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ABSTRACT

COMPUTATIONAL AND EXPERIMENTAL INVESTIGATION OF
ELEMENTAL SULFUR AND POLYSULFIDE

by
Jyoti Sharma

Petroleum processing results in the generation of significant quantities of elemental

sulfur (S8), leading to a surplus of sulfur worldwide. Despite its abundance and low

cost, the use of sulfur in value-added organic compound synthesis is limited due to

its unpredictable and misunderstood reactivity. This dissertation aims to address

this issue by tackling it from two angles. Firstly, by utilizing Density Functional

Theory (DFT) calculations, the reactivity of sulfur in the presence of nucleophiles is

studied. This facilitates the identification of organic polysulfide intermediates that

can be generated under different conditions, as well as the corresponding reactivity

for each type of nucleophile. This computational study begins with a benchmarking

of numerous DFT functionals against experimental data and high-accuracy ab initio

computations to determine the best functional(s) for studying elemental sulfur and

polysulfides in organic reactions. Using the best DFT method, the mechanism of

monosulfide formation from cyanide and phosphines is explained. At the end of this

computational study, the mechanism of 2-aminothiophene formation via the Gewald

reaction is elucidated. Secondly, attempts are made to synthesize sulfur-based organic

compounds using elemental sulfur or compounds with a sulfur source through the

utilization of boron, imine, and aryne chemistry. In summary, this dissertation aims

to expand the use of sulfur in organic chemistry by providing an understanding to

predict its reactivity with nucleophiles, as well as demonstrating its potential for the

low-cost synthesis of valuable sulfur-based organic compounds.
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CHAPTER 1

INTRODUCTION

1.1 Sulfur

Sulfur (CAS No. 7704-34-9) is an element having the symbol S and atomic number

16, with electronic configuration 1s2, 2s2, 2p6, 3s2, 3p4. Sulfur has four known stable

isotopes. The most stable isotope is 32S, with 95.1 % abundance in nature, while other

three isotopes 33S, 34S and 36S are present in 0.74%, 4.2% and 0.016%, respectively.

Sulfur’s ability to form long chains using S-S bonds is attributed to its relatively large

atomic radius and the stable covalent bonds it can form with other sulfur atoms. This

characteristic of forming long chains is referred to as catenation. It should be noted

that sulfur is among the few elements that exhibit this tendency. Due to the partial

sp3 hybridization resulting from the presence of two lone pairs, sulfur chains adopt

three-dimensional structure. This non planar structure produces dihedral angle (γ)

of ≈ 100◦ (Figure 1.1).[1]

1s 2s 2p 3s 3p 3d

S
S

S
S

S
S

S
S S

S

S

75 < γ < 100°

106 °

Figure 1.1 Ground state electronic configuration of a sulfur atom; two-dimensional
representation of sulfur helix.

1.2 Sulfur Allotropes

Sulfur exists in the form of 30 solid allotropes, more than any other element[2] due

to its catenation property (tendency of making bond with one another). Sulfur

forms strong bonds with each other, with a bond energy of 265 kJ/mol, which

1



is only lower than that of hydrogen (435 kJ/mol) and carbon (330 kJ/mol).[3] In

ambient conditions, elemental sulfur exists in a cyclic form. Up to this point, 15

crystalline ring structures ranging from S6 to S20 are known. On the other hand,

at very high temperatures, sulfur exists as long chain form. Out of all known

allotropes, cyclic octatomic molecule S8, is the most stable. It has a crown shaped

structure with symmetry D4d. Elemental sulfur (S8) is bright yellow, crystalline solid

at room temperature, while at low temperature it turns to snow white. Elemental

sulfur (S8) exist in three forms. The only stable form at standard temperature and

pressure (STP) is α-S8, which is also known as orthorhombic sulfur. At 369 K, α-S8

transforms to monoclinic β-S8, and stays stable up to its melting temperature (383

K). The monoclinic sulfur can be also obtained by slow cooling of molten sulfur, or

by crystallization, from organic solvents. The third form of elemental sulfur is γ-S8,

which is a transient species.[4]

Depending on the specific allotrope of sulfur, the sulfur-sulfur bond length

in elemental sulfur can vary. The S-S bond length of most stable form of sulfur

(orthorhombic sulfur) is about 2.04 Å, The structure of most stable orthorhombic

α-S8, have been discussed in Subsection 1.2.1.

1.2.1 Orthorhombic α-S8

The crystals of orthorhombic sulfur either occur naturally or can be grown in

CS2 solution.[5] The sulfur molecule was first studied by Bragg in 1914 as solid

orthorhombic sulfur.[6] In 1935, the crystalline structure of orthorhombic α-S8 was

described by Warren and Burwell,[7] that was later improved by Abrahams in 1955.[8]

Molecular structure parameters of the α-S8 molecule is presented in Table 1.1.
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Table 1.1 Molecular Structure Parameters of the α-S8 Molecule at Temperature
298 K[9]

Parameter Orthorhombic α-S8

Bond Length (pm) 204.6

Bond Angle (◦) 108.2

Torsion Angle (◦) 98.5

In elemental sulfur, the S-S bond length is approximately 2.04 Å. In terms of

bond order, for a single S-S bond with a bond order of 1, the bond length should be

2.08 Å, while for a bond order of 2, the length should be between 1.88 Å. Nevertheless,

the actual reported value falls in between. This shows the double bond character in

the S8 molecule, which was previously suggested by Powell & Eyring (1943).[10]

S

S

S S

S

S

SS

S

S

S S

S

S

SS

[I]
[II]

Figure 1.2 Resonance structure of elemental sulfur and Crown/Puckered confor-
mation of elemental sulfur.

This is due to the utilization of 3d orbitals during bond formation, resulting in a

certain degree of aromaticity (Figure 1.2). This makes the bond stronger and shorter

compared to a single S-S bond. This fact can also be explained based on the dihedral

angle. It was suggested by Abrahams in 1954 [11] that in free polysulfide, the average
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dihedral angle is 78◦, while in a ring, the dihedral angle is 98.5◦. This makes the ring

flatter and shows a tendency toward planarity with crown shape structure (Figure

1.2).

1.3 Oxidation States of Sulfur

The vacant and available 3d-orbital of sulfur for bonding leads to its multiple oxidation

states, ranging from -2 to + 6 (Table 1.2). For achieving bivalency, sulfur gains two

electrons (reduction) in the 3p orbital and become stable [Ne]3s2,3p6.

Table 1.2 Oxidation States of Sulfur

Oxidation State Chemical Name Formula

-2 Sulfides, Thiols, Sulfonium S2−

-1 Disulfides S1−

0 Elemental Sulfur S0

+2 Thiosulfite S2O3
2−

+3 Dithionite S2O4
2−

+4 Disulfite S2O5
2−

+4 Sulfite SO3
2−

+5 Dithionate S2O6
2−

+6 Sulfate SO4
2−

The bivalent sulfur compounds shows sp3 hybridization. For hexavalency, sulfur

looses 6 electrons by expanding d-orbitals and gains stable electronic configuration

1s2,2s2,2p6 with sp3d2 hybridization. The intermediate oxidation states of sulfur

compounds are more stable biologically and chemically. The bivalent and hexavalent

sulfur compounds play a major role in sedimentary, aquatic, and atmospheric

transformation of sulfur. In anoxic marine environment, sulfur bacteria converts

sulfate to sulfide (H2S), During this cycle, several partially oxidized intermediate

4



Figure 1.3 Elemental sulfur piles from Claus process.

forms (elemental sulfur, polysulfides, sulfites, thiosulfates),[12–14] play an important

role in the biogeochemical process.[15–17]

1.4 Sources of Elemental Sulfur

Sulfur is found naturally in many different forms, such as a pure element, compound,

in minerals, and component of various types of fossil fuels. Sulfur can be found as

underground deposits in some countries, which can be mined and extracted through

Frasch process.[18] Sulfur can be also obtained from its two well known minerals

pyrite (iron sulfide) and galena (lead sulfide) via the roasting process.[19]

Sulfur is produced as a byproduct of various industrial processes like petroleum

processing. Petroleum includes crude oil, condensate, natural gas and solids like

bitumen, oil sand, and tar. Around 0.03 % - 6 % of sulfur is present in crude oil and

natural gas.[20] There are several techniques that can be used to remove sulfur from

petroleum during the refining process. Some of the these techniques are hydrotreating,

Claus process, biofiltration, and adsorption. Out of all these process, only Claus

process [21] removes sulfur as elemental sulfur, while other removes sulfur in the form

of sulfur compounds.

5



Every year large amounts of sulfur are produced and deposited as huge stockpiles

and is estimated that seven million tons of excess sulfur is being generated annually

(Figure 1.3).[22] This huge production of sulfur makes it the third most abundant

element in fossil fuels after carbon and hydrogen. In-spite of having wide usage as

an additive in asphalt for road pavement and production of sulfuric acid, it has been

stored by refiners as massive piles in remote areas.

Although sulfur is non-toxic and environmentally friendly chemical, yet storing

it on the ground for long periods could prove to be hazardous. Sulfur can change to

sulfur dioxide or hydrogen sulfide, which can lead to a negative impact on humans

and environment.[23] It is very important to make judicious use of sulfur and direct

its usage in value added materials.

1.5 Applications of Sulfur

Sulfur has a wide range of applications globally, including agriculture, pharmaceu-

ticals, batteries, human nutrition, vulcanization, and nanocomposites. A few of its

major uses are discussed below.

1.5.1 Pharmaceuticals

Sulfur compounds have a variety of therapeutic applications in the pharmaceutical

industry. Sulfur is one of the most abundant macrominerals found in breast milk

and in the body. Natural products and drugs contain a range of sulfur-containing

scaffolds that have been used as antivirals, antibacterials, antiallergics, antimalarials,

and in the treatment of diseases such as schizophrenia, bipolar disorder, and

depression.[24] FDA-approved drugs containing sulfur moieties[25] are shown in

Figure 1.4. Sulfonamide-based drugs make up the largest portion of sulfur-

containing drugs and are used in the treatment of blood pressure, diabetes, bacterial

infections, and human immunodeficiency virus (HIV). The second most abundant
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moiety is β-lactam, with various analogues, including the antibiotics penicillin, that

have played a significant role in the treatment of syphilis and infections caused by

staphylococci and streptococci bacteria.
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Figure 1.4 Structural diversity of sulfur-containing drugs.

β-Lactam are categorized based on their potency, spectrum, and ability to

combat antibiotic resistance, and include penams, cephems, and monobactams.

Thioethers are the third most common component of sulfur-containing drugs,[26]

and well-known drugs such as cimetidine, ranitidine, nizatidine, and famotidine,

are made up of thioether skeletons and are used in the treatment of gastroe-

sophageal reflux disease (GERD). Thiazole containing drugs include pramipexole

for Parkinson’s disease, ritonavir for antiretroviral therapy, ticlopidine, clopidogrel,

and prasugrel for antiplatelet therapy. Phenothiazines have a tricyclic core with
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nitrogen and sulfur atoms and exhibit antipsychotic activity. Sulfoxide drugs

are unique due to the presence of a chiral center with a lone pair of electrons

on the sulfur center. Examples include sulfinpyrazone for the treatment of gout,

omeprazole for Zollinger–Ellison syndrome, modafinil and armodafinil for sleep

disorders, and fulvestrant for breast cancer. Sulfon, which make up 3% of total sulfur-

containing drugs, include drugs for anxiolytic and muscle relaxant (chlormezanone)

and migraines (eletriptan). Sulfate containing drugs are of special benefit due to

their water solubility and are used as blood thinners, such as enoxaparin, dalteparin,

and tinzaparin.

1.5.2 Agriculture

Sulfur is important for plant growth, legume formation, and the immune system. It

is an essential element in living organisms and responsible for the biosynthesis of

methionine, cysteine, vitamin, and coenzyme A. The roots of plants do not absorb

elemental sulfur due to its insolubility in water, but heterotrophic, chemolithotrophic,

and photoautotrophic microorganisms can oxidize it to sulfate (SO4
2−) or thiosulfate

(S2O3
2−), which can then be absorbed by the plant roots. Sulfate also enhances

phosphorous uptake in plants, and elemental sulfur is an effective pesticide, roden-

ticide, and insecticide.[27] Magnesium sulfate (MgSO4) was one of the earliest

approved antifungal drugs.

1.5.3 Batteries

Sulfur is well known as a cathode in batteries, with anode partners made up of alkali

metals like lithium (Li) and sodium (Na). The most well-known sulfur-based battery

is the lithium-sulfur (Li-S) battery, which is high-power storage system. Sulfur in the

Li-S battery is a promising cathode due to its high specific energy density, specific

capacity, lower cost, lighter weight, and flexibility. Li-S batteries have practical
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applications in portable devices, electric vehicles, and grid storage in the form of solar

or wind renewable energies. Nevertheless, the major disadvantage of Li-S batteries

is the “shuttle effect”, where both the anode and cathode corrode by consuming the

electrolyte, causing rapid capacity decay.[28] Various strategies have been taken in

past few years to make Li-S batteries more efficient.[29] The sodium-sulfur (Na-S)

battery is another class of battery with wide applications,[30] but its demand has

decreased over time due to safety issues.

1.6 Role of Elemental Sulfur in Chemical Reactions

Sulfur is an odorless, non-hygroscopic, non-volatile, and low priced chemical that

makes it lab friendly. Along with these properties sulfur has a wide spectrum of

chemical application such as in sulfuration, green chemistry, catalysis, oxidizing and

reducing agent.[31]

Sulfuration, involve C-S bond formation. C-S bonds play an essential role in

the domains of pharmaceuticals and biology. Various sulfurating agents like thiol,

thiocyanate, and Lawesson’s reagent can be used to form a C-S bond. Nevertheless,

due to their toxic nature, elemental sulfur has received considerable attention as

sulfurating agent.[32–35] The sulfuration reaction can be done using one or two

substrates with elemental sulfur. Some valuable heterocyclic compounds,[36] like

thiophenes , thiiranes, thienoindoles , thienothiazoles , thiazoles , benzothiazoles,

thiadiazoles and non heterocylic compounds [31] like thioamides, symmetrical sulfides

and disulfides can be synthesized using elemental sulfur as a sulfurating agent (Figure

1.5).
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Figure 1.5 Sulfuration reaction of elemental sulfur.

Sulfur-based polymers are a class of green polymers (Figure 1.6) that provide

a sustainable alternative and utilize industrial waste via inverse vulcanization, where

sulfur incorporates into polymers such as dicylcopentadiene (DCPD), 5-Ethylidene-2-

norbornene (ENB), and 1,3-diisopropenylbenzene (DIB).[37–39] In addition to their

sustainability, sulfur-based polymers have several other advantages over traditional

petroleum-based plastics. They are biodegradable and can be recycled, reducing their

impact on the environment. They also have excellent thermal stability, making them

useful in high-temperature applications. Polysulfides made from elemental sulfur

and green monomers such as limonene, myrcene, farnesol farnesene, perillyl alcohol,

cardanol benzoxazines, squalene, and eugenol allyl ether have applications in removing

heavy metals like mercury (Hg) and lead (Pb) from water.[40]
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Figure 1.6 Polymerization reaction of elemental sulfur.

Sulfur can act as a catalyst in two ways in organic reactions (Figure 1.7).

The first way involves pure elemental sulfur acting as the catalyst, such as in the

preparation of dihydrooxazoles, quinolines, symmetrical urea, and, 2-oxazolidinones.

The second way involves elemental sulfur and a metal working together as a

catalyst, such as the iron-sulfur [Fe8S7] cluster, which is an active site in the redox

transformation of atmospheric nitrogen to ammonia.[41] In organic synthesis, the

Fe-S cluster transforms o-nitroaniline and 4-picolines into benzimidazole.[42] When

combined with aliphatic alkyl amine, the Fe-S catalyst performs even better, allowing

the synthesis of a wide variety of benzimidazoles.
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Figure 1.7 Role of elemental sulfur as a catalyst.

Last but not least, sulfur play major role as a oxidant or reductant in organic

synthesis (Figure 1.8). Elemental sulfur acts as an oxidant in the preparation of

compounds such as imidazo[1,5]pyridines, 2-substituted benzazoles, benzimidazole,

benzothiazole, quinoxalines, di and triarylpyrazoles.[43–45] While in preparation of

compounds such as, pyrroles, aniline, benzofurazan and benzotrifurazan[46] sulfur

behave as a reducing agent.

Overall, the role of elemental sulfur in organic reactions depends on the specific

reaction and the desired outcome. Its versatility and ability to participate in various

types of reactions make it a useful reagent in organic chemistry.
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1.7 Understanding the Behavior of Sulfur with Various Nucleophiles

The most stable orthorhombic form of sulfur (S8) participates in organic reactions.

This work focuses on chemical activation, in which elemental sulfur acts as an

electrophile and can be activated or opened by different nucleophiles. S8 rings can

open through the SN2 reaction with nucleophiles and form polysulfides. Nevertheless,

the presence of various nucleophiles under comparable conditions yields dissimilar

sulfur products, and the connection between them remains indistinct. Below, we

have discussed the fact that despite the unpredictable nature of sulfur, there are

numerous organic transformations that utilize it, and these have been extensively

studied.
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1.7.1 Sulfur ring opening by strong nucleophile

Strong nucleophiles, including acetylide,[47] allylic,[48] phenyl,[49] vinyl,[50] inorganic

carbon anions such as cyanide,[51] and triphenylphosphine[52] are well used to

activate elemental sulfur (Figure 1.9).
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Figure 1.9 Monothio products from carbon nucleophiles with elemental sulfur.

While it is recognized that these nucleophiles can lead to the formation

of monosulfide products from initial polysulfides, the precise reasons and

mechanisms through which these reactions occur are not yet fully

understood (Figure 1.9 -top part). The Gewald reaction, which is known for the

synthesis of 2-aminothiophenes, proceeds via the reaction of elemental sulfur with a

carbon nucleophile (Figure 1.9 - green nucleophile), the mechanism of which is still

unknown.
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1.7.2 Sulfur ring opening by oxygen nucleophile

Compared to nucleophiles containing carbon, oxygen-containing nucleophiles, including

hydroxides, and alkoxides, exhibit distinct behavior (Figure 1.10).[50, 53–56]
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Figure 1.10 Trisulfur radical anion intermediate formation oxygen nucleophiles
with elemental sulfur.

They generate trisulfur radical anions (S3
.-) in a solution from their corre-

sponding polysulfides. Nevertheless, the precise reasons and mechanisms

underlying the production of S3
.- remain incompletely understood. The

presence of S3
.- in the solution has been verified using techniques such as electron

paramagnetic resonance (EPR) spectroscopy and the use of radical scavengers like
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(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO).[50, 54, 55, 57, 58] Trisulfur radical

anions give rise to blue chromophores in ultramarine blues.

1.7.3 Sulfur ring opening by nitrogen nucleophile

Elemental sulfur exhibits reactivity towards primary and secondary amines at

standard room temperature, while higher temperatures are required for its reaction

with tertiary amines. The reaction of S8 with liquid ammonia is well-known.[59]
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Thioamine base

Protonated octathioamine

Figure 1.11 Reaction of secondary amine with elemental sulfur.

The nitrogen atom is more electronegative than carbon and phosphorous, which

makes it unlikely to donate electrons to sulfur. The hydrogen atom on the amine

is the driving force behind this reaction, producing a thioamine base as the final

product. The reaction occurs in two steps, the first being a slow step that generates

protonated octathioamine, which acts as a strong acid. The second step is fast and

produces the thioamine base (polysulfide) in the presence of a second molecule of

amine (Figure 1.11). A previous study showed the presence of different sulfur ionic

species originating from various amine sources. For example, when elemental sulfur

was dissolved in a primary amine, [S3]
− was found abundantly, along with some

other polysulfides.[60] On the other hand, in the presence of a secondary amine,

fewer ionic species were observed compared to a primary amine, and the presence
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of polyoctasulfide [S8]
n− was reported.[61] The reaction of a tertiary amine with

elemental sulfur has been thoroughly explored, and it has been hypothesized that

[S8]
n− is the dominant species that takes part in the reaction (Figure 1.12).[62–65]

Nevertheless, the precise mechanism behind the exceptional stability and

non-degradability of polysulfides remains currently unknown.
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Figure 1.12 Polysulfide formation from nitrogen nucleophiles with elemental sulfur.

1.7.4 Sulfur ring opening by sulfur nucleophile

The significance of the sulfur opening by a sulfur nucleophile in physiological function

is attributed to the generation of the signaling molecule H2S in the presence of

biological thiols, such as reduced glutathione (GSH) or cysteine (Cys) (Figure

1.13).[66] In 1966, Vineyard extensively discussed the mechanism of elemental sulfur

opening by thiol in an alkali solution. This reaction gives rise to the formation of

persulfide, trisulfide, and tetrasulfide, along with the production of H2S.[67] Among

these species, the predominant one is persulfide, which plays a crucial role in H2S
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generation. Nevertheless, the precise mechanism underlying the formation

of H2S remains inadequately investigated.
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Figure 1.13 Biological Thiols: Catalyzing Hydrogen Sulfide (H2S) Liberation via
Reactivity with Sulfur-Containing Small Molecule Species (S0).

Developing a thorough understanding of how sulfur reacts with nucleophiles

is necessary for more researchers to take advantage of sulfur’s significant potential.

Nevertheless, the polysulfide generated from elemental sulfur is a highly reactive

and transient species, making it difficult to study experimentally due to its unstable

nature. Consequently, the well-known reaction of elemental sulfur in organic synthesis

remains unknown. Computational chemistry could play a significant role in revealing

the unknown mechanisms involved and would be helpful in understanding and

potentially designing new sulfur reactions.

1.8 Focal Theme of the Dissertation

This chapter describes the brief history, role, chemical reactions, and applications of

elemental sulfur. The objective of this dissertation is divided into two parts. Our

first goal is to understand the behavior of sulfur with different nucleophiles and to

solve the unknown reaction mechanism of some well-known reactions where sulfur

is a key component, using density functional theory (DFT). The second goal of this

dissertation is to synthesize sulfur-based organic compounds. Next, a brief description

of each chapter is given.
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• In the Chapter 2 of the dissertation, a benchmark of various DFT methods is
done to identify the best method for the subsequent studies.

