHz, CDCls) d 39.0, 31.5,
28.9, 28.3, 22.6, 14.1. IR (vmax, ATR): 2955, 2925, 2856, 1460, 1413, 1378, 1284, 1256, 1206, 1112,
724 cm™. GC-MS (El, 70 eV) m/z (rel. intensity): m/z calcd. for C12H26S3*: 266.1 [M]*, found: 266.2
(M+, 71), 234.2 (13), 182.0 (9), 150.1 (10), 149.1 (2), 117.1 (100), 85.0 (38), 83.1 (50), 55.1 (46).
Elemental analysis (CHNS): C1,H2S3 requires C, 54.08%; H, 9.83%; N, 0%; S, 36.09%. Found C,
55.17%; H, 10.76%; N, 0%; S, 38.36%.
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Figure S$2.21: "H NMR spectrum of di-n-hexyl trisulfide

—77.2 CDCI3

P Ve NN N N
SSS

13C NMR, 150 MHz
CDClg, 25 °C

210 190 170 150 130 10 90 70 50 30 10  -10
o (ppm)

Figure S$2.22: 3C NMR spectrum of di-n-hexyl trisulfide
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Figure S$2.23: FTIR spectrum of di-n-hexyl trisulfide

Figure S2.24: Gas chromatogram and mass spectrum of di-n-hexyl trisulfide. GC-MS method A.

Retention time: 13.65 min ("Hex»S3)
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