• In the third Chapter, using the best DFT method identified in Chapter 2,
the behavior of phosphine and cyanide nucleophiles with elemental sulfur is
investigated.

• In the fourth Chapter, the mechanism of the Gewald reaction for the synthesis
of 2-aminothiophene is studied, as this reaction is widely used in medicine
and pharmaceuticals. In Gewald reaction elemental sulfur is a key ingredient.
Nevertheless, the reaction mechanism is still unknown.

• Hydrogen sulfide (H2S) plays a significant role in the human body. Cysteine
and glutathione persulfides (CysSSH and GSSH) are major sources of H2S
in cells. These persulfides release H2S in the presence of thiol, In the fifth
Chapter, mechanism of H2S release from persulfide and its derivatives, is
explored computationally.

• In Chapter 6, the dissertation includes an experimental section, where the
synthesis of thiols using a boron source is explored and the synthesis of
2-substituted benzothiazoles using an aryne and imine precursor is investigated.

• The concluding section of a dissertation serves as the summary of the research
and future work.
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CHAPTER 2

BENCHMARK OF DENSITY FUNCTIONAL THEORY METHODS
FOR THE STUDY OF ORGANIC POLYSULFIDES

This chapter was published as “Benchmark of Density Functional Theory Methods

for the Study of Organic Polysulfides”. (Sharma, J.; Champagne, P. A., Benchmark

of density functional theory methods for the study of organic polysulfides. Journal of

Computational Chemistry 2022, 43 (32), 2131-2138)

2.1 Introduction

In its elemental form, sulfur is an abundant material with widespread applications in

organic, pharmaceutical, and materials chemistry. One of the major uses of sulfur is

in manufacturing Li-S batteries, which are promising candidates for next-generation

batteries that use sulfur as cathode material.[68–70] Indeed, sulfur is a low-cost and

nontoxic powder with high energy storage density. Another significant use of sulfur

is in the form of polysulfides, which have wide applications in polymer industries.[71]

Along with these applications, sulfur plays an essential role in organic synthesis, as it

can participate as a source of sulfur atoms, oxidant, reductant, catalyst, and several

other roles.[31, 32] Nevertheless, the catenation property of sulfur leads to seemingly

unpredictable behavior, which has been an obstacle to its widespread usage despite

its availability at a cheap price. In spite of its complicated behavior, many organic

transformations are known using elemental sulfur; but, their proposed reaction

mechanisms often lack in detail due to our current poor understanding of polysulfide

reactivity.[31, 32] Generally, sulfur’s participation in organic reactions is facilitated

by the attack of nucleophiles which results in the opening of its most common

allotrope cyclooctasulfur (S8),[72] producing polysulfides that further generate various

products.
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There is a strong interest in understanding the behavior of sulfur and polysulfides

with nucleophiles. Due to the complexity of the equilibria involving polysulfides,[73]

experimental determination of those mechanisms is difficult, which is why computa-

tional methods might allow for breakthroughs in this field. Density functional theory

(DFT) has become a popular method for studying reaction mechanisms because of its

right balance between accuracy and computational cost.[74] Nevertheless, since the

performance of density functionals (DFs) is not uniform across all organic systems,

there is no universally accepted DF. As far as polysulfides are concerned, only a

limited number of prior benchmark studies devoted to assessing the accuracy of

different approximations of the DFT exchange-correlation functional on such systems

are reported. In 2009, Denk investigated geometries and the strength of the S-S

bond in S8 and disulfanes, using high precision thermochemical calculations (G3,

CBS-Q) and Boese-Martin (BMK) hybrid DFT.[75] Similarly, in 2017, Truhlar and

coworkers benchmarked 39 DFT functionals for various isomers of lithium polysulfides

(LinSn,2≤ n ≤ 8) formed in the charging and discharging processes of lithium-sulfur

batteries.[76] They concluded that meta-GGA (generalized gradient approximation)

and doubly hybrid GGA methods perform better for binding and relative energies.

Nevertheless, both works showed that the popular B3LYP functional is not ideal. In

2020, Hu and coworkers published CCSD(T) binding and deprotonation energies for

inorganic polysulfides (HSnH, [HSn]
−, Sn

2−) and found that ωB97X-D was the most

accurate functional.[77]

By design, these studies could not identify a DFT method that would be well

suited to study elemental sulfur, organic polysulfides, and their transition structures

when reacting with nucleophiles. Nevertheless, studying the mechanisms of organic

reactions involving polysulfides would clarify the role that these intermediates play

in organic synthesis and biochemical processes. We now report a benchmark of 12

popular DFT functionals against DLPNO-CCSD(T) (domain-based local pair-natural
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orbital coupled-cluster) energies obtained on the MP2 (Møller–Plesset) optimized

geometries of polysulfide structures related to nucleophilic reactions. In addition,

structural and energy parameters extracted from minima and transition structures

(TS) were analyzed to identify ideal DFT methods for the study of polysulfide

mechanisms.

2.2 Methodology and Computational Details

We chose the reaction of cyanide with sulfur as the model system (Figure 2.1) since it

is representative of the reaction of other strong nucleophiles (such as carbanions) with

sulfur.[31, 32, 51] The first step in this transformation is the nucleophilic opening of

the cyclooctasulfur (S8), forming the anionic [S8CN]
− polysulfide (reaction A), which

is believed to be rate-determining. An important feature of polysulfide reactivity

with nucleophiles is that various products are formed depending on the nucleophile,

as for example phosphorus and carbon-based nucleophiles give monosulfides as the

final product,[51, 52] while hydroxide gives trisulfur radical anion as product.[78] As

in all cases the initial opening of S8 is rate-determining, it results that the product

determining steps are also kinetically-invisible and thus unknown. This is why in

this study we compared our results to high-accuracy ab initio values instead of

experimental results, and proposed some unexplored but plausible pathways. The two

pathways we modeled for the formation of thiocyanate (NCS−), the known product

of sulfur’s reaction with cyanide, are the intermolecular cleavage by another cyanide

(reaction B) and the intramolecular cleavage leading to cycloheptasulfur (S7, reaction

C). To consider the potential intermolecular attack on another sulfur atom of the

polysulfide intermediate, we also modeled the formation of two [S4CN]
− polysulfides

from [S8CN]
− with cyanide (reaction D). We also considered the intermolecular attack

leading to the hexasulfur dianion S6
2− and S2(CN)2 (reaction E), as this dianion

is a known precursor to the trisulfur radical anion S3
−., a common product from
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the reaction of sulfur with nucleophiles.[79] The subsequent homolytic cleavage of

S6
2− (reaction F) was also considered, although its open-shell singlet character led

to complications (see below). Finally, to check the relative stability of the S8 and

S6 allotropes, reaction energies of their interconversion were also considered (reaction

G).

Figure 2.1 Studied transformations involved in the reaction of elemental sulfur and
polysulfides with cyanide.

2.2.1 Geometry optimization

Geometry optimizations and frequency calculations of the considered ground state

(GS) (Figure 2.2) and transition state structures (TS, if possible) (Figure 2.3)

were performed with Gaussian 16 using the Møller-Plesset second-order perturbation

theory (MP2) method with a tight-d-augmented triple-zeta basis set, necessary

for obtaining good results on sulfur-containing molecules.[80, 81] Solvation effects

were considered using the SMD implicit solvation model[82] for acetonitrile (ϵ =

35.69). Large solvation effects are anticipated since anions, dianions, and radicals

are considered; thus, solvated structures were expected to correlate better with

experimental results, which employed polar solvents.
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Figure 2.2 Ground state (GS) structures considered for this work, optimized at the
MP2/aug-cc-pV(T+d)Z/SMD(MeCN) level of theory.

Figure 2.3 Transition structures (TS) considered for this work, optimized at the
MP2/aug-cc-pV(T+d)Z/SMD(MeCN) level of theory.

2.2.2 Single-point energy calculation

Single-point energy (SPE) refinements on the MP2-optimized structures were obtained

at the DLPNO-CCSD(T)[83–85] level of theory with the aug-cc-pV(Q+d)Z basis set

(Tables S13–S16). Due to its prohibitive computational cost, the “gold standard”

CCSD(T) method was not used as reference. Nevertheless, DLPNO-CCSD(T) is able

to retain approximately 99.9 % of the canonical CCSD(T) correlation energy, with

a computational cost comparable to DFT.[86] Calculations were performed both for

the gas phase or using the SMD solvation model for acetonitrile. When reported,

the final free energies were obtained by adding the free energy corrections obtained

at the MP2 level to the electronic energies obtained with DLPNO-CCSD(T). Those

SPE calculations were performed using ORCA with the “Tight PNO” as well as
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with “Normal PNO” settings. For the benchmarking calculations presented below,

Tight PNO was taken as a reference due to its reported better accuracy over normal

PNO,[86] although the difference between these results and those from normal PNO

were small in our case (Tables S78 and S79).

2.2.3 Assessment of density functionals

We selected 12 popular functionals for benchmarking, including some of the best

methods identified in Wang and Truhlar’s study.[76] All DFT optimizations were

performed with Gaussian 16, employing the aug-cc-pVDZ basis set and the SMD

solvation model for acetonitrile. Taking MP2-optimized structures as a reference,

all structures were reoptimized, and their frequencies computed using two local

functionals (MN15-L[87] and M06-L[88]) and six functionals with non-local exchange

(B3LYP,[89],[90] M06-2X,[91] MN15,[92] PBE0,[93] TPSSh,[94] and mPW1PW91

[95]). To test the influence of dispersion corrections in these systems, we also

considered four functionals with explicit dispersion corrections (B3LYP-D3(BJ),[96]

B97D3,[97] ωB97X-D,[98] and PBE0-D3(BJ)[99]). All energies and thermochemical

corrections can be found in Tables S1–S12. In order to compare the ability of

DFT methods for reproducing high accuracy geometries, we identified a set of

key structural parameters that were extracted from the structures, including bond

lengths, angles, and dihedrals (Tables S65–S77). Of note, the MP2 geometries exactly

reproduce known x-ray crystallography experimental values for sulfur allotropes

(which were also used as standard in previous computational studies of such

structures),[100] indicating the accuracy of this method (Table 2.1). Taking the MP2

structural data as reference, the average relative percentage error was calculated

for the DFT-optimized structures. The energy accuracy of DFT functionals for

reproducing activation and reaction energies with or without free energy or solvation

corrections was evaluated in four instances (Tables S17–S64). In all cases, the DFT
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results were compared to the DLPNO-CCSD(T)/aug-cc-pV(Q+d)Z//MP2/aug-cc-

pV(T+d)Z/SMD(MeCN) values, considered standard.

Table 2.1 Comparison of MP2-optimized Structural Data with Existing x-ray
Crystallography Data (S8 [3], S7 [101] and S6 [102])

Structures
S-S bond length

(Å)

Dihedral angle

(◦)

S-S bond length

(Å)

Dihedral angle

(◦)

(x-ray) (x-ray) (MP2) (MP2)

S8 2.05 98.5 2.05 99.2

S7 2.18, 2.05 -75.2 2.19, 2.04 -75.6

S6 2.05 74.5 2.05 74.2

In the first instance, the electronic energies obtained from DFT/aug-cc-

pV(T+d)Z SPE refinements on the MP2-optimized structures were compared to

DLPNO-CCSD(T) values. Second, the electronic and free energies obtained directly

from geometry optimization and frequency calculation using DFT/aug-cc-pVDZ/SMD

(acetonitrile) were compared to the high-accuracy values. In the third and fourth

instances, the electronic and free energies obtained from DFT/aug-cc-pV(T+d)Z

SPE refinements on DFT-optimized structures were compared to DLPNO-CCSD(T)

values. Of note, the average percentage error for imaginary frequencies was

only compared with MP2 results (see Supporting information), since it would

be impractical to perform frequency calculations for our system using DLPNO-

CCSD(T).

2.3 Results and Discussion

We first obtained the Gibbs free energies of activation and reaction for the seven

considered reactions with the two ab initio methods DLPNO-CCSD(T) and MP2

(Table 2.2). Due to the highly exergonic nature of the formation of S7 and −[SCN]
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(reaction C), we could not locate the presumably early TS. For the cleavage of S6
2−

to S3
−., we could not obtain DLPNO-CCSD(T) corrections due to the limitations in

the current implementation, so we include MP2 values. In all cases, we notice that

the MP2 free energies are consistently underestimated versus the DLPNO-CCSD(T)

values, confirming the need for single-point energy refinements. Of note, the computed

enthalpy of activation for reaction A from DLPNO-CCSD(T) (9.1 kcal/mol) matches

with the experimentally measured enthalpy of activation for the reaction of S8 with

cyanide,[51] which is consistent with the idea that the first opening of sulfur is the

rate-determining step in this reaction.

Table 2.2 Activation and Reaction Free Energies (kcal/mol) for the Considered
Reactions at the DLPNO-CCSD(T)/aug-cc-pV(Q+d)Z/SMD and MP2-/aug-cc-
pV(T+d)Z/SMD Levels

Reaction ∆G‡ ∆Grxn ∆G‡ ∆ Grxn

DLPNO-CCSD(T) DLPNO-CCSD(T) MP2 MP2

A 19.1 (9.1)a 13.0 14.8 (4.9)a 7.7

B 14.7 -19.5 11.6 -22.6

C – -25.5 – -24.5

D 23.0 -2.5 18.5 -4.2

E 23.0 15.8 17.3 12.4

F – – 21.7 -0.3

G – 0.5 – 0.6

aEnthalpy of activation(∆H‡).

2.3.1 Performance of density functionals for geometry optimization

While the DFT geometries overall match well with the MP2 structures, none of the

considered DFT methods accurately reproduced the MP2 geometry for the TS leading
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to S3 radical anion from S6
2−, instead optimizing to long S-S bond distances and weak

imaginary frequencies.

Table 2.3 Average Error (%) on the Set of Structural Parameters for DF-optimized
Ground State (GS) and Transition State (TS) Structures Versus MP2

Functional GS structures TS structures

MN15-L 1.4 2.0

M06-L 1.6 6.2

B3LYP 2.2 3.6

M06-2X 1.4 1.8

MN15 0.8 3.2

PBE0 1.1 2.4

TPSSh 1.9 2.3

mPW1PW91 1.2 2.4

B3LYP-D3(BJ) 2.3 3.6

B97D3 2.9 3.5

ωB97X-D 1.3 2.5

PBE0-D3(BJ) 1.0 2.6

Whether that issue arises from an inaccurate MP2 structure or a systematic

error in DFT for open-shell singlet homolytic cleavages will need to be investigated.

To avoid tainting the rest of the data, we did not consider that TS in our analysis,

although the data can still be found in the Supporting information. As shown in Table

2.3, both local functionals showed good agreement for GS structures, while M06-L

displayed the largest error for TS structures (6.2 %) of all considered methods. For

functionals with nonlocal exchange applied to GS structures, MN15 performs best

with 0.8 % of error. PBE0, mPW1PW91, and M06-2X also performed well with

less than 1.5 % error, while TPSSh and B3LYP showed slightly larger errors. For
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TS structures, the M06-2X functional is superior to others, although most methods

provide reasonable results. For functionals with explicit dispersion, ωB97X-D and

PBE0-D3(BJ) perform the best for both GS and TS. Notably, addition of a dispersion

correction does not always improve the results. While many of the bestperforming

methods contain such a correction (M06-2X, ωB97X-D, PBE0-D3(BJ)), this is not a

requirement for accurate results (see PBE0, MN15-L) and some dispersion-corrected

functionals do not seem to benefit from the correction (B3LYP-D3(BJ), B97D3).

2.3.2 Energy results from DFT SPE on MP2 optimized structures

To assess the accuracy of DFT methods on a single set of structures, we compared the

DFT single-point electronic energies on the MP2 geometries to the DLPNO-CCSD(T)

results, also obtained on the MP2 geometries (Figure 2.4 and Tables S80–S129). Our

results from the local functionals show that, with a solvation model, MN15-L and

M06-L perform similarly for activation energy, while for reaction energies MN15-L

performed better. For the gas phase, M06-L performed better for activation energies,

with an average error of 0.6 kcal/mol, while MN15-L performed better for reaction

energies. In the category of functionals with non-local exchange, M06-2X is superior

with an error of only 1.0 (gas) and 1.5 (SMD) kcal/mol for reaction energies. All

non-local functionals perform well for activation energies with or without solvation

corrections with less than 1.5 kcal/mol of error, except B3LYP, which also shows the

largest error in reaction energies. For dispersion-corrected functionals, all four of them

performed well for both reaction and activation energies with or without solvation,

with B3LYP-D3(BJ) performing the best. It was noted that M06-2X, MN15, and

B3LYP-D3(BJ) performed best among all 12 DFT functionals.
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Figure 2.4 Average DFT/aug-cc-pV(T+d)Z single point reaction and activation
electronic energy errors (kcal/mol) on MP2-optimized structures, when compared to
DLPNO-CCSD(T)/aug-cc-pV(Q+d)Z.

Overall, most methods seem adequate for the treatment of activation energies,

with B97D3 providing the largest error. Nevertheless, dispersion-corrected functionals

seem essential for the accurate treatment of reaction energies. Looking at the

individual reactions, we noted that the high average reaction energy errors for

functionals that do not include dispersion are due to an inaccurate treatment

of reaction D, as the energy of the [S4CN]
− polysulfide is overestimated (Tables

S130–S133). The effect of solvation is also moderate. Although the activation and

reaction energies are significantly different with or without the solvation model, there

is a limited difference between the errors computed.

2.3.3 Performance of density functionals for energy results from DFT
optimized structures

We then compared the DLPNO-CCSD(T) results to those obtained directly from

DFT optimization and frequency calculation. As those calculations are performed
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with a double-ζ basis set, we expected larger errors. Indeed, most methods provided

average errors in excess of 3.0 kcal/mol (Figure 2.5 and Tables S80–S129). Of the

tested local functionals, MN15-L performed better for both reaction and activation

free energies with errors of 6.6 and 1.5 kcal/mol, respectively. In contrast, M06-L

performed worst with an average error of 8.5 and 4.1 kcal/mol.

Figure 2.5 Average DFT/aug-cc-pVDZ reaction and activation energy errors
(kcal/mol), when compared to DLPNO-CCSD(T)/aug-cc-pV(Q+d)Z/SMD(MeCN).

In the functionals with non-local exchange, the trends for reaction and activation

free energies were not identical. The M06-2X functional performed best for reaction

free energies with an average error of 2.3 kcal/mol among all 12 DFT functionals. For

activation free energies, the MN15 functional is superior with an error of 1.6 kcal/mol.

In the four functionals with explicit dispersion, B3LYP-D3(BJ) performed better

than other functionals with an error of 2.9 kcal/mol for reaction free energies. For

activation free energies, ωB97X-D performed best among all functionals, with an error

of 0.7 kcal/mol. In order to determine if the free energy corrections had an impact on

the errors, we also compared the electronic energies with DLPNO-CCSD(T) and found
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that they follow the same trends as shown for free energies. These results, compared

to those obtained with SPE refinements with a larger basis set (see below), serve

as a reminder that although geometry optimizations and frequency calculations are

usually performed with a double-ζ basis set in organic mechanistic studies, electronic

energy refinements with a triple-ζ basis set are required for accurate results.

2.3.4 Energy results from DFT SPE on DFT optimized structures

The most relevant workflow for a computational study of organic mechanisms would

involve refining the electronic energies with a triple-ζ basis set after optimization with

a smaller basis set. We thus compared the results of DFT SPE on DFT-optimized

structures to the DLPNO-CCSD(T) values both for the gas phase as well as

with solvation. The results for electronic energies are shown in Figure 2.6 and

the results with the free energy corrections are shown in Figure 2.7 (see Tables

S80–S129). Overall, we found the results similar to the DFT SPE on MP2-optimized

structures (Figure 2.4). This is not entirely surprising, considering all DFT methods

reproduce the MP2 geometries relatively accurately. As expected, the average errors

obtained with the larger aug-cc-pV(T+d)Z basis set are significantly smaller than

those computed with the smaller aug-cc-pVDZ. As such, both local and non-local

functionals provide good results for activation energies but large errors for reaction

energies, again mostly due to an inaccurate prediction of the S4CN anion formation

as endergonic. M06-2X and MN15 both outperform the other methods from that

category.
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Figure 2.6 Average DFT/aug-cc-pV(T+d)Z single point reaction and activation
electronic energy errors (kcal/mol) on DFT-optimized structures, when compared to
DLPNO-CCSD(T)/aug-cc-pV(Q+d)Z.

When free energy corrections are included (Figure 2.7), both methods have

comparable profiles, but for electronic energies (Figure 2.6) M06-2X displayed lower

errors (only 1.0 and 1.6 kcal/mol for gas phase and SMD, respectively) than MN15

(1.5 and 2.7 kcal/mol for gas phase and SMD, respectively) for reaction energies.

Functionals with explicit dispersion followed the same trend as found for the SPE on

MP2 structures. Consistently, they performed among the best of the tested methods,

providing improved results for activation energies and significantly lower errors for

reaction energies. It was also noticed that the reaction energy errors are in general

lower for the gas phase as compared to the solvation model, while activation energy

errors followed the opposite trend. In addition, the difference in error for electronic

energies versus free energies is minimal, and the application of free energy corrections

to the SPEs does not impact the results significantly. For an accurate and consistent

treatment of both reaction and activation (free) energies, B3LYP-D3(BJ), ωB97X-D,
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M06-2X, and MN15 provide the best results out of the 12 DFT functionals tested. The

significant average error of the uncorrected B3LYP functional for reactions energies

is in line with the previous benchmarks that had identified issues with this method,

but for activation energies, it shows a excellent performance.

Figure 2.7 Average DFT/aug-cc-pV(T+d)Z single point reaction and activation
free energy errors (kcal/mol) on DFT-optimized structures, when compared to
DLPNO-CCSD(T)/aug-cc-pV(Q+d)Z

2.4 Conclusion

In this work, we studied various reaction pathways of elemental sulfur and polysulfides

with cyanide and benchmarked 12 common DFT functionals versus MP2 geometries

and DLPNO-CCSD(T) energies. It was found that most functionals provided ground

state geometries in agreement with MP2, except B97D3 for which the errors were

slightly larger. For TSs, MN15-L and M06-2X provided the best geometries, although

all methods provided good results overall. In terms of singlepoint energies, we found

that all considered functionals were able to reproduce DLPNO-CCSD(T) data on the

MP2-optimized and DFT optimized structures with activation energy errors of at

most 4.4 (SMD) and 6.4 (gas phase) kcal/mol (for B97D3). Furthermore, M06-2X,
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MN15, and ωB97X-D performed best with less than 1.7 (SMD) and 1.2 (gas phase)

kcal/mol activation (free) energy average errors, while most functionals showed less

than 3.0 kcal/molof error. For reaction energy from single-point energies, the M06-2X

and B3LYP-D3(BJ) functionals performed best with 1.6 and 2.3 kcal/mol of error,

followed by the MN15 and ωB97X-D methods. Dispersion-corrected functionals

show a more consistent error between reaction and activation energies, due to their

more accurate energetic treatment of some polysulfides, while functionals without

dispersion corrections show a larger error difference between reaction and activation

(free) energies. Inclusion of the free energy corrections did not impact the results

significantly. Globally, our results indicate that DFT can be appropriate for studying

the reactions of sulfur and polysulfides, especially considering that it is impractical

to optimize geometries with MP2 and the triple-zeta basis set due to their high

computational cost. Instead, for mechanistic investigations the structures can be

optimized using DFT and a double-zeta basis set, as long as SPE refinements are

performed with larger basis sets subsequently. The use of dispersion corrections

is recommended to avoid large errors for some polysulfide ground state structures.

Based on our results, M06-2X, B3LYP-D3(BJ), ωB97X-D, and MN15 appear as good

candidates for such purposes. Our benchmarking work reported in this paper will

allow researchers to start tackling the mechanistic study of sulfur and polysulfide

mechanisms with confidence, which is currently underway in our group.
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CHAPTER 3

MECHANISMS OF THE REACTION OF ELEMENTAL SULFUR
AND POLYSULFIDES WITH CYANIDE AND PHOSPHINES

This chapter was published as “Mechanisms of the Reaction of Elemental Sulfur

and Polysulfides with Cyanide and Phosphines”. (Sharma, J.; Champagne, P. A.,

Mechanisms of the Reaction of Elemental Sulfur and Polysulfides with Cyanide and

Phosphines. Chemistry–A European Journal 2023, e202203906.)

3.1 Introduction

Elemental sulfur is a major byproduct of petroleum processing for which scientists are

searching for new and improved applications. Among those, sulfur and the related

polysulfides have found a major role in organic synthesis (mostly as a source of sulfur

atoms),[31, 32] materials science [36] (e.g., in polymers obtained through inverse

vulcanization),[39, 103] and other areas such a lithium-sulfur batteries,[104, 105]

simultaneously, polysulfides have recently been identified as important intermediates

in biochemistry, related to the mammalian signaling agent H2S.[106–109] As such,

understanding the chemical properties of sulfur and polysulfides can provide critical

insights in various fields of chemistry. Due to its rather unique catenation behavior,

elemental sulfur has multiple allotropes, with the most stable being cyclooctasulfur

(S8).[72] Sulfur is mostly known for its reactivity as an electrophile, but the

types of products obtained vary based on the nature of the nucleophile. Strong

nucleophiles like phosphines,[52, 110] sulfite,[111] or cyanide [51, 112] provide

monosulfide products exclusively. Similarly, carbon based nucleophiles usually

provide products with the incorporation of a single sulfur atom, for example in

the Gewald [113–115] or Willgerodt–Kindler[116] reactions.[117–122] Nitrogen-based

nucleophiles are often proposed to open S8 as part of complex mechanisms,[31, 32]
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oxygen bases generate sulfur radical anions or thiosulfate,[123] while hydrogen sulfide

and thiols react with sulfur to form complex mixtures of polysulfides.[67, 124–126] In

most cases, the opening of S8 by the nucleophile is believed to be rate-determining;

therefore, the product-determining steps are kinetically invisible and thus still poorly

characterized. Indeed, experimental investigations of polysulfide mechanisms are

complicated by their thermodynamic instability[73, 127–129] and recent evidence

shows that they interconvert faster than they are trapped by chemical probes.[130–

132] As such, computational investigations seem uniquely-positioned to provide key

mechanistic information to understand the seemingly unpredictable reactivity of

sulfur and polysulfides under various conditions. The precise determination of the

mechanism of these reactions would allow for greater predictability in the design of

reactions involving sulfur and polysulfides and facilitate the study of biochemical

polysulfides.[109, 133]

To tackle this problem, we decided to focus on the simple but representative

reactions of sulfur with cyanide and phosphines, which generate the monosulfide

products −SCN (thiocyanate) or R3P=S (phosphine sulfides) quantitatively. The

reaction of sulfur with phosphines was first reported in 1837[110] and the formation

of the phosphine sulfide was shown to be almost instantaneous.[134] From 1955,

Bartlett and coworkers reported kinetic studies on the reaction of elemental sulfur

with triarylphosphines[52] and cyanide,[51, 112] where they provided strong evidence

that the rate-determining step for the formation of the observed products is the

bimolecular opening of the S8 ring by the nucleophile. They proposed the mechanism

shown in path A of Figure 3.1, which was first formulated by Foss.[111] In this

proposal, the thiocyanate or phosphine sulfide is displaced by nucleophilic attacks

on the adjacent sulfur of the progressively shrinking polysulfides, starting with the

octasulfide 1. Another proposal for the decomposition of the polysulfides came from

Schmidt who argued, based on claims of resonance between sulfur atoms in polysulfide
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chains, that the negatively-charged terminal sulfur was in fact the most electrophilic

position and could be abstracted by the nucleophile (Figure 3.1- path B).[42] Due to

limited experimental support for either mechanism, over the following decades both

the Foss-Bartlett[135–138] and Schmidt[139] mechanisms were presented as correct in

books and reviews of the topic. Since these reactions have fast rates and clean product

profiles, they have found applications for the titration[112] or detection of elemental

sulfur[140, 141] in complex biochemical settings. We now report a comprehensive

computational study of these reaction pathways, which provides the first evidence

that the Foss-Bartlett mechanism, albeit plausible, is an incomplete picture of the

reactivity of polysulfides with cyanide or phosphines.
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Figure 3.1 Proposed mechanisms of monosulfide formation via A) Foss-Bartlett
and B) Schmidt pathways.

3.2 Computational Methodology

All Density Functional Theory (DFT) calculations were performed using Gaussian

16. The ωB97X-D functional[98] was selected as we have shown in our earlier work

that it is one of the most accurate methods for studying the reaction of polysulfides

with nucleophiles.[142] For geometry optimizations and frequency calculations, the

aug-cc-pVDZ basis set was used. For polysulfides structures that are highly
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conformationally flexible, the helix conformer was chosen as it was shown to be the

lowest energy structure for similar polysulfides.[77] Single-point energy refinements

were then obtained with various methods and the triple-zeta tight-d-augmented

basis set aug-cc-pV(T + d)Z, necessary to obtain accurate energies for sulfur

compounds.[81] All considered functionals (ωB97X-D, M06-2X, B3LYP-D3(BJ),

MN15) agree on the conclusions of the study. At all stages, solvation effects were

considered using the SMD solvation model for acetonitrile,[143] a representative polar

solvent used in those transformations. The results presented in the main text are

those obtained at the ωB97X-D/aug-cc-pV(T + d)Z/SMD(MeCN)//ωB97X-D/aug-

cc-pVDZ/SMD(MeCN) level of theory. Full computational details are available in

the Supporting Information. For the study of reaction pathways with phosphines, we

selected trimethylphosphine (PMe3) as a model to reduce computational costs.

3.3 Results and Discussion

3.3.1 The Foss-Bartlett and Schmidt mechanisms

We began our study by investigating the bimolecular opening of sulfur by the nucle-

ophiles, for which all experimental evidence indicates is the first and rate-determining

step in these reactions. The opening of cyclooctasulfur (S8), elemental sulfur’s most

common allotrope,[72] is endergonic with both nucleophile types, an indication of

the stable nature of S8. The octasulfide 1 lies 11.9 kcal/mol higher in free energy

for cyanide and 2.6 kcal/mol for PMe3 (Figure 3.2). These reactions occur through

SN2-like transition structures, with linear arrangement of the nucleophile, substituted

sulfur, and leaving sulfide. With cyanide, the free energy of activation is 21.9 kcal/mol

(∆H‡ = 11.7 kcal/mol ), while with PMe3 it is lower at 17.3 kcal/mol (∆H‡ = 5.0

kcal/mol). The nucleophilic character of the phosphine has a significant impact on

the barrier and reaction energy. With the bulkier and less electron-rich PPh3, ∆G‡ is

23.0 kcal/mol (∆H‡ = 8.1 kcal/mol) and the reaction is endergonic by 17.7 kcal/mol.
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As shown below, polysulfides 1 have many decomposition pathways with negligible

barriers, so if this initial opening of S8 is rate-determining then the barriers located

here are reasonable for reactions happening at room temperature.

Figure 3.2 Formation of octasulfides 1 from S8 with nucleophiles. Free energies
(enthalpies) in kcal/mol.

We then considered how the generated polysulfide 1 could undergo the

Foss-Bartlett or Schmidt pathways for the generation of monosulfides. A priori,

1 can be attacked by another nucleophile on any sulfur of the chain forming,

depending on which bond is cleaved, either two sulfur products containing each a

nucleophile (monosubstituted (poly)sulfides, blue pathway, Figure (3.3) or a sulfur

product with two nucleophiles attached and a dianionic (poly)sulfide (disubstituted

polysulfides, orange pathway). For the monosubstituted pathways (Figure 3.4), attack

at S1 (closest to the nucleophile) represents a nucleophile exchange pathway that is

isoneutral and happens with a 21.5 (−CN) or 24.0 (PMe3) free energy barrier. Attack

at S2 is the Foss-Bartlett proposal, forming the resonance-stabilized thiocyanate

(−SCN) or trimethylphosphine sulfide (Me3P=S) as leaving groups with −CN or
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PMe3, respectively, in addition to a heptasulfide that can be further decomposed

(see below).
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Figure 3.3 Example products from both possible bond cleavages upon nucleophilic
attack on polysulfides 1.

Indeed, in both systems, the attack at S2 has the lowest free energy of activation,

13.4 (−CN) and 13.0 (PMe3) kcal/mol. This pathway is highly exergonic with reaction

free energies of -22.3 (−CN) and -29.9 (PMe3) kcal/mol due to the stability of the

monosulfide products. These activation barriers are heavily impacted by the entropic

penalty for bimolecular reactions, since the activation enthalpy is only 4.5 (−CN)

and 2.5 (PMe3) kcal/mol, demonstrating the excellent leaving group ability of both

monosulfides ( −SCN and Me3P=S). Attacks on S3 to S7 are consistently less exergonic

by around 15 kcal/mol, since the polysulfide anions that are formed do not enjoy

similar stabilization as thiocyanate or phosphine sulfide. In addition, the activation

barriers increase as the nucleophile attacks closer to the terminal (anionic) sulfur of

1. This effect is not due to thermodynamic considerations and is lesser for the neutral

phosphine nucleophile than for cyanide. For example, while nucleophilic attacks at

S3 or S7 generate the same products (NuSS− and −S6Nu), attack at S3 is 7.2 (−CN)

and 3.5 (PMe3) kcal/mol less favorable than attack at S2, while attack at S7 is 20.1

kcal/mol less favorable for cyanide but only 13.6 kcal/ mol less favorable for PMe3.

Attack at S8 corresponds to the Schmidt hypothesis for the generation of thiocyanate

or trimethylphopsine sulfide, and as such has the same exergonicity as attack at

S2. Although this pathway represents a nucleophilic attack on a formally anionic
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sulfur atom, the barriers of activation are surmountable, 29.4 (−CN) and 23.4 (PMe3)

kcal/mol. Nonetheless, these barriers are 16.0 (−CN) and 10.4 (PMe3) kcal/mol higher

than those for the Foss-Bartlett mechanism. Therefore, there is a strong preference

in these systems for the formation of the monosulfide as a leaving group instead of

through the abstraction of one sulfur atom by the nucleophile. As such, the Schmidt

mechanism is unlikely to be relevant in these transformations.

Figure 3.4 Possible pathways for attack of A) cyanide on cyanopolysulfide 1-CN or
B) PMe3 on phosphoniumpolysulfide 1-PMe3 to form monosubstituted polysulfides.
Free energies of activation (free energies of reaction in parenthesis) are in kcal/mol
and are relative to polysulfide 1 + Nu. See Supporting Information for visualizations
of all transition structures and minima (Figures S1–S6).

Nucleophilic attacks that result in disubstituted polysulfides are kinetically and

thermodynamically unfavorable compared to the monosubstituted pathways (Figure

3.5). Indeed, all such attacks are endergonic and thus reversible, except PMe3 attack
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on S1 of 1-PMe3 that has a 2.6 kcal/mol reaction free energy. The lowest activation

barriers for these pathways are found for attack on S1 for both nucleophiles, forming

NCSCN or [PMe3SPMe3]
2+ with the heptasulfide dianion (S7

2−). This reaction

requires 15.0 (−CN) and 16.8 (PMe3) kcal/mol of activation free energy. That the

disubstituted cleavage mode is unfavorable can be explained to the formation of

polysulfide dianions as leaving groups, which is increasingly endergonic for shorter

dianionic polysulfides and thus prohibitively difficult as the attack occurs on sulfur

atoms closer to the terminal sulfur. The transition structures for the most favorable

S1 attack, in addition to other representative examples, are shown in Figure 3.4 with

all other structures in the Supporting Information (Figures S7 and S8).

These geometries display a strong influence of thermodynamics as predicted by

the Hammond postulate. As the length of the leaving dianionic polysulfide shortens,

the TSs happen later along the reaction coordinate, with shorter Nu···S forming

bonds and longer S···S breaking bonds. One dianionic polysulfide of particular

interest is the hexasulfur dianion (S6
2−), which is a product of attack on S2 via

the disubstituted pathways. This polysulfide has been proposed as a precursor for

the trisulfur radical anion (S3
−.) that is often observed in reactions of elemental

sulfur.[104] Our calculations predict that the homolytic cleavage of S6
2− has a low

free energy barrier of 15.2 kcal/mol and is exergonic by 5.4 kcal/mol in acetonitrile

(Figure 3.5 C) , in line with previous computational results.

Overall, our results of Figure 3.4 and 3.5 are consistent with the experimental

results, since the formation of thiocyanate or phosphine sulfide (through attack at

S2) is both kinetically and thermodynamically favored. We conclude that attack

at S2 in the monosubstituted cleavage mode is the main nucleophilic decomposition

pathway of octasulfides 1. Our results predict that dianionic polysulfides, which

can be accessed through the disubstituted pathways, should not be formed. This

explains why sulfur radical anions are not observed in the reaction of elemental sulfur
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with cyanide and phosphines. In the case of cyanide, formation of the heptasulfur

dianion (S7
2−) requires a barrier that is only 1.6 kcal/mol higher than thiocyanate

formation, nevertheless it is endergonic by 7.5 kcal/mol thus reversible. For PMe3,

formation of (S7
2−) is slightly exergonic, but it requires a 3.8 kcal/mol larger barrier

than phosphine sulfide formation, ensuring the latter pathway is kinetically preferred.

Figure 3.5 Possible attack pathways of A)cyanide on cyanopolysulfide 1-CN
or B)PMe3 on phosphonium polysulfide 1-PMe3 to form disubstituted polysulfide
products. C)Homolytic cleavage of S6

2− to form trisulfur radical anion. Free energies
of activation (free energies of reaction in parenthesis) are in kcal/mol and are relative
to polysulfide 1 + Nu. n.l.: not located. See Supporting Information for visualizations
of all transition structures and minima (Figures S1–S8).

3.3.2 Intermolecular decomposition

The Subsection 3.3.1 results indicate that the Foss-Bartlett mechanism is the most

likely nucleophilic decomposition pathway of cyano and phosphonium polysulfides.
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In this proposal, the shrinking polysulfide is successively attacked at S2 by the

nucleophile until exclusive formation of the monosulfide is completed. With this in

mind, we then investigated the Foss-Bartlett cleavage on shorter polysulfides expected

from thiocyanate or trimethylphosphine sulfide generation from cyanopolysulfides or

trimethylphosphonium polysulfides (Table 3.1).

Table 3.1 Activation and Reaction Energies (kcal/mol) for Intermolecular
Degradation of Polysulfides with Cyanide or PMe3 as Nucleophile

Polysulfide n ∆G‡ ∆Greaction ∆G‡ ∆Greaction

NC− NC− PMe3 PMe3

Nu+S8
− 6 13.4 -22.3 13.0 -29.9

Nu+S7
− 5 14.1 -21.9 12.3 -29.9

Nu+S6
− 4 15.4 -22.2 13.2 -30.8

Nu+S5
− 3 16.8 -23.4 15.0 -31.1

Nu+S4
− 2 18.9 -21.9 16.0 -30.4

Nu+S3
− 1 22.4 -22.6 18.8 -31.3

Nu+S2
− 0 19.8 -37.6 16.2 -45.4

Our results indicate that as the sulfur chain gets shorter, the activation free

energy for attack at S2 increases, culminating at 22.4 kcal/mol for the generation

of cyanopersulfide NCSS− and 18.8 kcal/mol for trimethylphosphonium persulfide

Me3P
+SS− from Nu+S3

− (n = 1). This increase of the barrier is not related to the

thermodynamics of the reaction, as the free energy of reaction remains somewhat

constant around -22 kcal/mol for cyanide, and -30 kcal/mol for PMe3. Interestingly,

the final cleavage of Nu+SS− occurs with as lightly smaller activation barrier of 19.8
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kcal/mol with −CN and 16.2 kcal/mol with PMe3, despite requiring nucleophilic

attack on a formally anionic sulfur atom (see Figure 3.6). This can be explained

by the highly exergonic nature of these reactions yielding two resonance-stabilized

monosulfides ( 37.6 and 45.4 kcal/mol), lowering the activation barriers through the

Bell-Marcus-Hammond-Evans-PolanyiThornton-Leffler effect. [144]

Figure 3.6 Representative TSs for the bimolecular Foss-Bartlett decomposition of
polysulfides by nucleophiles. NBO charges indicated as purple value.

The increase of activation energy from n = 6 to n = 1 can be explained by the

requirement of the electron-rich nucleophile to approach progressively closer to the

anionic terminal sulfur of the chain for shorter polysulfides. This is supported by two

main observations. First, this effect is less pronounced for the neutral phosphine

nucleophile than for the anionic cyanide. For −CN, the difference between the

activation barriers for attack on Nu+S8
− versus Nu+S3

− is 9.0 kcal/mol, while it

is only 5.8 kcal/mol for PMe3. Second, the NBO charge on S2 (where the nucleophile

attacks) decreases monotonically from +0.026 in [S8CN]
− to 0.091 in [S3CN]

−

(Table S4), consistent with less electrophilic S2 positions for shorter polysulfides.

Representative TSs for intermolecular degradation are shown in Figure 3.6, all others
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can be found in the Supporting Information (Figures S9 and S10). For all TSs, the

length of the bond forming between nucleophile and sulfur is similar to those found

for the initial attack on 1-CN or 1-PMe3 (Figure 3.4), while the breaking S-S bond

length varies from 2.22 to 2.50 Å. As with all previous examples, the nucleophile

approaches the σ∗
S−S orbital with a typical SN2 geometry, closer to 180◦ with longer

polysulfides for which less electronic repulsion between nucleophile and terminal sulfur

are present. NBO analysis of the cyanopolysulfides confirmed that in all cases, the

σ∗ orbital between S1 and S2 is indeed their LUMO, which has larger coefficients

on S2 (Table S3 and Figure S11). This is consistent with the Foss-Bartlett pathway

that expects S2 as the best position for nucleophilic attack. Nu+S3
− has the least

electrophilic S2 position as the terminal anionic charge is delocalized significantly on

S2 (as seen from NBO charges, Figure 3.6 a–c). The electrostatic repulsion between

the terminal anionic sulfur and the nucleophile also distorts the SN2 geometry during

attack, with a lesser effect seen for the neutral phosphine (Nu···S···S angle of 156◦

for CN−, 164◦ for PMe3, Figure 3.4 e). Both effects probably contribute to this

polysulfide showing the largest activation barrier for nucleophilic attack. Other TSs

of particular interest are that of NCSS− with CN− and of Me3P
+SS− with PMe3

(Figure 3.6 c, f). Those structures represent the final decomposition of polysulfides

to form two monosulfide products, or the first step in the putative reversible formation

of S8 from the monosulfides. Our results demonstrate clearly why the reverse reaction

is not possible. From two thiocyanate anions, this TS would require 57.4 kcal/mol,

while for two Me3P=S,the TS would require 61.6 kcal/mol, two prohibitively high

barriers.

Nevertheless, the Foss-Bartlett mechanism, as computed here, has two potential

flaws. First, both for cyanide and PMe3, nucleophilic attack on the trisulfide

(Nu+S3
−) to form a monosulfide and persulfide (Nu+SS−) has a larger barrier than

the initial opening of S8 by the nucleophile (Figure 3.2). Indeed, for cyanide the
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∆∆G‡ is + 0.5 kcal/mol (22.4 vs. 21.9), while for PMe3 it is + 1.5 kcal/mol (18.8

vs. 17.3). This would suggest that the rate-determining step is not the opening of

S8 and that the reaction should not be first-order in nucleophile. In addition, 1-CN

lies 11.9 kcal/mol higher in free energy than S8 and the Foss-Bartlett attack on this

species requires an additional 13.4 kcal/mol. As such, relative to S8, this second TS

is higher in free energy than the initial S8 opening TS (25.3 vs. 21.9 kcal/mol) and

would be rate-determining, once again contradicting experimental evidence. Based on

these discrepancies, we searched for other pathways that could explain the formation

of the products.

3.3.3 Unimolecular decomposition of polysulfides

We hypothesized that polysulfides could decompose without the action of an external

nucleophile, using their terminal sulfide anion as nucleophile and S2 as the most

electrophilic site in a Foss-Bartlett-like reaction. Such unimolecular decomposition

would generate thiocyanate (−SCN) or trimethylphosphine sulfide (Me3P=S), in

addition to a smaller sulfur allotrope that could be attacked by the nucleophile

or other polysulfides (see below). Indeed, we located these cyclization TSs and

found that for long polysulfides they are exergonic and almost barrierless (Table

3.2). Nevertheless, cyclization of Nu+S5
− to S4 becomes endergonic and displays

large barriers for both systems (17.5 kcal/mol for −CN, 19.8 kcal/mol for PMe3),

larger than their Foss-Bartlett nucleophilic decompositions. Cyclization of Nu+S4
−

to S3, surprisingly, is not as endergonic and displays activation barriers that are lower

than nucleophilic decomposition. Some representative TS geometries are displayed in

Figure 3.7.
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Table 3.2 Activation and Reaction Free Energies (kcal/mol) for Unimolecular
Decomposition of Polysulfides

Polysulfide n ∆G‡ (−CN) ∆Greaction (−CN) ∆G‡ (PMe3) ∆Greaction (PMe3)

Nu+S8
− 6 0.4 -25.7 3.7 -24.7

Nu+S7
− 5 1.9 -25.5 4.2 -24.8

Nu+S6
− 4 5.2 -15.1 6.5 -13.5

Nu+S5
− 3 17.5 8.2 19.8 8.9

10.6[a] -0.2[a] 16.0[a] 0.5[a]

Nu+S4
− 2 11.7 -0.1 12.8 0.0

4.3[b] -2.3[b] n.l.[b] -2.3[b]

Nu+S3
− 1 n.l. 14.5 n.l. 14.7

(a) Decomposition to the open (C2v) form of S4.

(b) Decomposition to the bent form of S3. n.l. : not located.

Structures show a clear influence of the Hammond postulate, changing from

early TSs for the exergonic cyclization of Nu+S8
− (long forming S-S bond, short

leaving S-SNu bond), to late TSs for the more endergonic cyclizations of Nu+S5
−

and Nu+S4
−. The putative cyclization of Nu+S9

− to S8 is highly exergonic ( -33.8

and -33.0) and we were unable to locate its presumably early TS. We thus anticipate

an essentially barrierless process, meaning polysulfides with 6 or more sulfur atoms

and bearing excellent leaving groups are expected to decompose spontaneously and

without significant barriers.
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Figure 3.7 Representative TS structures for unimolecular decomposition. All
reactions liberate a monosulfide product (not shown). Other structures can be found
in Figures S13 and S15.

Unimolecular decompositions of Nu+S5
− and Nu+S4

− are also possible without

cyclization. Previous computations showed that the cyclic forms of S4 and S3

are not the most stable, as the C2v (S4) and bent (S3) geometries are the lowest

in energy.[145–147] We thus searched for TSs that would lead from Nu+S5
− and

Nu+S4
− directly to these sulfur allotropes. For the cyanide system, such TSs were

located although they displayed some diradical character (see Figure S12 and related

discussion). A similar cleavage was located for PMe3
+S5

−, but not for PMe3
+S4

−. In

all cases, the direct formation of the open forms of S4 or S3 makes the reactions more

exergonic than cyclization to the cyclic forms, especially for S4, which also lowers the

activation barriers. Non-cyclizative pathways could not be located for any polysulfide

longer than Nu+S5
−. For the decomposition of Nu+S3

− to S2 that is inherently not a

cyclization, we could not locate TSs, and our calculations indicate that this reaction is

endergonic by 14.5 (−CN) and 14.7 (PMe3) kcal/mol. Even though unstable allotropes

of sulfur are generated in the cyclization of short polysulfides, the excellent leaving
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group ability of thiocyanate or phosphine sulfide ensures that the barriers are in

the range of the Foss-Bartlett decompositions. Non-cyclizative pathways display

lower activation barriers when located, but they are not necessary for unimolecular

decompositions to compete favorably with Foss-Bartlett pathways up until Nu+S3
−.

Sulfur allotropes from S7 to S3 react with the nucleophiles −CN and PMe3 with lower

activation barriers than S8, confirming that such intermediates would be trapped

quickly under the reaction conditions, forming new polysulfides (Tables S5 and S6).

Overall, these results for unimolecular decompositions indicate that long polysulfides

with excellent leaving groups are expected to cyclize rapidly to form monosulfide

products without the involvement of external nucleophiles. Nevertheless, for shorter

polysulfides the picture is muddier, since the formation of cyclic allotropes have larger

activation free energies while decomposition to open forms cannot always be located or

display radical character that might not be properly modeled with our computational

methods. Unimolecular decomposition also does not provide a clear viable pathway

for the decomposition of trisulfides, for which nucleophilic decomposition has the

highest activation barrier.

3.3.4 Scrambling of polysulfides

We then wondered if short polysulfides could themselves act as nucleophiles (Figure

3.8), using other polysulfides (type I) or sulfur allotropes (type II) as electrophiles in

bimolecular reactions. We term these pathways “scrambling”, since polysulfides are

both the reactants and products of such reactions. Similar reactions of polysulfides

have been invoked for the generation of long chain polysulfides from S8.[148–150] Due

to the predicted rapid decomposition of octa, hepta, and hexasulfides through the

unimolecular pathway (see above), we only considered polysulfides from Nu+S5
− to

Nu+S2
− for scrambling pathways. We first computed the activation and reaction free
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energies for the bimolecular decomposition of each species by another polysulfide of

any length, using the Foss-Bartlett attack (type I).

Figure 3.8 Key transition structures of A)type I and B)type II scrambling
pathways. Activation free energies and enthalpies (in brackets), as well as reaction
free energies (in parenthesis) are shown in kcal/mol. All other computed structures
can be found in Figures S16–S19.

All values have been reported in the Supporting Information (Tables S7 and

S8). For both nucleophiles, the lowest activation barrier corresponds to the attack

of Nu+S2
− on Nu+S5

− (14.6 (∆H‡ = 2.4 kcal/mol) for −CN and 16.4 (∆H‡ = 1.6

kcal/mol) for PMe3), while the largest activation barrier corresponds to the attack

of Nu+S5
− on Nu+S2

− (22.2 (∆H‡ = 8.8 kcal/mol ) for −CN and 22.3 (∆H‡ = 9.3

kcal/mol) for PMe3). Representative TS structures are shown in Figure 3.8, all others

can be found in Figures S16 and S17. As was seen for nucleophilic decomposition
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(Table 3.1), shorter polysulfides are weaker electrophiles due to the enhancement of

the repulsive force between the terminal sulfide anion and the nucleophile. In contrast,

the identity of the nucleophilic polysulfide has only a small effect on the barriers, with

shorter polysulfides being marginally better nucleophiles. For instance, the barriers

for attack of Nu+S2
− on Nu+S2

− are slightly lower (21.1 (∆H‡ = 9.7 kcal/mol) for

−CN and 21.5 (∆H‡ = 8.8 kcal/mol) for PMe3) than for Nu+S5
− on Nu+S2

−. TS

geometries and reaction free energies do not depend upon the chain length of the

polysulfide and are similar for all the possible type I scramblings, with reaction free

energies between 14 to 18 kcal/mol in all cases. This confirms that scrambling on

shorter polysulfides might be kinetically difficult but would be thermodynamically

favorable. Two polysulfides for which type I scrambling pathways could compete

with other decomposition routes are Nu+S5
− and Nu+S3

−. For NCS5
−, scrambling

using two identical molecules has an activation free energy of 17.3 kcal/mol,

similar to unimolecular cyclization (17.5 kcal/mol) and nucleophilic decomposition

by cyanide (16.8 kcal/mol), but higher than non-cyclizative decomposition (9.6

kcal/mol). For Me3P
+S5

−, bimolecular scrambling requires 16.2 kcal/mol, lower than

unimolecular cyclization (19.8 kcal/mol) but similar to non-cyclizative decomposition

(15.7 kcal/mol) and nucleophilic decomposition by PMe3 (15.0 kcal/mol). Similarly,

for NCS3
− the bimolecular scrambling has a barrier of 19.6 kcal/mol, smaller than

nucleophilic decomposition by cyanide (22.4 kcal/mol) which is the only other

pathway for which we could locate a TS. For Me3P
+S3

−, bimolecular scrambling has

a barrier of 16.1 kcal/mol, smaller than nucleophilic decomposition by PMe3 (18.8

kcal/mol). Considering the low-energy pathways for unimolecular decomposition

outlined above, which generate shorter sulfur allotropes, another possibility is that

short polysulfides could act as nucleophiles in the opening of such allotropes (type II

scrambling, see Figure 3.8 B for example structures). Our results (Tables S9 and S10)

show that as the size of the sulfur allotropes decreases, the activation free energies
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and enthalpies for their opening decrease for any given polysulfide nucleophile. For

example, Me3P
+S5

− attack on S8 requires 22.1 kcal/mol (∆H‡ = 8.0 kcal/mol) but

only 11.8 kcal/mol (∆H‡ = 0.9 kcal/mol) for attack on S5. As such, for short

sulfur allotropes the activation barrier is almost entirely due to the entropic cost

for bimolecular reactions. We could not locate any TS for attack on S4 or shorter

allotropes but based on the above trend it is likely that, if they could be located, they

would be enthalpically barrierless with 12–14 kcal/mol entropic barriers, similar to the

S5 openings shown in Figure 3.8B. Our results also indicate that type II scrambling

pathways do not depend on the nature of the nucleophilic polysulfide, as the activation

barriers are barely impacted by changing its length or swapping the cyanide terminus

for a trimethylphosphonium. From the point of view of the sulfur allotropes, type

II scrambling pathways have larger activation barriers than opening by PMe3 (Table

S10), meaning they are unlikely to compete in any situation for S8 decomposition

by phosphines. Sulfur allotrope openings by cyanopolysulfides (type II scrambling),

on the other hand, have lower activation barriers than opening by −CN (Table S9),

meaning they could compete if nucleophile concentration is low. Globally, scrambling

reactions are less likely to occur with long polysulfides (more than 5 sulfur atoms)

than with short polysulfides. While scrambling reactions that use long polysulfides

as electrophiles have negligible enthalpy barriers, their bimolecular nature incurs an

entropic cost that raises the free energy barrier by 10–14 kcal/mol. Considering it is

also unlikely to find a significant concentration of such long polysulfides in solution

since they decompose unimolecularly with negligible barriers, the rates of polysulfide

scrambling reactions are expected to be low, so they are unlikely to play a significant

role in the decomposition of long polysulfides. For short polysulfides, nevertheless,

intramolecular decomposition and Foss-Bartlett attack by nucleophiles display larger

activation barriers, meaning short polysulfides could accumulate in solution. In that

case, both their type I and type II scramblings would become competitive with other
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possible pathways, especially if nucleophile concentration is low. This is only true if

a significant concentration of polysulfides can be found in solution which, considering

their other means of decomposition, might not be realistic.

3.3.5 Sulfane sulfur thiosulfoxides

Another potential pathway involved sulfane sulfur thiosulfoxides, compounds with

the general structure R2S=S that have been proposed for decades as interme-

diates in nucleophilic reactions of polysulfide reagents, sometimes with contested

evidence.[151–153] Both FSSF and its thiosulfoxide isomer F2SS have been isolated,[154]

and seem to have a similar energy. Nevertheless, for other systems, there is limited

evidence that branched sulfur chains are stable. In fact, Foss convincingly argued in

1950 that thiosulfoxides are high-energy structures that are unlikely to be relevant in

reactions of polysulfides,[111] and various computational investigations of such species

are in line with this hypothesis.[155–160] Our calculations also agree with this view,

and we find that thiosulfoxide pathways are not competitive with simple attack of the

nucleophiles on the unbranched chain of sulfur atoms (Figure 3.9). The first mystery

with thiosulfoxides is the mechanism of their formation. Unimolecular TSs between

alkyl disulfides (RSSR, where R=H,Me, allyl) and the corresponding thiosulfoxides

(R2S=S) have been located in previous studies but are not energetically accessible

(between 50 - 80 kcal/mol).[155, 161] For the polysulfides considered in this study,

we could not locate similar 1,2-rearrangement transition structures. For S8, the only

structure we could locate for its transformation to the thiosulfoxide isomer 2 required

68.5 kcal/mol. For the cyanooctasulfide 1-CN, the only intramolecular TS we could

locate uses an unusual [2,2]-shift to form the S5-thiosulfoxide, with a reasonable 19.7

kcal/mol barrier (Figure S21). No similar TSs could be found that lead to other

possible thiosulfoxide intermediates from 1-CN or from other thiosulfoxides. We
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also found intermolecular transition structures involving two polysulfides, which had

activation barriers of 18.8–23.9 kcal/mol (Figure S21).

Figure 3.9 Lowest-energy thiosulfoxide pathways from a) S8 and b) 1-CN. Free
energies in kcal/mol.

Critically, the thiosulfoxide pathways we studied here are much higher in energy

than those described in the literature. Thiosulfoxide 2, displaying the most stable

chair conformation of cycloheptasulfur,[100, 162, 163] is 29.7 kcal/mol higher in free

energy than the crown conformer of S8 and is likely inaccessible at the temperatures

where the reaction of sulfur with cyanide occurs. Cyanide attack on the pendant sulfur

atom of 2 has a similar barrier (16.0 kcal/mol) to intermolecular decompositions of

regular polysulfides. Assuming that there is an easier, yet unknown pathway for the

formation of 2 that does not require the TS we located, the formation of thiocyanate

from S8 via the thiosulfoxide pathway would still require at least 45.7 kcal/mol. For

the linear octasulfide 1-CN, we computed all possible thiosulfoxide isomers (Figure
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3.9, see Figures S21 and S25 for all structures) and obtained a similar conclusion.

The lowest energy thiosulfoxide is at the penultimate sulfur atom S6 (3-CN, + 8.5

kcal/mol), while the highest-energy isomer is on S1 (+ 29.3 kcal/mol). Nevertheless,

attack of cyanide on any thiosulfoxide’s pendant sulfur atom requires between 13.7

(S1) to 24.8 (S6) kcal/mol, so the total free energy required from 1-CN is at least

33.3 kcal/mol through 3-CN. Overall, this lowest-energy thiosulfoxide pathway to

generate thiocyanate still requires 19.9 kcal/mol more than the Foss-Bartlett attack

at S2 of 1-CN, which only requires 13.4 kcal/mol. Similar results were obtained

for thiosulfoxides on phosphonium polysulfides (Figure S25). We also confirmed that

longer branching (i.e., a pendant disulfide) is higher in energy, and that thiosulfoxides

on shorter or longer cyanopolysulfides are similarly disfavored (Figures S21–S22). In

addition, attacks on internal sulfur atoms connected to the polysulfide’s trivalent

sulfur are as favorable as attack on the pendant sulfur atom (Figure S23), and as

such the intermediacy of thiosulfoxides in the reaction would yield products which

have not been observed experimentally.

Overall, sulfane sulfur thiosulfoxides are high-energy structures that are in

equilibrium with their corresponding unbranched polysulfides or S8. Cyanide attack

on those structures is less favorable than on the unbranched polysulfides, as it does not

benefit from the highly stable thiocyanate or phosphine sulfide as leaving groups. For

the polysulfides we considered, thiosulfoxide isomers can be as close as 8.2 kcal/mol

higher in energy than the unbranched structure, which is not as unstable as those

reported for disulfides RSSR (13–34 kcal/mol for R=H, Me, Et, Pr, allyl, Cl, Br),[155,

160] nevertheless the mechanism by which they could be formed is still unclear. As

Foss and others have suggested, it seems unlikely that such species are relevant in the

decomposition of elemental sulfur and polysulfides.
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3.3.6 Monosulfide exchange pathways

As a final task, we evaluated the sulfur exchange pathways of polysulfides and

monosulfides. It is known that no sulfur exchanges occur between thiocyanate

and cyanide or phosphines, nor between phosphine sulfides and thiocyanate.[51]

Our computations reproduce this behavior (Figure 3.10). Sulfur exchange from

thiocyanate with cyanide (A) requires 48.0 kcal/mol, while between phosphine sulfide

and phosphine (B) requires 41.5 kcal/mol. The cross-reaction of phosphine sulfide

with cyanide (C) has a 47.3 kcal/mol barrier and is endergonic by 8.3 kcal/mol.

Although this transformation cannot occur due to its prohibitively high barrier,

its endergonic nature confirms the better thiophilic character of phosphines versus

cyanide.[164] Conversely, the leaving group ability of thiocyanate or phosphine sulfide

is such that we predict that their exchange from attack at S2 on octasulfides is

accessible despite the low nucleophilicity of the monosulfides.

Figure 3.10 Monosulfide exchange pathways from monosulfides and octasulfides.
Free energies in kcal/mol.

From 1-CN, SCN exchange (D) has a 16.9 kcal/mol barrier, while S+PMe3

exchange from 1-PMe3 (E) has a 23.1 kcal/mol barrier. Although these barriers are

higher than other decomposition pathways described above, it hints at the potential
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scrambling between polysulfides that would be generated in the presence of more than

one nucleophile.

3.4 Full Reaction Pathways

Shown below in Figure 3.11 and 3.12 are the overall pathways for the decomposition of

elemental sulfur by cyanide and phosphines. For both systems, the initial opening of

sulfur is followed by three almost barrierless unimolecular cyclizations and re-opening

of the sulfur allotropes by the nucleophile. For cyanide (Figure 3.11), S5 could also

enter in type II scrambling pathways (orange pathways) with polysulfides in solution.

Nevertheless, the concentration of such polysulfides is likely small and thus opening

by cyanide to form [S5CN]
− should prevail. From there, unimolecular decomposition

(green pathway) is still faster than nucleophilic decomposition (blue pathway) until

[S3CN]
−. At this stage, it is unclear if unimolecular decomposition is still possible,

as it is highly endergonic and no TS could be located for its transformation to S2.

Bimolecular decomposition has a 22.4 kcal/mol barrier, larger than the initial opening

of S8 by cyanide. Despite the type I scrambling pathway of [S3CN]
− having a lower

19.6 kcal/mol barrier, the rate of that reaction is expected to be small unless the

concentration of [S3CN]
− increases sufficiently to compare with that of the cyanide

nucleophile. If [S3CN]
− does accumulate, then type II scrambling pathways of S5,

S4 and S3 might become competitive as well. In conditions where the nucleophile

is in large excess, which represents most conditions in which this reaction is used,

nucleophilic decomposition of [S3CN]
− to [S2CN]

− and then to −SCN should display

significantly larger rates than any scrambling reactions. As such, the reaction of

elemental sulfur with cyanide most likely employs unimolecular decomposition for

long polysulfides, and nucleophilic decomposition for tri- and persulfides.
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Figure 3.11 Plausible reaction pathway for thiocyanate formation from the reaction
of elemental sulfur with cyanide. Green pathways: unimolecular decomposition; blue
pathways: nucleophilic decomposition; orange pathways: scrambling reactions; black
pathways: sulfur allotrope attack by cyanide. All pathways except sulfur allotrope
attack by cyanide or polysulfides (type II scrambling) generate a thiocyanate (−SCN)
product (not shown). Activation and reaction free energies (in kcal/mol) are relative
to the preceding intermediate.

For phosphine (Figure 3.12), after the first three unimolecular cyclizations, S5

has a lower barrier for its opening by PMe3 versus the type II scrambling pathways

with polysulfides present in the solution. As such, the rate of the former would

dominate over the latter, also due to the small expected concentration of polysulfides.

From this point on, S5PMe3 has three potential pathways with almost identical

barriers: type I scrambling with another (16.2 kcal/mol), unimolecular decomposition

to S4(C2V )(16.0 kcal/mol), or nucleophilic decomposition by PMe3 (15.0 kcal/mol),
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with the last two options being the most likely considering the small concentration

of polysulfides.

Figure 3.12 Plausible reaction pathway for phosphine sulfide formation from the
reaction of elemental sulfur with PMe3.Green pathways: unimolecular decomposition;
blue pathways: nucleophilic decomposition; orange pathways: scrambling reactions;
black pathways: sulfur allotrope attack by PMe3. All pathways except sulfur allotrope
attack by PMe3 or polysulfides (type II scrambling) generate a phosphine sulfide
(S=PMe3) product (not shown). Activation and reaction free energies (in kcal/mol)
are relative to the preceding intermediate.

S4PMe3 can then form S3 with a maximum barrier of 12.8 kcal/mol, then form

S3PMe3 upon nuclephilic attack, after which many possibilities arise. The formation

of S2 is strongly endergonic and reversible, and nucleophilic decomposition with PMe3

has a larger barrier (18.8 kcal/mo) than the initial opening of S8. Considering

this pathway has a lower barrier than type I scrambling of S3PMe3, it is likely to
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be kinetically favored, leading to the phosphonium persulfide S2PMe3, which can

then complete the formation of S=PMe3. As such, the decomposition of elemental

sulfur by phosphines is expected to use unimolecular cyclizations until S5PMe3, then

transition to a mixture of unimolecular and nucleophilic decompositions for shorter

intermediates. Scrambling pathways are unlikely in that context.

3.5 Conclusions

We have performed a comprehensive DFT study of the reaction pathways of elemental

sulfur and polysulfide decomposition by cyanide and PMe3 nucleophiles, which

revealed a large number of unexpected conclusions. Our initial investigations

into the bimolecular nucleophilic decomposition of polysulfides highlighted that the

Foss-Bartlett mechanism is more likely than the Schmidt mechanism, as the S2

sulfur is the most electrophilic position on any cyano or phosphonium polysulfide.

Nevertheless, the nucleophilic pathways hinted at reactions that would not be first

order in nucleophile, so we located other plausible pathways. We showed that

intramolecular cyclization is essentially barrierless for polysulfides with more than

5 sulfur atoms with excellent leaving groups, while for shorter polysulfides a mixture

of unimolecular decomposition and nucleophilic decompositions can be expected.

Multiple scrambling reactions between polysulfides and sulfur allotropes are also

possible based on low activation barriers, nevertheless, the rates of these reactions

would be negatively impacted by the small concentration of such intermediates

in solution, given their other fast reactions. If scrambling reactions do occur,

long polysulfides would be formed that can then decompose through unimolecular

cyclization. The mechanisms of polysulfide decomposition are expected to depend

heavily on the nature of the polysulfide substituent, and the pathways located here

might not be operative without the good leaving group ability of thiocyanate or

phosphine sulfide. In addition, we have shown that even in an arguably simple system,
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the mechanisms of polysulfide decomposition are complex and vary depending on the

length of the polysulfide. These findings can be used as a starting point to study

polysulfide involvement in the mechanisms of organic reactions using elemental sulfur,

or in biochemical pathways, both of which will be reported in due course.
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CHAPTER 4

COMPUTATIONAL INVESTIGATIONS ON THE MECHANISM OF
THE GEWALD REACTION

4.1 Introduction

Elemental sulfur is a highly favored source of sulfur atoms in organic synthesis

owing to its abundant availability and cost-effectiveness. It has found extensive

usage in the creation of sulfur-based heterocyclic compounds.[32] Out of all known

heterocyclic compounds, 2-aminothiophene has shown interesting uses in the areas of

medicinal,[165, 166] pharmaceutical,[167, 168] and dyes.[169, 170] Their are various

method for synthesis of 2-aminothiophenes such as Curtius rearrangement,[171]

Schmidt reaction,[172] Hoffman reaction,[173] Beckmann rearrangement,[174] cyc-

lization of thioamides, and S-alkyl derivative[175–177]. Nevertheless, the Gewald

reaction is the most efficient procedure for synthesizing a variety of substituted

2-aminothiophenes. The Gewald reaction was first introduced by Gewald et al in

1965, this reaction has proved to be highly productive.[178]

The Gewald reaction has undergone four distinct iterations in the past, each

offering unique advantages (Figure 4.1).[48, 114, 172, 179, 180] These iterations

include: (i) the condensation of α-mercaptoketones or aldehydes with α-activated

acetonitrile, in presence of basic catalyst like triethylamine or piperidine with solvent

such as ethanol, dimethylformamide, dioxane or water at 50 ◦C (ii) a one-pot multi-

component reaction of α-activated carbonyl compounds with α-activated acetonitrile

and elemental sulfur in presence of amine such as diethylamine, morpholine, and

tertiary amine. Some of the key nitrile components include malonodinitrile,

cyanoacetic ester, cyanoacetamide, and ω-cyanoacetophenone.[181]
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The preferred solvents are ethanol, dimethylformamide, dioxane, excess ketone

such as methyl ethyl ketone or cyclohexanone (iii) Two-pot reaction that involve
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reaction of α,β-unsaturated nitrile (Knoevenagel-Cope condensation product) with

elemental sulfur and (iv) an improved version of (i) involving the cyclization of α-

activated nitriles with dimer α-mercaptoketones or aldehydes. Secondary amine is a

requisite base for this reaction, which is carried out at ambient temperature. The

reaction can be performed using solvents such as cyclohexanone, methyl ethyl ketone,

ethanol, and dimethylformamide.

The second version of the Gewald reaction, which is a one-pot multi-

component procedure, stands out as the simplest and most efficient iteration.

Nevertheless, its reaction mechanism remains a mystery. In the past, three pathways

have been postulated for the reaction mechanism, as illustrated in Figure 4.1.

According to Gewald, the enolate derived from the activated carbonyl compound

initiates the opening of elemental sulfur, resulting in an enolate polysulfide prior to

condensation (Figure 4.1 - product [A]).[178] Other scholars have suggested that the

α, β unsaturated nitrile that is formed after the Knoevenagel-Cope condensation can

be deprotonated by an amine base, leading to the opening of the sulfur ring.[114,

182–184] (Figure 4.1 - product [B]). In contrast, a contrasting hypothesis posits that

the amine base initiates the opening of the sulfur ring, and the resulting ammonium

polysulfide (Figure 4.1 - product [C]) is subsequently attacked by the carbanions of

the α,β unsaturated nitrile.[185] As part of our group’s ongoing investigation into

the mechanisms of elemental sulfur and polysulfides,[142, 186] we have undertaken a

study of the Gewald reaction using DFT calculations. We now report a comprehensive

study of the mechanisms, which finds that which pathway is responsible for initiating

the opening of the elemental sulfur ring. Additionally, we elucidate the various

mechanisms that account for the formation of 2-aminothiophene from the organic

polysulfide that is initially generated.
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4.2 Computational Detail

All of our Density Functional Theory (DFT) calculations were conducted using

Gaussian 16, and we used the ωB97X-D/aug-cc-pVDZ [98, 187] level of theory

to fully optimize the geometries of all reactants, transition states, intermediates, and

products. We selected the ωB97X-D functional due to its proven effectiveness in

our previous investigations into the reaction of polysulfides with nucleophiles.[142]

Throughout the calculations, we accounted for solvation effects using the SMD

solvation model,[143] which is appropriate for polar solvents such as ethanol, a

representative solvent commonly used in such transformations. To minimize the

computational cost of our calculations, we selected simpler reactants, we used

butanone and malononitrile as a source of α-methylene carbonyl and activated

nitrile compounds, respectively,[181] while N,N-diethylamine (DEA) was used

as the amine base source. The results reported in the main text are derived from

calculations conducted at the ωB97X-D/aug-cc-pVDZ/SMD(EtOH) level of

theory.

4.3 Results and Discussion

4.3.1 Role of amine base

To investigate which path is more energetically favored in Figure 4.1, it is important

to determine which intermediate formation is more energetically favorable and can

subsequently participate in the next step. To obtain answers to these questions,

we must first examine the role of the base in the one-pot system. To investigate

the potential role of the amine base (DEA), we devised three distinct pathways (as

illustrated in Figure 4.2). For intermediate A, A’, and B, the amine act as a base and

removes the acidic hydrogen from activated carbonyl compound and activated nitrile,

respectively, generating possible intermediates for enolate polysulfide (A and A’)

and Knoevenagel-Cope condensation (B) (Figure 4.1). For intermediate C, amine
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functions as a nucleophile, opening the octa sulfur ring and yielding ammonium-

polysulfide (intermediate for path C - Figure 4.1). Our computational results

for the selected molecules, demonstrate that intermediate B, which produces the

malononitrile anion (the first intermediate of the Knoevenagel-Cope condensation),

is the most favorable route, with a reaction energy of only 1.6 kcal/mol, while the

other two pathways exhibited high reaction energies of 25.9 [A], 23.7[A’], and 32.0 [C]

kcal/mol, as shown in Figure 4.2. Nevertheless, the ammonium polysulfide (C) can

stabilize itself by transferring its proton to a sulfide ion (i), releasing 10.1 kcal/mol of

energy, or by donating it to the DEA base present in the solution (ii), which release

17.0 kcal/mol of energy (Figure 4.2).
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Figure 4.2 Reaction energy (kcal/mol) for deprotonation of reactants and sulfur
opening by DEA (No transition structures could be located).

DFT calculations were also conducted with other amine bases, such as

morpholine and triethylamine, in addition to DEA, for elemental sulfur openings.

Nevertheless, in all cases, we observed high reaction energies (Figure 4.3), indicating

that ammonium polysulfide won’t be able to compete with malononitrile anion

(B) formation. Furthermore, our calculations clarify that enolate polysulfide

(intermediate A - Figure 4.1) and DEA-polysulfide (intermediate C - Figure

4.1) are not involved in the generation of 2-aminothiophene at room temperature.
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4.3.2 Sulphuration or Knoevenagel-Cope condensation

The DFT calculations clearly indicate that the initial formation of the malononitrile

anion ( Figure 4.2 - [B]) represents the first step in the one-pot Gewald reaction.

O

NC CN

O

NC CN

OH

H
NC CN

0.0

NC CN

∆G‡ = 22.8

[B]
1a 2a 3a

∆G = 4.7

DEA

DEA-H

∆G = - 4.2
∆G = 19.7

Figure 4.4 Formation of 3a via Knoevenagel-cope condensation from malononitrile
anion (B) and butanone.

Once formed, this intermediate enters into second step of the Knoevenagel-Cope

condensation followed by the sulphuration step (i.e., opening of the octa sulfur ring).

The calculation results for the second step of the Knoevenagel-Cope condensation
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are presented in Figure 4.4. Our calculations demonstrate that the condensation

pathways require an activation energy of 22.8 kcal/mol. Furthermore, the reaction

is endothermic, necessitating 19.7 kcal/mol of reaction energy for the generation

of 1a, which can quickly form 2a by proton transfer, releasing 15.0 kcal/mol of

energy. Moreover, 2a further stabilizes itself by undergoing dehydration, releasing

an additional 8.9 kcal/mol of energy, ultimately yielding the final product of

Knoevenagel-Cope condensation, namely, 3a. This compound can then participate

in the Gewald reaction.

4.3.3 Sulphuration

This step represents a key step in the overall process, as it entails the opening

of the cyclooctasulfur ring (S8) by a nucleophilic agent. The initial stage of the

sulfuration pathway involves the deprotonation of the α,β-unsaturated malononitrile

(3a) by DEA. As a result, an anionic species is generated, serving as a nucleophile

capable of opening S8 ultimately giving rise to the formation of the α,β-unsaturated

malononitrile-polysulfide compound. DFT calculations were conducted for both

potential malononitrile anions, namely 4a and 5a (Figure 4.5). The results of the

calculations indicated (Figure 4.5) that the reaction energy for the formation of both

anions is approximately equal (4a - 7.6 kcal/mol, 5a - 6.9 kcal/mol from 3a). This

finding led the question of which anion would be responsible for opening the S8 in

SN2 fashion. To address this query, further calculations were performed to explore the

ring opening by both anions, resulting in the formation of 4b and 5b, respectively.

The DFT calculation outcomes revealed that the opening of elemental sulfur from 4a

and 5a requires 21.5 and 22.4 kcal/mol of activation energy, respectively. Due to a

lower barrier and reaction energy of 0.9 kcal/mol and 4.5 kcal/mol (in parenthesis)

associated with 4a, the formation of 4b is favorable compared to 5b and remains as

the dominant polysulfide in the solution.
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Figure 4.5 Elemental sulfur opening from respective anions of 3a. Free energy in
kcal/mol.

In this study, various carbon nucleophiles have been studied, along with 3a, for

opening the elemental sulfur that has been discussed in the appendix (Table 1).

4.3.4 α, β-unsaturated malononitrile-polysulfide (4b) to 2-aminothiophene

It is clear from the calculations that 4b is likely the major polysulfide intermediate

after S8 opening. Nevertheless, the final product of the Gewald reaction is

2-aminothiophene, which has only one sulfur atom in its skeleton. To get rid of

the extra seven sulfur atoms, (further involve in product formation) 4b must undergo

some degradation. In previous literature, various mechanisms have been proposed

for the generation of 2-aminothiophene. Vinogradoff (1986) suggested a mechanism
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in which the first step involves the removal of the cycloheptasulfur (S7) molecule,

followed by cyclization and proton transfer leading to the formation of the desired

product.[188] Sabnis et al., in their review article on Gewald reaction, and other

scientists proposed a concerted mechanism where cyclization and S7 removal occur

simultaneously.[172, 189, 190] Nevertheless, in both of these mechanisms, 4a does

not play any further role, indicating that both mechanisms involve unimolecular

intramolecular cyclization. Nevertheless, it is crucial to investigate whether 4a

or another smaller polysulfide will participate in polysulfide degradation via the

bimolecular reaction pathway. Experimental evidence or kinetic studies regarding

the degradation of polysulfides and the formation of mercaptides are still lacking.

To explore potential pathways for the degradation of polysulfides and the

generation of 2-aminothiophene, we have designed several plausible paths, which are

discussed below.

4.3.5 Unimolecular cyclization vrs bimolecular degradation

For the purpose of investigating the shrinkage route for polysulfide 4b, DFT

calculation has been conducted on 4b, using a bimolecular decomposition

(Figure 4.6) with an external nucleophile (4a). The calculated results from the

bimolecular reaction (for monosubstituted polysulfide formation) reveal that

the nucleophile’s attack on the middle sulfur shows the most favorable activation

energy, with a value of ∆G‡ 23.1 (S4) and 24.3 (S5) kcal/mol (Figure 4.6). This

favorable energy barrier can be attributed to its distance from the bulky group at the

S1 position, as well as the lesser repulsive force exerted by the sulfide anion. On the

other hand, the activation energy required for an attack on S2, S6, and S7 exhibits

significantly higher barriers 6.4, 7.7, and 7.8 kcal/mol, respectively, in comparison to

S4 due to the shorter distance from S1 and the sulfide anion, which causes more steric

hindrance and repulsion. The NBO analysis of NuS8
− provides additional evidence,

72



confirming that the σ∗ orbital between S3 and S4 is indeed their LUMO, with larger

coefficients on S4 (see appendix Table 4). From the calculation results, it is clear that

trisulfide −[S3Nu] and tetrasulfide −[S4Nu] (Nu = 4a), along with their respective

fragments, are the most favorable options.
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Figure 4.6 Possible pathways for attack of 4a on 4b to form monosubstituted
polysulfides. Free energies of activation (free energies of reaction in parenthesis) are
in kcal /mol. See appendix Information for visualizations of all transition structures
and minima.

Figure 4.7 illustrates the transition structures representing the most favorable

S4 and least favorable S7 attack. Detailed information and additional structures can

be found in the appendix (Figure 6). These geometries represent a thermodynamic

effect. The S...S bond length for the attack on S4 is 2.43 Å, while for S7, it has

increased by 0.17 Å, aligning with the predictions of the Hammond postulate.
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Figure 4.7 Associates TS structures for bimolecular reaction for attack on S4 and
S7.

The complete degradation of polysulfide via bimolecular decomposition at S2

has been calculated due to formation of the monosulfide, which would lead to the

thiophene quickly, is not favorable here compared to our previous study. Detailed

calculation results and associated TS structures, have been shown in the appendix

(Table 5 and Figure 7). For the other considered carbon nucleophile, the first step of

bimolecular decomposition for poly-(octasulfide) has also been calculated and shown

in the appendix (Table 2).

Notably, bimolecular decomposition in another fashion, which leads to the

formation of a disubstituted polysulfide and a dianionic polysulfide, was also

conducted and is shown in Figure 4.8. The transition state for attack on all the

sulfur was successfully located except S1. Based on the activation energy values, it

can be inferred that as the nucleophile approaches the sulfide anion of polysuldide,

both the activation barrier and reaction energy increase due to repulsion between

attacking nucelophile and sulfide anion. A significant increase in reaction energy was

observed between the attack on S4 and S5, resulting in 11.3 kcal/mol more reaction

energy for S5. The calculation results reveal that the formation of S3, S2, and S1

dianions is not energetically favorable. Nevertheless, the negative values of reaction

energy for attack on S1 and S2 show that these two attacks can be competitors for

the poly-(octasulfide) session, leading to the formation of S7 and S6 dianions, along

with their disubstituted partners Nu-S-Nu and Nu-S-S-Nu.
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Figure 4.8 Possible pathway for attack of 4a on 4b to form disubstituted polysulfide
products.

To confirm whether these products can participate in further reactions,

additional calculations were performed, as shown in Table 4.1. The first step of

the reaction is the protonation step by DEA. The calculation results show that

as the chain length of the dianion decreases, the reaction energy for protonation

decreases (step - I), due to an increase in pKa value. In contrast, the value of the

reaction energy increases for step - II as the chain length of the thiol anion decreases.

Nevertheless, in all of these transformations, there is no driving force that favors the
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formation of the final product. Therefore, there is a high chance that all the products

will further change back into reactants and ultimately form poly-(octasulfide), which

takes another path for its decomposition.

Table 4.1 Reaction Free Energies (kcal/mol) for Protonation-induced
Intermolecular Degradation of Dianion

CNNC
S

S
S

S
S

[DEA-H]
S

S
S

S
SH

S
S

S
S

n = 1-3  n = 1-3 n = 1-3

+

CNNC

SH

STEP- I STEP - II

Dianion n ∆Greaction−stepI ∆Greaction−stepII

S7
2− 3 4.1 -3.9

S6
2− 2 2.5 -1.0

S5
2− 1 -0.2 3.8

The further possible route for the decomposition of poly-(octasulfide) is through

unimolecular intramolecular cyclization, as shown in Figure 4.9. This route

involves the ring-closing process, resulting in the generation of sulfides and their

corresponding cyclic sulfur allotropes. The calculation results indicate that the most

favorable transformation occurs through shrinking at S3, with an activation energy

of ∆G‡ = 11.9 kcal/mol. This leads to the formation of cyclic hexa sulfur (S6),

accompanied by the generation of disulfide −[S2Nu] . On the other hand, attacks on

S2 (∆G‡ = 16.2 kcal/mol) and S4 (∆G‡ = 17.1 kcal/mol) lead to the formation of

monosulfide −[SNu] and trisulfide −[S3Nu], along with the formation of S7 and S5

rings. This outcome contrasts with the bimolecular path, where the attack on S4

was more favorable. The results suggest that unimolecular cyclization is primarily

governed by the stability of cyclic sulfur allotropes and the interplay of steric and

repulsive effects when 4b shrinks.
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Figure 4.9 Possible attack of sulfide anion via unimolecular cyclization route (top)
with free energy in kcal/mol. Associated TS structures (bottom).

Notably, cyclic S6 exhibits greater stability in comparison to cyclic S5 and cyclic

S7.[72] This observation is further supported by the obtained reaction energies, which

is lesser for attack on S3 (∆G = 0.5 kcal/mol), while becoming more endothermic

for attack on S2 and S4 (∆G = 1.3 and 9.7 kcal/mol), respectively, as smaller

and less stable cyclic sulfur allotropes start to form from 4b. The transition state

(TS) structures demonstrate the influence of the Hammond postulate, with a shorter

leaving S...SNu bond observed in the TS on S4 compared to the TS on S3. Despite the

less favorable nucleophilic attack on S2, we investigated the unimolecular cyclization

on S2 for all successively smaller polysulfides, as shown in Subsection 4.3.6. This is

because the direct formation of monosulfide serves as a precursor for the generation

of 2-aminothiophene. Interestingly, we observe that, when compared to −CN and

PMe3 nucleophiles, the formation of monosulfide (via attacks at S2 through the

bimolecular and unimolecular cyclization routes) from 4b does not exhibit the lowest

activation energy in any of the pathways.[186] This variation arises because the sulfide
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anion of monosulfide from −CN and PMe3 benefits from resonance stabilization,

which enhances its formation in comparison to other larger sulfide fragments. In

contrast, the monosulfide derived from 4b lacks resonance stabilization. Unimolecular

cyclization for other considered carbon nucleophile, at S2 has been shown in appendix

(Table 3).

When examining the calculation results obtained from bimolecular and uni-

molecular path, for the formation of monosubstituted sulfides with 4b shrinkage, it

becomes clear that kinetically, the later path is more favorable. This can be attributed

to the significant difference of 11.2 kcal/mol in activation energy between their

respective lowest values. Nevertheless, in unimolecular reaction pathway, product

and reactants are in equilibrium due to the positive value of the reaction energy.

4.3.6 Unimolecular decomposition of polysulfides on S2 assisted by Ring
Opening

Poly-(octasulfide), through unimolecular cyclization, generate two stable cyclic

allotropes of sulfur, S7 and S6 , through attacks on S2 and S3. Nevertheless, for

polysulfides shorter than [NuS8
−], such as [NuS7

−] and [NuS6
−] the cyclization on S2

is always the most favored compared to S3 due to the formation of a larger sulfur

ring. As a result, the unimolecular cyclization on S2 for all successively smaller

polysulfides was investigated. The calculation result shows that, the cyclization of

shorter polysulfide such as [NuS6
−] and [NuS5

−], which exhibited a 6.3 kcal/mol higher

barrier as indicated in Table 4.2 compare to longer polysulfide (NuS7
− and NuS8

−).

It is important to note that as the chain length of the polysulfide shortens, the

cyclization reaction becomes energetically increased, resulting in a more endothermic

process. Nevertheless, in contrast to unimolecular cyclization, the opening of their

corresponding allotropes by 4a(Nu) showed an opposite trend.
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Table 4.2 Activation and Reaction Free Energy (kcal/mol) for Unimolecular
Decom-position of Polysulfides on S2 and Sulfur Allotrope Opening by 4a

NC

CN

S
S

S
NC

CN

Sn S S n
+

NC

CN

S

4a

S

n

Polysulfide n ∆G‡ ∆Greaction Cyclic sulfur allotrope ∆G‡ ∆Greaction

NuS8
− 5 16.2 1.3 S7 16.8 -3.5

NuS7
− 4 15.2 0.5 S6 19.3 -3.5

NuS6
− 3 21.5 12.2 S5 12.0 -16.3

NuS5
− 2 n.l. 35.1 S4 7.0 -35.4

For example, the cyclization of NuS6
− to S5 and monosulfide exhibited an

activation energy of 21.5 kcal/mol, while the opening of S5 was exothermic (-16.3

kcal/mol reaction energy) with a lower activation barrier of 9.5 kcal/mol. This is due

to the formation of a shorter and unstable strained sulfur ring. The representative

TS structures for both the path has been shown in Figure 4.10. The calculation

results also shows that if smaller allotropes are formed in solution, they will always

be opened faster than initial S8 opening. The TS structures associated with sulfur

allotropes opening by 4a has been shown in appendix (Figure 8).
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Figure 4.10 Representative TS structures for unimolecular decomposition and
sulfur allotrope ring opening.

4.3.7 Scrambling of polysulfides

Subsequently, we considered the probability of short polysulfides acting as nucle-

ophiles in bimolecular reactions, while the same polysulfide or a different chain length

of polysulfide or sulfur allotropes would function as electrophiles. For the scrambling,

in first part of investigation, we focused on S8 as the electrophilic allotrope partner

due to its high concentration in solution. In second part of investigation, various chain

length of polysulfide were scrambled together. Table 4.3 displays the reaction energy

for (S8) opening when considering polysulfides as the nucleophilic source. From the

observed trend, it has been observed that as the chain length of polysulfides decreases,

the reaction energy for (S8) opening decreases as well, shows strong nucleophilic

nature of smaller polysulfides in comparison to larger ones. Nevertheless, the reaction
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energy for all the scrambling remains high when compared to the previous shown

pathway.

Table 4.3 Reaction Free Energy (kcal/mol) Associated with Scrambling of
Considered Polysulfide with S8

Nu
S

Sn

S8

Nu
S

Sn

S
S

S

6

Polysulfide ∆Greaction

NuS5
− 13.2

NuS4
− 11.5

NuS3
− 9.3

NuS2
− 7.0

NuS− 6.0

In the second part, scrambling between polysulfides was explored, where [NuS2]
−

was selected as nucleophile and scrambled on [NuS2]
− to [NuS6]

− at their most

electrophilic sulfur atom (see appendix Table 4). The results showed almost equal

reaction energy for all the polysulfides considered (Table 4.4). Along with this

calculation, scrambling at various sulfur positions of polysulfide was also tested. For

this calculation, [NuS6]
− was scrambled with [NuS6]

− at various positions (Figure

4.11). The calculation results revealed that attacking the sulfide anion or its adjacent

position is the best site.
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Table 4.4 Reaction Free Energy (kcal/mol) Associated with Scrambling of [NuS2]
−

with Considered Polysulfide as Electrophile

Electrophile ∆Greaction

NuS6
− (at S4) -3.6

NuS5
− (at S3) 0.0

NuS4
− (at S2) -2.0

NuS3
− (at S2) - 1.5

NuS2
− (at S2) -1.8

Nu

S

S

S

S

S

S

∆G =

6

5

4

3

2

9.5

6.6

6.1

3.3

1.0

-1.0

1

NC

CN

S
S

S
 n

CNNC

Sx

+

CNNC

Sn-x

[NuS6]

[NuS6]

n = 6

x = 0 - 12

Figure 4.11 Reaction free energy (kcal/mol) associated with scrambling of [NuS6]
−

with [NuS6]
−as electrophile on various position.

Unfortunately, we were unable to identify the transition state associated with

any of the considered scrambling reactions. Therefore, it is difficult to say whether,

despite having negative reaction energy for few scramblings, the reaction would be

favorable. Overall, none of the scramblings show particularly favorable reactions

thermodynamically, further remonstrating that the various polysulfide lengths are

under equilibrium.
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4.3.8 Protonation-induced intermolecular degradation of polysulfides

Along with above possible route, we searched for additional plausible pathways. In

contrast to the reaction of sulfur with cyanide and phosphines, the Gewald reaction

involves an acid-base equilibrium and a protic solvent. Thus we wondered whether

protonation of the polysulfide could provide a favorable pathway to the monosulfide.

We speculated whether 4b undergoes protonation by the [DEA-H]+ in the solution

(step - 1), subsequently triggering the cleavage of the SH bond in 4b’ via bimolecular

degradation (step - II). This process is facilitated by 4a, leading to the formation of

thiol (4b”) along with their corresponding smaller polysulfides.

Table 4.5 Activation and Reaction Free Energies (kcal/mol) for Protonation-
induced Intermolecular Degradation of Polysulfides

NC

CN

S
S

Sn

DEA-H

NC

CN

S
SH

n+1

NC CN

SH

+
NC

CN

S
S

n+1

Step-I

NC CN

Step-II

4b 4b' 4b''

4a

Polysulfide n ∆Greaction−stepI ∆G‡
stepII ∆Greaction−stepII

NuS8
− 6 8.3 16.4 -9.4

NuS7
− 5 7.8 17.1 -9.8

NuS6
− 4 7.0 18.2 -10.0

NuS5
− 3 6.8 19.5 -6.0

NuS4
− 2 6.2 20.0 -5.9

NuS3
− 1 4.4 18.2 -3.8

NuS2
− 0 2.4 21.8 -3.6

This process will continue until the complete degradation of polysulfide, which

will lead to formation of 7 molecules of thiol with one monosulfide. The energy

83



obtained for all this cleavage has been summarized in Table 4.5 with each step

independent calculation. The formation of the initial protonated poly-(octasulfide)

(4b’) from poly-(octasulfide) (4b) required an energy input of 8.3 kcal/mol. The 4b’

then underwent conversion to the respective monosulfide thiol (4b”), releasing 1.1

kcal/mol of energy from 4b. The conversion process involved an activation barrier of

16.4 kcal/mol. As a result of this transformation, 4b” and shorter polysulfides were

obtained. It has been observed from the calculation results that there is a correlation

between the chain length of polysulfide and the reaction energy for sulfide protonation

by DEA. As the polysulfide chain length decreases, the reaction energy decreases as

well. Specifically, the NuS2
− reaction only requires 2.4 kcal/mol of energy, whereas

the NuS8
− reaction necessitates 8.3 kcal/mol for the conversion of their respective

thiol. This result is consistent with the pka value of polysulfide, as cited,[13] where

long polysulfides are more acidic. The positive reaction energy for thiol formation

from all respective sulfide anions shows that the thiolation procedure is always in

thermodynamic equilibrium. Moreover, larger polysulfides exhibit lower pKa values

compared to smaller polysulfides, further supporting these findings.

The investigation of the bimolecular decomposition route (Step - II) reveals

that shorter chain lengths of the thiol show higher activation and reaction energy

compared to longer chains. For example, NuS8H requires 16.4 (-9.4) kcal/mol of

activation and reaction energy for bimolecular degradation, while NuS2H requires an

additional 5.4 (5.8) kcal/mol of activation and reaction energy compared to NuS8H.

Figure 4.12 Representative TS structures for protonation-Induced intermolecular
degradation of Polysulfides.
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The phenomenon can be attributed to the nature of the leaving group that is

linked to the thiol chain. In the case of longer polysulfide thiol, it cleaves to form

longer polysulfides. Due to their weaker basicity, longer polysulfides function as good

leaving groups. Nevertheless, in the case of smaller chain thiols, shorter polysulfides

are generated, which possess a strong basic character and make their formation

challenging. The transition state (TS) structures depicted in Figure 4.12 show

minimal variation in bond breakage (S-SH) and formation (HS-Nu). This consistency

is attributed to the nearly equal total barrier observed for systems of different chain

lengths. For instance, the formation of [NuS7]
− + NuSH (TS) from [NuS8]

− requires

a total energy of 24.7 kcal/mol, while the formation of [NuS]− + NuSH from [NuS2]
−

requires 24.2 kcal/mol. This indicates that both steps are governed by acidity/basicity

principles. Protonation of [NuS2]
− is relatively easier, but subsequent liberation of a

monosulfide during the attack becomes more challenging due to its stronger basicity.

The associated TS structure for all the entry for Table 4.5 has been shown in appendix

(Figure 10).

We then considered the possibility of a different approach by 4a, where instead

of targeting the terminal SH group, an attack could be directed towards an adjacent

sulfur atom using two distinct mechanisms (as depicted in Figure 4.13).

CN

CN

CNNC

S

NC

CN

S
S

S
SH

5
+

[i]

[ii]

S

6

CNNC

S 5
S

+

+ HS

CNNC

S
SH

CN

CN

∆G‡ = 24.6 

∆G = -1.5

∆G‡ = 23.2 

∆G = - 8.2

Figure 4.13 Example products from both possible bond cleavages upon nucleophilic
attack on protonated polysulfide. Free energy in kcal/mol.
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The attack via the first mechanism, denoted as [i], resulted in the generation of

a thiol anion [HS]− along with a disubstituted polysulfide [NuS6Nu], requiring 32.9

(8.3 + 24.6) kcal/mol of activation energy. On the other hand, in the second pathway,

denoted as [ii], the attack occurred at the same sulfur atom, but the cleavage of the S-S

bond took place in the opposite direction compared to [i]. This led to the formation of

a monosubstituted hexasulfide [NuS6]
− and a persulfide [NuSSH], necessitating 31.5

(8.3 + 23.2) kcal/mol of activation energy. For both the path, reaction energy shows

negative value of -1.5 and -8.2 kcal/mol. Notably, both of these pathways exhibited

an activation barrier 8.2 and 6.4 kcal/mol higher than that observed for the 4b in

entry 1 (Table 4.5).

Figure 4.14 Associated TS structures for path (i) and path (ii).

Additional DFT calculations were performed for the second pathway involving

attack on S5 (see appendix Figure 11). Nevertheless, due to the higher barrier, the

possibility was discarded. Associated TS structures for path I and II has been shown

in Figure 4.14.

4.3.9 Cyclization of monosulfide vs. disulfide.

From the above calculation, the initial degradation of poly-(octasulfide) via bi-

molecular, unimolecular cyclization is competitive with protonation-induced inter-

molecular degradation. Due to the positive value of reaction free energy or the
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near-zero value of reaction energy, all these pathways are under thermodynamic

equilibrium. Nevertheless, it is important to know how the formed disulfide and

monosulfide, via unimolecular cyclization or proton-induced pathway, could further

behave in the system. One of the most possible paths is cyclization. We calculated

cyclization for both monosulfide and disulfide, that has been discussed below.

2-Aminothiophene formation from monosulfide The ultimate objective of this

study is to investigate the mechanism through which 2-aminothiophene form via

monosulfide. The reaction pathway has been shown in Figure 4.15.

NC

CN

S [DEA-H] NC

C

S

N
H

H
N

S
NH

CN

N H
DEA

S
NH

CN

S
NH2

CN

 -1.9  11.8 (-9.4)  - 15.9   - 23.9

[NuS] (x) (y) (z) 2-Aminothiophen

0.0

Figure 4.15 2-Aminothiophene formation from monosulfide. Free energy in
kcal/mol.

The sulfide anion of [NuS]− first proceeds to attack the sp carbon of CN,

initiating a cyclization. This step is promoted by the adduct formation between

[DEA-H]+ and the nitrogen attached to the sp carbon, resulting in the formation of

species y. This pathway requires 11.8 kcal/mol of activation energy, while releasing

9.4 kcal/mol of energy during the process. Species y transforms by releasing 15.9
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kcal/mol of energy through the removal of DEA. Finally, by releasing 23.9 kcal/mol,

it tautomerizes to gain aromaticity and forms 2-aminothiophene.

Cyclization of disulfide The disulfide, which is formed by unimolecular cyclization

on S3 or by protonation-induced intermolecular degradation of polysulfide from

[NuS3]
−, can cyclize to give the final product z’ as shown in Figure 4.16. The first step

of this cyclization is the attack of a sulfide anion of [NuS2]
− on its sp carbon atom,

forming x’. It requires 14.2 kcal/mol of reaction energy, with activation barrier of

15.9 kcal/mol. The next step is DEA removal, which releases 2.7 kcal/mol of energy.

Finally, by releasing 7.8 kcal/mol of energy, the cyclic product (Z’) of the disulfide is

formed.

NC

CN

S
S

[DEA]-H

S
S

H
H

N
CN

N

S
S

CN

NH

S
S

CN

NH2

15.9 (14.2)  - 2.7 - 7.8

DEA

[NuS2] (x') (y') (z')

0.0

Figure 4.16 Cyclization of disulfide. Free energy in kcal/mol.

If we compare cyclization of [NuS2]
− and [NuS]−, it is clear that the

cyclization of disulfide is not as energetically favored as that of monosulfide. Disulfide

requires energy for cyclization (14.2 kcal/mol), while monosulfide releases energy for

cyclization (-9.4 kcal/mol). On the other hand, monosulfide eventually forms the

aromatically stabilized product 2-aminothiophene, whereas the cyclized product of

disulfide (Z’) is not aromatically stabilized. This finding also clarifies that, despite
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the higher activation energy associated with the unimolecular cyclization on S2, our

analysis reveals that this pathway remains competitive with unimolecular cyclization

on S3 and protonation-induced intermolecular degradation due to the direct formation

of monosulfide, which subsequently leads to the production of 2-aminothiophene.

4.4 Full Reaction Pathway

The Figure 4.17 illustrates the complete pathways for the Gewald reaction mechanism.

The initial step of the Gewald reaction involves the Knoevenagel-Cope condensation,

where the deprotonated malononitrile anion and butanone react to form the

Knoevenagel-Cope condensation product 3a. This reaction serves as the starting

point for the subsequent transformations. Subsequently, the active hydrogen present

in compound 3a undergoes deprotonation by DEA (diethylamine) at the alpha

hydrogen of the ethyl substituent, resulting in the formation of compound 4a.

Compound 4a plays a crucial role in opening the elemental sulfur ring. The

activation energy required for the opening of elemental sulfur through compound

4a is 21.5 kcal/mol. This energy barrier is responsible for the stability exhibited by

the octasulfur ring. Upon opening the elemental sulfur, compound 4a leads to the

formation of [NuS8]
− (4b).

At this point, the polysulfide [NuS8]
− presents itself with three potential

alternatives for the chain sessions. Option (i) involves successive protonation-induced

intermolecular degradation. This process leads to the formation of one molecule of

monosulfide along with thiols. Notably, the first three steps of this path, compete

with the other proposed pathways, namely option (ii), while path (iii) competes with

the first step only. In the case of path (ii), the unimolecular cyclization at S2 and S3

both play a role in [NuS8]
− decomposition, which leads to the formation of S7 and S6

allotropes with [NuS]− and [NuS2]
−. Both paths require activation barriers of 16.9

and 11.9 kcal/mol, respectively. Nevertheless, these two cyclizations require 1.3 and
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0.5 kcal/mol of reaction energy, which brings this path to thermodynamic equilibrium.

From here, S7 leads to the formation of [NuS5]
− by releasing two molecules of [NuS]−.

The highest barrier for this transformation is 21.5 kcal/mol. On the other hand, S6,

which is formed via cyclization at S3, opens up by 4a and forms [NuS5]
− by removing

one molecule of [NuS]−.
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Figure 4.17 Plausible reaction pathway for Gewald reaction (version II)
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The III path, which involves bimolecular degradation with 4a, can only compete

for the first step of [NuS8]
− decomposition with the above two paths. The formation of

monosulfide on S4 is most favorable, leading to the formation of [NuS3]
− and [NuS5]

−.

Both polysulfides further decompose through protonation-induced intermolecular

degradation. Regarding option (i), the [NuS8]
− requires a total activation barrier

of 24.7 kcal/mol and releases 0.9 kcal/mol of energy for the formation of [NuS7]
− and

one corresponding thiol. The complete decomposition requires the highest activation

barrier of 26.3 kcal/mol in total, resulting in the final products [NuS]− and HSNu,

which finally form 2-aminothiophene as discussed in Subsection 4.3.9. From the

above discussion, it has become clear that until the formation of [NuS5]
−, there

is a thermodynamic equilibrium between all three paths. Nevertheless, after this

point, only protonation-induced intermolecular degradation of polysulfides (option i)

becomes the dominant path.

4.5 Conclusion and Future Work

Through an extensive Density Functional Theory (DFT) study, a comprehensive

investigation of the Gewald reaction was carried out. Our initial findings indicate

that the amine base does not play a role in the opening of the elemental sulfur ring

at room temperature; rather, its role is primarily focused on the proton transfer

step. Furthermore, our calculations have revealed that the enolate anion also does

not contribute to the sulfur ring opening. As a result, we conclude that the

Knoevenagel-Cope condensation serves as the first step in the Gewald reaction.

Following the condensation step, the opening of the sulfur ring occurs through

the generated anion of the Knoevenagel-Cope condensation product via DEA,

leading to the formation of poly-(octasulfide). To explore the degradation of poly-

(octasulfide) and the subsequent formation of 2-aminothiophene, several potential

pathways were investigated. This include a comparison of unimolecular cyclization,
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bimolecular degradation, protonation-induced intermolecular degradation at various

sulfur positions within the polysulfide structure.

Based on our analyses, it was concluded that the initial step of polysulfide

degradation is a competitive process with all considered pathway (I, II, III) existing

in thermodynamic equilibrium. Nevertheless, upon the formation of [NuS5]
− through

these pathways, the dominant route is the protonation-induced intermolecular

degradation, ultimately leading to the formation of the final product of the Gewald

reaction, 2-aminothiophene. Moving forward, all calculations will be conducted

utilizing a higher basis set while using the same DFT method. This approach aims

to ensure the consistency of the DFT calculation results and enhance the accuracy

and reliability of future investigations.

In summary, our thorough DFT (Density Functional Theory) study provides

information about the complex processes involved in the Gewald reaction. This

knowledge forms a strong basis for future research and advancements in this area.
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CHAPTER 5

COMPUTATIONAL STUDY OF PERSULFIDE AND THIOL
REACTIVITY

5.1 Introduction

Due to the presence of an empty 3d orbital, sulfur exhibits a diverse range of

oxidation states,from -2 to +6. Among the many known compounds, hydrogen

sulfide (H2S) emerges as an exceptionally significant molecule. H2S is similar to water

(H2O) and is a divalent hydride in the -2 oxidation state. Unlike water, hydrogen

sulfide is a gas at room temperature. Until 1996 H2S was believed to be poisonous

gas,[191] nevertheless, subsequent studies conducted by Abe and Kimura revealed,

H2S has role in endogenous neuromodulator. Along with this, it acts as a source of

metabolic energy. In green and sulfur bacteria, (H2S) acts as an electron donor for

the reduction of CO2 during photosynthesis.[192] In mammalian systems, (H2S) has

various physiological and pathological effects on the cardiovascular, nervous, immune,

and endocrine systems.[193–196] To explore the biological functions of H2S, it is

essential to understand H2S activators and donors. Depending on the nature of the

donor, various types of activators are known Figure 5.1. These include:

• Donors relying on thiols for the liberation of H2S, such as Cys-S-SH and
penicillamine perthiol-based donors.[197]

• Donors that generate H2S through a reaction with bicarbonate, known as
thioamino acids.[198]

• Donors that release H2S via hydrolysis, with or without light, such as Lawesson’s
reagent and phosphorodithioate-based donors.[199, 200]

• Donors capable of releasing H2S in the presence of carbonic anhydrase by
liberating COS, such as thiocarbamates and N-thiocarboxyanhydrides.[201, 202]

An ideal H2S donor is characterized by stability in aqueous solutions, long-term

integrity and functionality. Furthermore, it should shows controlled release of H2S.
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Additionally, H2S donor should offer unique therapeutic benefits. In this study, the

primary objective is to examine the H2S release derived from thiol-based donors.

These donors produce persulfides as intermediates while undergoing the process of

H2S generation. Furthermore, this intermediate is attacked by a thiol donor for the

generation of H2S through H2S release (Path 1 - Figure 5.2) or transpersulfidation

(Path 2 - Figure 5.2). Pathway 1 involves the thiol attacking the inner (S1) sulfur

atom, resulting in the formation of a disulfide and subsequent release of H2S. On

the other hand, pathway 2 involves attacking the outer sulfur atom (S2), leading to

transpersulfidation.

R
S

S
Me H2S+ Me

S
S

H R SH+
Path 2

MeHS

R
S

S
H

1

2Path 1

Figure 5.2 Dual pathways of Thiol reactivity with Persulfides.

To understand the relative rate of these two pathways and their dependence on

the nature of the R group, this study used computational methods. In this study,

our main goal is to use DFT to investigate the electronic and steric effects on H2S

release and transpersulfidation by varying the R group. Another aim is to investigate

the reactivity of persulfides/thiols using Penicillamine-based persulfide donors.

5.2 Methodology and Computational Details

All Density Functional Theory (DFT) calculations were performed using Gaussian

16. The ωB97X-D [98] functional was selected as we have shown in our earlier

work that it is one of the most accurate methods for the reaction of sulfur and

sulfur containing compounds. For geometry optimizations and frequency calculations,

the triple-zeta tight-d-augmented aug-cc-pV(T + d)Z,[81] basis set was used

for investing electronic and steric effect on persulide, while for penicillamine-based

persulfide donors, aug-cc-pVDZ basis set [187] was used due to involvement of large
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number of atoms. Single-point energy refinements were then obtained with ωB97X-D

and M06-2X methods and the aug-cc-pV(T + d)Z, necessary to obtain accurate

energies.[186] At all stages, solvation effects were considered using the SMD solvation

model for water.[143]

5.3 Results and Discussion

5.3.1 Variation in R group

To observe the influence of steric effects on both of the reaction pathway, DFT

calculations were performed with various R groups. Figure 5.3 shows the relationship

between the associated activation energy and reaction energy for the processes of H2S

release and transpersulfidation, considering various R groups. In the case of ethyl

and methyl substituents, it was observed that the barrier for both H2S release and

transpersulfidation was similar due to their smaller size. The attack of thiol on both

outer and inner sulfur atoms was comparable. Nevertheless, as the size of the R group

increased, the activation barrier for both processes also increased. Among the different

R groups tested, the t-butyl group exhibited the highest increase in activation energy.

The barrier for H2S release with the t-butyl group was measured at 25.2 kcal/mol,

while for transpersulfidation, it was 17.5 kcal/mol. The increase in activation energy

for H2S release was more significant compared to transpersulfidation. This was

because the thiol nucleophile faced greater steric hindrance from the t-butyl group

when attacking the internal electrophilic sulfur for H2S release, in contrast to the outer

sulfur. In the case of the cystein group, which contained an electron-withdrawing

group, the barriers for both H2S release and persulfidation were minimized (13.3 and

12.4 kcal/mol, respectively) due to the enhanced electrophilicity of the persulfide

sulfur atom. In terms of reaction energy, it has been observed that the energy for the

H2S release path is almost similar for all the substituent, ranging from 11.2 to 11.9

kcal/mol.

96



Figure 5.3 Activation and reaction energy for H2S release and transpersulfidation
for various ’R’ group.

This observation suggests that the H2S release path is governed by kinetics

rather than thermodynamics. It is important to note that, the H2S release process

exhibits greater exergonicity in comparison to transpersulfidation. This is due to

the formation of a stable disulfide, which contributes to the overall energy release.

Furthermore, the generation of sulfide anions serves to enhance the reaction by

capturing a proton from the system, ultimately facilitating the release of H2S. This

observation is further supported by the transition state (TS) structures (Figure 5.4)

for H2S release in various considered groups, which exhibit similar S-S bond breakage

(2.30-2.39 Å) and formation (2.48-2.53 Å) distances.
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Figure 5.4 The TS structures associated with H2S liberation for various considered
R group.

On the other hand, the transpersulfidation process is not as favorable in

terms of reaction energy due to the generation of unstable persulfide intermediates.

Nevertheless, for the benzyl, allyl, and cystein groups, the reaction energy is lower

compared to the other considered groups. This is due to resonance stabilization

and presence of electron withdrawing group with cystein moiety. Once again, this

observation is supported by the obtained TS structures. From methyl to t-butyl

groups, the S-S bond formation (2.36-2.39 Å) and breakage distances (2.38-2.41 Å)

are almost identical, whereas for allyl, benzyl, and cystein groups, the S-S bond

breakage distance is shorter than the S-S bond formation distance, clearly satisfying

the Hammond postulate (Figure 5.5).
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Figure 5.5 The TS structures associated with transpersulfidation for various
considered R group.

5.3.2 Variation of para substitution

To investigate the electronic effect on H2S release and transpersulfidation path, aryl

persulfides with various substituents at the para position of the aryl group were

examined (Figure 5.6). Both electron-donating and electron-withdrawing groups were

placed at the para position of the aryl substituent in the persulfide.
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X
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SH

Figure 5.6 H2S and transpersulfidation for different para substituent.

Based on the energy data, (Figure 5.7) it has been observed that H2S release

requires a higher activation energy compared to transpersulfidation due to thiol attack
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on the inner sulfur. The electron-donating groups, such as H, CH3, and OCH3, at

the para position enhance the activation energy for both the path, by diminishing

the electrophilicity of both the inner and outer sulfur. Nevertheless, the inner sulfur

has a greater effect compared to the outer sulfur because it is directly attached to the

phenyl ring.

Figure 5.7 Activation and reaction energy for H2S release and transpersulfidation
for various ’X’ group.

The largest increase in activation and reaction energy was associated with the

dimethylamine substituent (15.0 and -11.9 kcal/mol) for H2S release, (12.9 and -

6.7 kcal/mol) for transpersulfidation due to its significant electron donation. On

the other hand, electron-withdrawing substituents like Cl, CF3, and NO2 resulted

in activation energy (reaction energy) of 12.8 (-11.7), 12.4(-12.4), and 12.0 (-12.5)

kcal/mol, respectively, for H2S release. For transpersulfidation, activation energy

(reaction energy) of 10.3(-11.9), 9.1(-14.5), and 8.5 (-18.1) kcal/mol were observed

for the same substituents.
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Figure 5.8 The TS structures associated with H2S liberation for various considered
’X’ group.

101



Figure 5.9 The TS structures associated with transpersulfidation liberation for
various considered ’X’ group.

Figure 5.8 shows the transition state (TS) structures associated with various

para substituents for H2S release. In all of the TS structures, the bond breakage

(HS...S) and formation (S...SCH3) are the same, indicating that path 1 is kinetically
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governed rather than thermodynamically. While considering the TS structures

associated with various para substituents for path 2 (Figure 5.9), there is an influence

of thermodynamics. In the case of the most exergonic reaction (for the NO2

substituent), the bond breakage occurs with the longest bond (2.71 Å), while the

bond formation involves the shortest bond (2.18 Å). Conversely, for the least favorable

substituent (N(CH3)2), the trend is opposite to that of NO2.

5.4 Reactivity of Penicillamine-Based Persulfide

To understand the various biological functions of hydrogen sulfide (H2S), scientists

have used H2S donor compounds, which can be found naturally or synthesized in the

lab. These donors have also been used to observe the physiological effects on the

endogenous system by releasing H2S. There are various types of H2S donors known

that have been utilized for H2S generation, such as: sulfide salts, including Na2S,

NaHS, and CaS, has been widely used in various applications and studies. These

inorganic donors rapidly increase the concentration of H2S. Within seconds, these salts

can release H2S to achieve its maximum concentration. Nevertheless, it is important

to note that sudden increase of H2S concentration, may lead to acute fluctuations

in blood pressure.[203] In addition to inorganic sulfide salts, researchers also make

use of naturally occurring polysulfide compounds, such as diallyl trisulfide

(DATS), as H2S donors. These polysulfide compounds have been used in vasodilation.

Nevertheless, the release of H2S is slow.[204] In addition to the utilization of inorganic

salts and naturally occurring polysulfides, the introduction of synthetic H2S donors

has marked remarkable progress in scientific research. Within this class of donors,

GYY4137, derivative of Lawesson’s reagent, has shown biological activity by releasing

H2S through hydrolysis.[199, 205] In recent years, N-(benzoylthio)benzamide-based

donors have been synthesized, which release H2S in a controlled fashion. These donors

generally release H2S in the presence of thiol activators, such as cysteine or reduced
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Figure 5.10 Plausible mechanism for H2S generation from Penicillamine-based
donors.

glutathione (GSH).[206] It has been also suggested that cysteine perthiol is a key

intermediate in the H2S release process. Penicillamine-based donors, derived from

a penicillamine-benzothioazolyl disulfide by reaction with thioacids, have been used

by Zhao et al. [197]. For H2S generation from these penicillamine-based donors,

cysteine or reduced glutathione (GSH) has been used as an activator. The plausible

mechanism has been shown in Figure 5.10.

Nevertheless, the computational understanding of the mechanism behind H2S

release from these perthiol-based donors has not been properly investigated. To

address this, a DFT study has been conducted to understand the mechanism of

H2S release and transpersulfidation from penicillamine-based persulfide donors in the

presence of cysteine thiol (which remains in the zwitterion form in a buffer system).
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Figure 5.11 Cysteine sulfide attack on considered position.

5.5 Results and Discussion

In this study, penicillamine-based persulfide donors have been chosen instead of

cysteine persulfide donors. This is because the penicillamine-based donors have

steric crowding at the α-carbon of the disulfide bridge, which helps to prevent side

reactions.[197]. Cysteine sulfide has been used as an activator. Three potential attack

pathways of cysteine sulfide have been explored, as shown in Figure 5.11, to investigate

the most favorable path.

5.5.1 Conformations search for penicillamine-based donors

A conformational analysis of the rotatable bond between the carbonyl carbon and

phenyl carbon has been performed. Two predominant conformers, TD1 and TD2,

have been identified. The TD1 conformer was observed to be 1.9 kcal/mol more

thermodynamically stable than TD2, and this finding is consistent with other DFT

method, such as M06-2X, which showed a stability difference of 2.7 kcal/mol in favor

of TD1 over TD2. The lower stability of TD2 can be attributed to the presence

of torsional strain between the phenyl group and the dimethyl group, along with the

fact that the conformation of the thioester in TD2 is not the s-trans conformation

typically observed in esters (Figure 5.12).
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Figure 5.12 Conformers of penicillamine-based persulfide donors.

5.5.2 Cysteine sulfide attack on considered position

The sulfide attack of cysteine has been performed at all three possible positions.

The corresponding energy results are presented in Figure 5.13. The black values

correspond to ωB97X-D, while the blue values (in parenthesis) represent the results

obtained using M06-2X for the single-point energy calculations. For all calculations,

each potential energy surface (PES) begins from TD1. Upon analyzing the

calculation results, it was observed that the activation barrier for attacking S1 in

the TD1 conformer is lower than that for attacking S2. The activation barrier for

attacking on S1 is 19.6 kcal/mol, while the activation barrier for S2 is 2.7 kcal/mol

higher. This difference in activation barriers can be attributed to the steric barriers

created by the phenyl group. Notably, the trend was reversed for the TD2 conformer,

where attacking S2 became easier compared to attacking S1 for the sulfide anion of

cysteine. This can be attributed to the presence of dimethyl steric crowding at S1.

The activation barriers were computed at 24.1 kcal/mol for S1 and 22.2 kcal/mol for

S2, respectively.
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Figure 5.13 TS structures associated with possible attack on penicillamine-based
persulfide donors. Free energy in kcal/mol.

For both TD1 and TD2, the attack on S1 exhibits an exothermic nature,

indicated by the negative values of the reaction energy -12.4 kcal/mol, primarily due

to the formation of a resonance-stabilized sulfide anion (a’) and a disulfide compound

(a). On the other hand, the attack on S2 is characterized as endothermic, and positive

value of reaction energy 7.3 kcal/mol as it leads to the formation of an unstable sulfide

ion (b).
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Figure 5.14 The potential energy surface associated with the formation of products
by the attack of cysteine sulfide on the acyl carbon. Energy is in kcal/mol.

Interestingly, the activation barrier for attacking the acyl carbon (iii) and

producing c and c’ was found to be the lowest compared to the other two attack

positions with both the considered DFT methods due to the high electrophilicity of

the carbonyl carbon. When using the ωB97X-D method with TD1, an activation

energy of 17.9 kcal/mol was obtained, whereas with the M06-2X method, it was

14.9 kcal/mol. Similarly, for TD2, the activation energies were 21.9 kcal/mol with

ωB97X-D and 20.1 kcal/mol with M06-2X. Since TD1 has a lower activation barrier

compared to TD2, in the main text, a complete potential energy diagram for

the generation of c and c’ was discussed for TD1 (Figure 5.14). The first step,

which involves the formation of a tetrahedral intermediate, requires 17.9 kcal/mol of

activation energy and 13.2 kcal/mol of reaction energy. Due to its unstable nature,
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this tetrahedral intermediate further breaks into c and c’, which require 1.5 kcal/mol

of activation energy and release -2.5 kcal/mol of reaction energy from the donor.

5.5.3 Generation of H2S

In this DFT calculation, H2S released path has been explored from the persulfide

(c), generated from acyl carbon attack by cysteine sulfide. Due to unstable nature of

persulfide, it further attacked by cysteine sulfide on two possible sulfur S1 and S2

as illustrated in Figure 5.15. An attack on S1 (inner sulfur) results in the formation

of a and the release of H2S. While, an attack on S2 (terminal sulfur) leads to the

formation of persulfide (d) and thiol (d’) through a process called transpersulfidation

pathway. This persulfide again serves as a precursor for subsequent H2S formation

and led to formation of H2S and disulfide (e). DFT calculations were performed

for all these potential paths (Figure 5.15). The calculation results indicate that an

attack on S2 need 19.0(17.1) and 5.7(5.8) kcal/mol of activation and reaction energy,

whereas an attack on S1 required a slightly more energy barrier of 2.8(1.6) kcal/mol

due to steric crowding caused by the adjacent dimethyl group to S1 with -3.4 (-0.4)

kcal/mol of reaction energy. The persulfide (d) formed requires 15.0(20.6) and -5.8(

4.8) kcal/mol of activation and reaction energy for the conversion into disulfide (e)

and H2S formation. The associated TS structures for associated paths has been shown

in Figure 5.16.
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Figure 5.16 Associated TS structures for H2S release and transpersulfidation.
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5.6 Conclusion

A computational investigation of persulfide and thiol reactivity was performed. Our

findings indicate that the inclusion of bulky substituents on persulfide molecules

resulted in a decelerated release of H2S and transpersulfidation reactions. When

considering persulfides with an aryl group, the presence of electron-withdrawing

groups on the phenyl moiety led to an accelerated generation of H2S and transpersul-

fidation, while electron-donating groups caused a slower release in both processes.

It is worth noting that the release of H2S was more profoundly influenced by

both electronic and steric effects compared to transpersulfidation. In the case

of penicillamine-based donors, it was observed that the acyl carbon exhibited a

higher susceptibility to attack by cysteine sulfide compared to the inner two sulfur

atoms. This particular reaction gave rise to the formation of a persulfide compound,

which subsequently facilitated the generation of H2S through both H2S release and

transpersulfidation pathways. Overall, the findings presented in this study broaden

our understanding of persulfide and thiol reactivity, offering promising avenues for

future research and applications in the fields of chemistry, materials science, and

medicine.
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CHAPTER 6

SYNTHESIS OF SULFUR BASED ORGANIC COMPOUNDS

In this chapter, an attempt was made to synthesize sulfur-based organic compounds

using elemental sulfur as a major source of sulfur or organic compounds with a sulfur

source. Elemental sulfur was chosen for this study due to its non-hygroscopic, non-

toxic, laboratory-friendly nature, and affordability. The first section of this chapter

focuses on thiol preparation, utilizing boron source and 5-phenyl-1,3,4-oxathiazole-

2-one. The second section covers the synthesis of 2-substituted benzothiazole using

elemental sulfur along with imine or aryne source. The last part of the chapter

involves the synthesis of sulfur-based fluorescent compounds with isoquinoline and

aryne intermediates, along with elemental sulfur.

6.1 Synthesis of Thiols form Organoboranes

The synthesis of aryl, alkyl, and alicyclic thiols has been investigated using

organoboron, boronoic acid or ester under different reaction conditions. 5-phenyl-

1,3,4-oxathiazole-2-one has been used as a source of sulfur nucleophile with a good

leaving group. Various high-boiling solvents have been explored.

O

N
S

C6H5

O

Solvent

T2 °C, t2R

B R
S-H

T1°C, t1,

R1 R2

+

6.1.1 Introduction

Thiols (also known as mercaptans) are a class of organic compounds that contain

a sulfur atom bonded to a hydrogen atom (-SH). They are widely used in many

industrial and commercial applications because of their distinct odor and various
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chemical properties. One of the most well-known uses of thiols is as odorants in the

natural gas industry.[207] The pungent odor of thiols makes them useful for detecting

leaks in gas pipelines, which can be hazardous if left undetected. In addition to

this, thiols are also used as accelerators in the vulcanization of rubber,[208] which is

the process of hardening rubber to make it more durable and resistant to wear. In

biological systems, cysteine, an amino acid containing a thiol group, plays a significant

role in biochemistry and is involved in many important biological processes.[202] Its

nucleophilic character due to presence of thiol group, makes it particularly important

in the formation of disulfide bonds, which play a crucial role in maintaining the

structure of proteins. Along with cystein, glutathione also contain thiol, that are

involved cellular redox reactions and play important roles in protecting cells from

oxidative stress.[209]

Thiols are versatile intermediates in the synthesis of many natural and synthetic

biologically active compounds. They can be synthesized from a variety of starting

materials, including alcohols,[210] alkyl halides,[211] alkenes,[212] organometallic

compounds,[213] and by the breakdown of sulfur-containing amino acids and lig-

nin.[202] The ability to synthesize thiols from a wide range of starting materials makes

them useful in a variety of applications, including as intermediates in the synthesis

of other compounds and as precursors to other functional groups.

In parallel, the synthesis of organosulfur compound has been widely explored

in past years using boron compounds like boranes[214], borinic or boronic acids or

esters[215]. Boronic acids and esters are among the most extensively researched

and practically useful organoboron compounds, primarily due to their air stability

and moderate reactivity under various reaction conditions.[216] Boron compounds

have played a significant role in several important chemical reactions, including the

hydroboration and the Suzuki-Miyaura reaction. The Suzuki-Miyaura reaction, also

known as the Suzuki coupling, is a widely used reaction for the synthesis of biaryls,
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which are compounds that contain two aromatic rings. This reaction is based on the

coupling of a boronic acid and an organic halide or triflate, and it is widely used in the

synthesis of pharmaceuticals, agrochemicals, and materials.[217] Hydroboration is a

reaction in which a boron atom is added to an unsaturated organic compound, such as

an alkene or alkyne. This reaction allows for the introduction of a boron atom into the

molecule, which can then be used as a starting material for further reactions.[218] One

of major application is Hydroboration-Oxidation, where the boron atom is oxidized

to generate a hydroxy group in the molecule.[219] Strong oxidizing agent, such as

hydrogen peroxide (H2O2) or a peroxide compound can be use as oxidizing agent

(Figure 6.1). The key step of this reaction is rearrangement, where C-O bond forms

and C-B, O-O bond break. The essential component of this step is good leaving group

(OH) attached to oxygen.
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6.1.2 Problem statement

The immense importance of thiols still leaves scope for further investigations. Inspired

with this procedure, we thought of making thiol using hydrogendisulfide (H2S2)

instead of (H2O2). Nevertheless, (H2S2) is unstable species and decompose quickly to

hydrogen sulfide and sulfur[220]. As it has been explained for doing above reaction

sulfur or oxygen molecule should attached with good leaving group. Keeping this in

mind, 5-phenyl-1,3,4-oxathiazole-2-one (1) (Figure 6.2) has been chosen to overcome

the instability of hydrogendisulfide (H2S2) and produce a more controlled and stable

reaction for the formation of thiols.

6.1.3 1-3, dipolor-sulfur source : 5-phenyl-1,3,4-oxathiazole-2-one
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115



The 5-phenyl-1,3,4-oxathiazole-2-one (1) can indeed be used as a precursor to

generate a 1,3-dipolar sulfur source (benzonitrile sulfide), through controlled heat-

ing.[221] The reaction of 5-phenyl-1,3,4-oxathiazole-2-one with the dipolarophile,

leads to the formation of a 1,3-dipolar cycloaddition product, which is a common

method for the synthesis of various heterocyclic compounds (Figure 6.2).[222] The rate

of disappearance of oxathiazole in these reactions, is independent of the concentration

of the dipolarophile, which is characteristic of a first-order reaction.[223] It is

important to note that the reaction conditions, such as the temperature and the

reaction time, need to be carefully controlled in order to achieve the desired product

in high yield.

6.1.4 Proposed mechanism for thiol formation

The synthesis of thiols has been explored based on the Hydroboration-Oxidation

concept, with organoboron (3a) serving as the source of boron that is attacked

by benzonitrile sulfide (2), a dipolar sulfur source, generated from 5-phenyl-1,3,4-

oxathiazole-2-one (1).
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Figure 6.3 Proposed mechanism of aryl thiol formation from organoboron and
5-phenyl-1,3,4-oxathiazole-2-one.

The intermediate (4a) can undergo a rearrangement step, leading to the

formation of (5a) through the breakage of the S-N and Ph-B bonds, resulting in

the formation of an S-Ph bond. In this two-step reaction, acetonitrile leaves. Finally,
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product (6a) is formed via hydrolysis of (5a). The proposed mechanism has been

shown in Figure 6.3.

6.1.5 Results and discussion

Optimization study To optimize the reaction, four boron sources (3a, 3b, 3c,

3d) were treated with 5-phenyl-1,3,4-oxathiazole-2-one (1) using three high-boiling

solvents (DMF, HMPA, DMSO) in an argon atmosphere. The reaction proceeded

in two steps with the goal of producing a nucleophile (benzonitrile sulfide) from 1

and then oxidizing it (Figure 6.1). For entry 1, DMF and 1 were heated at 150

◦C for 24 hours with the boron source, followed by stirring at room temperature.

After performing the 19F-NMR for entry 1, we observed a peak around a chemical

shift of 124 ppm (Figure 6.4), which was different from the starting boron source 3b

(19F-NMR - 105 ppm). Nevertheless, the 1H-NMR and TLC indicated the presence

of benzonitrile and sulfur. To facilitate the reaction, a base was added (entry 2)

or the second-step reaction temperature was increased (entry 3). Even though,

same kind of spectra was observed. The presence of sulfur on TLC, suggesting the

decomposition of benzonitrile sulfide. To overcome this issue, we lowered the T1

reaction temperature and repeated the procedure as in entries 2 and 3. But, the

results did not change. So, we decided to change the solvents (HMPA and DMSO)

and repeated everything (entries 5-12) with 3a and 3b in the same fashion. But we

did not achieve any success and faced the same issue. In the end, to check if boron

and sulfur were reacting with each other, the reaction was run without an oxathiazole

source (entry 13). The same 19F-NMR data was observed as we obtained with the

oxathiazole source (Figure 6.4), (Figure 6.5).
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Table 6.1 Optimization of the Reaction Conditions for Thiol Synthesis

F

B(OH)2

F

SH

F

SH

O

B O

F

H
B

or
BH26

SH

SH6

or or

1

O

N
S

C6H5

O

(1 equiv.)

+

3a

6a

3b

6b

3c 3d

6c 6d

(1 equiv.)

or

or

or or

i) T1 °C, 24 h

ii)  Base

iii) T2 °C, 6 h

Entry Solvent Base T1 (◦C) T2 (◦C) yield (%)

13a,3b,3c,3d DMF - 150 r.t -

23a,3b,3c,3d DMF NaOH 150 r.t -

33a,3b,3c,3d DMF NaOH 150 120 -

43a,3b,3c,3d DMF NaOH 120 120 -

53a,3b HMPA - 150 r.t -

63a,3b HMPA NaOH 150 r.t -

73a,3b HMPA NaOH 150 120 -

83a,3b HMPA NaOH 120 120 -

93a,3b DMSO - 150 r.t -

103a,3b DMSO NaOH 150 r.t -

113a,3b DMSO NaOH 150 120 -

123a,3b DMSO NaOH 120 120 -

13a* - NaOH r.t - -

a∗ reaction condition: only 3a and base was stirred

together at room temperature for 3 hours.

118



Figure 6.4 Representative 19F–NMR spectra for entry 1 with 3b.

Figure 6.5 Representative 19F–NMR spectra for entry 13 with 3b.
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6.1.6 Investigating the factors contributing to the lack of formation of
the desired product

The goal of the reaction was to generate a nucleophile (benzonitrile sulfide), which can

further react with boron source and produce thiol as a final product. Nevertheless,

our the observation shows that 1 did not convert in to benzonitrile sulfide (2), instead

decomposed to form benzonitrile, sulfur, and CO2 gas (Figure 6.6). To address this

issue, the reaction was attempted by decreasing the reaction temperature but faced

the same problem.
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Figure 6.6 Decomposition of Benzonitrile Sulfide.

So, it was inferred that boron is not potent with sulfur atom due to its size

difference. Boron is a small element with a radius of approximately 0.085 nm, while

sulfur has a radius of approximately 0.180 nm. Due to the significant difference in

size between the two elements, it is difficult for them to form stable bonds.

6.1.7 Conclusion

In conclusion, we attempted to synthesize the thiol using 5-phenyl-1,3,4-oxathiazole-

2-one and various sources of boron under different reaction conditions. Our results

indicate that the desired product was not formed due to the size difference between

boron and sulfur. Further investigation and modifications to the reaction conditions
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may be necessary to overcome these challenges and achieve the desired synthesis in

future studies.

6.1.8 Experimental section

Procedure for the Preparation of 5-phenyl-1,3,4-oxathiazole-2-one(1) The

precursor of benzonitrile sulfide was synthesized from benzamide and chlorocarbonyl

sulfonylchloride.[224] To an oven–dried round bottom reaction flask, equipped with a

magnetic stir bar was charged with benzamide (1.25 mmol, 1.25 equiv) as a limiting

reactant (0.2 mmol), chlorocorbonyl sulfonylchloride (1.25 mmol, 1.25 equiv) and

toluene solvent (10 mL, 0.1 M) under argon atmosphere. The reaction mixture was

stirred at 100 ◦C for 2.5 h. After completion of the reaction, the reaction mixture

was cooled to room temperature. Solid pure product was obtained that was further

dried under vacuum pump.

6.1.9 Characterization data

5-phenyl-1,3,4-oxathiazole-2-one(1) Appearance - White crystalline solid; Rf

= 0.90 (5% EtOAc/Hexane); 1H-NMR (500 MHz, CDCl3) δ 7.98 (dd-2H), 7.57(t,

1H,) 13C-NMR (500 MHz, CDCl3) δ 173.8, 157.4, 132.6, 129.0, 128.2, 127.4, 125.8,

124.1. 7.5(t, 2H); Yield = 62 %.
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6.2 Synthesis of 2-Substituted Benzothiazole

The synthesis of 2-substituted benzothiazole has been investigated using ortho-

metalated aryl imine with the ubiquitous S8 as sulfur source.

S8 O

R1

N R2

Br

RLi

method A

N R2

R1 R1
+ N C R2

DIBAL-H

method B

S

N
R2R1

6.2.1 Introduction

2-Substituted benzothiazoles belong to a group of organic compounds that consist of

a fused benzene and thiazole ring structure, with a substituent attached to the second

carbon of the thiazole. 2-Substituted benzothiazoles are widely used in various fields

such as pharmaceuticals, agrochemicals, dyes, and materials science due to their

versatile biological activities[225]. Several 2-substituted benzothiazole derivatives

have been identified as potential drug candidates[226, 227] with diverse biological

activities, including antifungal, antibacterial, antitumor, and anti-inflammatory

activities. For instance, riluzole and amitriptyline, 2-substituted benzothiazole

derivatives, are used for treating neurological disorders. In agrochemicals, 2-

substituted benzothiazole derivatives exhibit herbicidal, fungicidal, and insecticidal

activities, and benzothiazole-2-thiol is utilized as a plant growth regulator.[228, 229]

In dyes, 2-substituted benzothiazoles are utilized as intermediates for synthesizing

dyes and pigments.[230, 231] For example, 2-methylbenzothiazole is a precursor for

the synthesis of the dye disperse yellow 7. In materials science, 2-substituted

benzothiazoles are utilized as building blocks for synthesizing materials with desired

properties, including liquid crystals, polymers, and semiconductors.[232, 233] In the
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past, consequently, substantial research efforts have been devoted to constructing

these scaffolds. There are several methods for the synthesis of benzothiazole

derivatives, but two main methods to access benzothiazole are the Hofmann

condensation[234] of 2-aminothiophenols with aldehydes and the Jacobson oxidative

cyclization of thioanilides (Figure 6.7.[235])
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Figure 6.7 Common(left) and contemporary(right) methods for the synthesis of
benzothiazoles.

Both the Hofmann condensation and the Jacobson oxidative cyclization methods

have their advantages and limitations. The Hofmann condensation is a versatile

method that can be used to synthesize a wide range of benzothiazole derivatives

with different substituents. Nevertheless, the reaction conditions can be harsh, and

the yield and selectivity of the reaction can be variable. The Jacobson oxidative

cyclization, on the other hand, is a milder method that can be used to synthesize

substituted benzothiazoles with good selectivity. Nevertheless, the starting materials

for the reaction are limited to thioanilides, and the reaction conditions can be more

complex than those of the Hofmann condensation. In recent years, a number of

contemporary methods have been developed for the synthesis of benzothiazoles using

elemental sulfur as a sulfur source for avoiding the limitations of these traditional

methods (Figure 6.7 right).[236–238] Nevertheless, elemental sulfur is a relatively
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inert and unreactive substance, and it is difficult to activate it for chemical reactions

without the use of harsh conditions or reactive reagents.

6.2.2 Statement of the problem

The issue relate to the constraints and difficulties faced by conventional techniques

in synthesizing benzothiazoles. Despite the availability of contemporary methods

that used elemental sulfur, its activation for chemical reactions remains a challenge.

Consequently, there is a requirement for novel, effective, and gentle approaches

to producing benzothiazoles. Keeping the utility of elemental sulfur in mind, a

transition-metal-free with mild condition synthesis of benzothiazole using ortho-

metalated aryl imine has been explored.

6.2.3 Proposed reaction mechanism

Two methods have been proposed to create benzothiazoles by reacting S8 with a

bifunctional molecule that has both a nucleophilic site capable of attacking sulfur and

an electrophilic site that facilitates the intermediate’s cyclization (Figure 6.8). The

hypothesis is that an ortho-metalated aryl imine (16) will open S8 and cyclize in the

presence of O2, generating benzothiazoles through the oxidation of the intermediate

benzothiazolines.[239] A proposed mechanism is shown in Figure 6.8. Method A

involves reacting N-(2-bromoaryl) imines (9a) with an organolithium reagent in the

presence of S8. These imines will be synthesized using condensation procedures

from functionalized aldehydes and 2-bromoanilines. Lithium-halogen exchange is the

preferred reaction as it is faster than deprotonation for aryl bromides and iodides,[240]

and quicker than adding the organolithium compound to an imine or acyliminium

ion.[241, 242] As a result, we propose that by adding a single equivalent of n-BuLi

to a mixture of 9a along with 1/8 equivalents of S8 at room temperature, the aryl

lithium 16 will be produced as the only species in the solution.
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Figure 6.8 Proposed mechanisms for the synthesis of benzothiazoles from N-(o-
bromoaryl) imines 9a (method A) or aryne intermediate and imine anions 12 (method
B).

In accordance with Baldwin’s rules, the 4 endo-trig cyclization to 17 is

disfavored.[243] As an alternative, we propose that 16 will initiate an attack on

sulfur, leading to the formation of a polysulfide 13. Subsequently, this polysulfide

will rearrange into the monosulfide 14, which is a common reaction observed in

aryl anions.[49, 118, 244, 245] We expect that the self-reaction of 16 is unlikely to

occur due to the formation of the dianionic 19. Furthermore, sulfide 14 can undergo

the 5-endo-trig cyclization to benzothiazoline 15 under acidic conditions, followed

by oxidation to produce the final benzothiazole product 10a. Although Baldwin’s

rules do not favor 5-endo-trig cyclizations, they are frequently observed in organic

chemistry. For instance, the addition of tethered alcohols to oxonium ions to form

5-membered acetals[141] is an example. Additionally, such cyclizations are known to

be favorable with imines[246] or with third-row atoms such as sulfur.
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A second approach (Method B, Figure 6.8) to produce metalated aryl imines 16

is visualized, as there are limited commercially available ortho-bromoanilines. In this

method, nitriles are partially reduced to imine anions 12 using diisobutylaluminum

hydride (DIBAL-H).[247] We hypothesize that this anion, in the presence of arynes

(generated from o-(trimethylsilyl)aryl triflates), would produce the aryl anion 16.

Since the reaction of imine with aryne precursor has already been studied extensively.

Method B will use commercially-available nitriles, and 2-(trimethylsilyl)phenyl

triflates 10 [248] will be synthesized from 2-bromophenols using a two-step procedure

that has been established in previous studies.

6.2.4 Results and discussion

Optimization study - method A With a view to synthesize 2-substituted

benzothiazole, the present study was initiated by treating the N-(2-bromoaryl)

imines 9a (synthesized from functionalized aldehydes and 2-bromoanilines) with

one equivalent of n-BuLi in toluene followed by addition of elemental sulfur and

air oxidation Table 6.2 (entry 1). The expected product did not form, and the

majority of imine remains unreacted with some decomposed product. In an attempt

to get desired product, several condition was tried. In the second trial, reaction

time was prolonged for the addition of n-BuLi while retaining all other conditions

unchanged. In the third and fourth trials, reaction temperature was increased.

For entry 4 reaction time for n-BuLi addition was also extended. But the result

remained the same. Despite these modifications, the expected product still did

not form. To further investigate the reaction, entries 5 to 8 were conducted

with THF instead of toluene, and all steps were repeated. Nevertheless, desired

product was not observed, indicating that the modifications and alternative solvent

did not enhance the reaction’s efficacy. In summary, the attempts to synthesize

2-substituted benzothiazole were unsuccessful, despite various modifications to the
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reaction conditions and solvent choice. Further investigation and alternative synthetic

routes may be necessary to achieve the desired product.

Table 6.2 Optimization of the Reaction Conditions for Method A

N Ph

Br
S

N

PhR1

S8

9a

I) n-BuLi  

Solvent / T1°C to r.t, t1

      II)      (1/8 equiv. ) / T2°C, t2.

     III)  oxidation 10a

Entry Solvent n-BuLi T1 (◦C) t1 (min) T2 (◦C) t1 (h)

1 Toluene 1.0 -78 30 65 12

2 Toluene 1.0 -78 60 65 12

3 Toluene 1.0 0 60 65 24

4 Toluene 1.0 0 120 65 24

5 THF 1.0 -78 60 60 24

6 THF 1.0 0 60 60 24

7a THF 1.0 0 60 120 24

8b THF 1.0 0 60 r.t 24

Reaction conditions : a = Oxidation in CHCl3 (open air),

b = Oxidation in 1M HCl in CH3CN(Open air)

6.2.5 Investigating the factors contributing to the lack of formation of
the desired product

The goal of reaction was to replace a bromine atom in a molecule with a lithium metal.

The resulting compound will then undergo a ring-opening reaction with elemental
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sulfur, followed by cyclization, which will lead to the final product. Nevertheless,

there was also another nucleophile in the solution, namely butyl anion, which is

the counterpart of Li metal. This butyl anion attacked the imine carbon (Figure

6.9), causing it to stop the reaction and prevent further progress towards the desired

product.

N

Br

BuLi

H
N

9a Product formed

Figure 6.9 Attack of BuLi on imine carbon.

This observation was confirmed by proton 1H-NMR (Figure 6.10) of the reaction

between compound 9b and n-BuLi.

Figure 6.10 Representative 1H–NMR spectra of reaction between 9b and n-BuLi.
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The chemical shift of the CH-NH proton at 4.27 ppm[249] with triplet splitting

was observed, along with the butyl chain hydrogen ranging from 1.82 to 0.85 ppm.

Another reaction was attempted with a different imine source (9c), that had a tertiary

butyl group on the para position. The purpose of using this molecule was to lower

the electrophilicity of the imine carbon, which means that it would be less attractive

to nucleophiles and less likely to be attacked by them. Despite the use of this bulky

group, which was expected to prevent the butyl anion from attaching to the imine

carbon, the butyl anion still attached to the imine carbon.

Figure 6.11 Representative 13C–NMR spectra of reaction between 9c and n-BuLi

The butyl anion’s attachment to the imine carbon was confirmed by observing

the carbon peak at 57.88 ppm in the 13C-NMR (Figure 6.11). This observation

confirms the presence of an NH-C linkage in the product. This result indicates that

the electrophilicity of the imine carbon was still high enough to be attacked by the
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external nucleophile.

6.2.6 Alternative reaction route

An alternative route was chosen for achieving the desired end product by using a

different metal source. The reason for this is that the original metal source had

an alkyl counterpart, which could potentially attack the imine carbon during the

reaction. This unwanted reaction could lead to the formation of undesired products.

Table 6.3 Optimization of the Reaction Conditions for Alternative Reaction Route

S

N

Br

N

        I) Mg ( I2 (catalyst))  
           or  

      Mg-iPrBr.LiCl

II)    S8 (1 equiv.)

  T2 °C / t2

T1 °C / t1

   THF

9c 10c
III) oxidation

Entry Metal source T1 (◦C) t1 (min) T2 (◦C) yield

1b 1.2 -10 90 r.t -

2b
′

1.2 60 60 r.t -

3b
′

2.0 40 12*60 r.t -

Reaction conditions : b = Mg(I2),

b
′
= Mg-iPrBr.LiCl

To avoid this problem, different metal source was selected that either does not

have an alkyl counterpart or has a bulky group attached to it. A bulky group would

not attached the imine carbon, thus enabling the reaction to proceed as planned.
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6.2.7 Results and discussion

Optimization study The goal of the study was to synthesize 2-substituted

benzothiazole. In the first experiment (Table 6.3 - entry 1), the imines were

treated with magnesium metal that had been treated with iodine in THF, for

synthesizing grignard reagent, followed by the addition of elemental sulfur and

oxidation. Nevertheless, the 50 % of imines did not react and 50 % of decomposed

product was obtained (Figure 6.12). In the subsequent experiments (entry 2 and 3),

Mg-iPrBr.LiCl, was taken instead of magnesium metal and carried out the reaction

at high temperature. Despite these changes, same problem was faced, and the results

were not successful.

6.2.8 Conclusion for method - A

Based on the attempted synthesis of 2-substituted benzothiazoles using N-(2-

bromoaryl)imine, n-BuLi, and elemental sulfur, it can be concluded that the desired

compound was not successfully obtained. The failure to achieve the synthesis can

be attributed to the high electrophilicity of the imine sp2 carbon, which made it

susceptible to attack by the butyl anion of n-BuLi. This susceptibility hindered the

crucial cyclization step of the reaction. Further investigation and modifications to

the reaction conditions may be necessary to overcome these challenges and achieve

the desired synthesis in future studies.

131



Figure 6.12 Representative 1H–NMR spectra of reaction between 9c, Mg(I2) metal
and S8.

6.2.9 Experimental section

Preparation of N-(2-bromophenyl)-1-phenylmethanimine Under an argon

atmosphere, oven dried round-bottomed flask was equipped with a magnetic stir bar.

CHO

Br

+

NH2 Br

Toluene / Molecular sieves
N

 110 °C / 44 h

7a 8a 9a

Figure 6.13 Synthesis of 9a.

To the flask, 860 mg (5 mmol) of 2-bromoaniline 7a and 540 mg (5 mmol) of

benzaldehyde 8a were added in 15 ml of toluene. The mixture was supplemented

with approximately 1.7 g of molecular sieves and then refluxed for 44 hours. After

cooling, the reaction mixture was subjected to vacuum drying for 5 hours at 80
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◦C to purify the resulting product (Figure 6.13). Brown oil of N-(2-bromophenyl)-

1-phenylmethanimine 9a was obtained (260.13 mg, 57% yield). Using the above

procedure 9b, 9c, 9g was synthesized.

Preparation of N-(2-bromophenyl)-1- (4-nitrophenyl)methanimine Under

an argon atmosphere, a round-bottomed flask was dried in an oven and equipped

with a magnetic stir bar.

CHO

Br

+
NH2

Br

 110 °C / 44 h

N

Toluene / molecular sieves

NO2

NO2

7a 8d
9d

Figure 6.14 Synthesis of 9d.

To the flask, 1204 mg (7 mmol) of 2-bromoaniline 7a and 1511 mg (10 mmol) of

benzaldehyde 8d were added in 40 ml of toluene. The mixture was supplemented with

approximately 3.0 g of molecular sieves and then refluxed for 44 hours (Figure 6.14).

After cooling, the solvent was evaporated and the crude residue was recrystallized

with ethanol. Yellow powder of N-(2-bromophenyl)-1-(4-nitrophenyl)methanimine

9d was obtained (305.13 mg, 80% yield).

Preparation of N-(2-bromophenyl)-1,1-diphenylmethanimine Under an argon

atmosphere, a round-bottomed flask was dried in an oven and equipped with a

magnetic stir bar. To the flask, 172 mg (1 mmol) of 2-bromoaniline 7a and 182

mg (1 mmol) of benzophenone 8e with catalytic amount of p-Toluenesulfonic acid

pentahydrate (PTSA- 19mg) were added in 10 ml of toluene.
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Figure 6.15 Synthesis of 9e.

The dean-stark apparatus was attached to the round bottom flask with

molecular sieves and toluene. The mixture was refluxed for 24 hours (Figure 6.15).

After cooling, the solvent was evaporated and the crude residue was purified on a

silica gel using flash column chromatography using EtOAc /petroleum ether (95:5)

as eluent to afford the desired product. Yellow crystals of N-(2-bromophenyl)-1,1-

diphenylmethanimine 9e was obtained (120.10 mg, 36% yield).

6.2.10 Characterization data

N-(2-bromophenyl)-1-phenylmethanimine (9a):

Appearance - brown oil; 1H NMR (500 MHz, CDCl3) δ 8.36(s, 1H), 7.95- 7.96

(d, 2H), 7.62-7.64 (d,1H),7.49-7.51(d, 3H),7.31-7.34(t, 1H).7.02-7.09(m. 2H), Yield

= 57 %.

N-(2-bromophenyl)-1-(4-fluorophenyl) methanimine (9b):

Appearance - brown oil; 1H NMR (500 MHz, CDCl3) δ 8.39(s, 1H), 8.01- 8.03

(m, 2H), 7.69-7.71 (d,1H),7.38-7.40(t, 1H),7.23-7.24(d, 2H).7.07-7.16(m. 2H). 19F

NMR (300 MHz, CDCl3) δ 111.75, Yield = 67 %.

N-(2-bromophenyl)-1-(4-(tert-butyl)phenyl)methanimine(9c):

Appearance - brown oil; 1H NMR (500 MHz, CDCl3) δ 8.32(s, 1H), 7.89 (d,
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2H), 7.57 (d,3H),7.32(d, 1H),7.03(d, 2H),1.36(s, 9H), Yield = 35 %.

N-(2-bromophenyl)-1-(4-nitrophenyl)methanimine (9d):

Appearance - yellow powder; 1H NMR (500 MHz, CDCl3) δ 8.47(s, 1H), 8.35-

8.36 (d,2H),8.13-8.15(d, 2H),7.66-7.68(d, 1H),7.35-7.38 (t,1H),7.13-7.16(t, 1H),7.05-

7.06(d,1H), Yield = 80 %.

N-(2-bromophenyl)-1,1-diphenylmethanimine(9e):

Appearance - yellow crystals; 1H NMR (500 MHz, CDCl3) δ 7.81-7.82(d,

2H), 7.41-7.51( m-4H), 7.25-7.29 (m,3H) ,7.17-7.19(d, 2H),7.01-7.04(m, 1H),6.76-

6.79(m,1H).6.52-6.54(dd,1H), Yield = 36 %.

N-(2-bromo-4-methylphenyl)-1-phenylmethanimine(9f): Appearance - brown

oil; 1H NMR (500 MHz, CDCl3) δ 8.32(s, 1H), 7.91-7.93( dd-2H), 7.44-7.47

(m,4H) ,7.08-7.10(m, 1H),6.90-6.91(d, 1H),2.31(s,3H), Yield = 87 %.

6.2.11 Synthesis of benzothiazole from aryne precursor - Method B

Introduction Over a century ago, aryne were discovered as a extremely reactive

intermediates. Chemists have used these transient intermediates to synthesize

various compounds, including 1,2-disubstituted benzene derivatives, as well as

benzo-fused carbocycles and heterocycles.[250–255] These compounds were previously

challenging to create using conventional methods. Arynes can be produced through

various means, but Kobayashi’s fluoride-induced aryne generation is the most

straightforward technique known.[248, 256] This method involves generating an aryne

via fluoride-induced 1,2-elimination of 2-(trimethylsilyl)aryl triflates, which act as

aryne precursors. Kobayashi’s method can be conducted under mild, base-free
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conditions. Kobayashi’s aryne generation method is versatile and works well with

many functional groups and reagents. Fluoride sources, such as KF (with 18-crown-6

as an additive) in THF, CsF in CH3CN, TBAT in THF, and tetrabutyl ammonium

fluoride (TBAF) in THF, are typically used for this method. Careful selection of the

fluoride source and solvent combination can help control the rate of aryne generation

in product formation. The mild and efficient procedure has encouraged chemists to

revisit traditional aryne reactions to improve their scope and yield.

The bulk of aryne reactions involve the use of various nucleophilic initiators.

The arynes’ reactions stimulated by these nucleophiles are specifically classified as

arylation reaction, insertion reaction, and multicomponent coupling.[257,

258] Multicomponent couplings (MCCs) with aryne, achieved significant success in

recent years, that do not require transition-metal catalysts. The general reaction

scheme has been shown in Figure 6.16. Multicomponent reactions have gained

substantial interest and scrutiny in the field of aryne chemistry, particularly regarding

the primary nucleophile addition to arynes, succeeded by the capture of the aryl

anion intermediate with electrophiles. Valuable heterocycles have been synthesized

using this versatile transition-metal-free approach, which has also found application

in natural product synthesis. A plethora of nucleophiles can take part in MCCs, as

elucidated below.

SiMe3

OTf

F

F source

Multicomponenet 
reaction

E

Nu

+

Figure 6.16 Multicomponent reaction of aryne.
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6.2.12 Multicomponent reactions involving sulfur nucleophiles

Cyclic thioethers as a nuceophile Thietane, tetrahydrothiophene, and thiane,

which are cyclic thioethers characterized by four- to six-membered rings, undergo

facile zwitterion formation upon treatment with arynes.[259]

R

F

R

S
n

R

S

n

n = 1-3

H-Nu
R

S

n

H Nu

R

H

S Nu
n

30 - 98 %

Nu = C
SO2PhPhO2S

O

N

O

O

SEtO2C

Figure 6.17 Multi-component reaction of arynes, cyclic thioethers, and pronucle-
ophiles.

These zwitterions can then be transformed into valuable three-component

products via ring-opening capture with pronucleophiles. Pronucleophiles possessing

a pKa range of approximately 13-19, including carbon-, nitrogen-, oxygen-, and

sulfur-centered ones, have demonstrated remarkable effectiveness in serving as a

ring-opening agent.

Among the various pronucleophiles investigated, bis(phenylsulfonyl)methane, 2-

benzoxazolinone, 2-naphthol, and ethyl 2-mercaptoacetate stand out as representative

compounds yielding high product yields (Figure 6.17).
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6.2.13 Multicomponent reactions involving carbon nucleophiles
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H R2
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20 examples, 26-98 % yield

CO2

KF
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THF, 40 °C

NR2

O

O

R

20 examples, 30-71 % yield

Figure 6.18 Multicomponent reaction involving isocyanides, aryne and
electrophiles.

There are two main carbon based nucleophiles have been used with aryne precursor

in multicomponent reaction, isocyanide and active methylene group. Yoshida

was the first to develop a three-component reaction in 2004 that involved arynes,

isocyanides, and aldehydes, leading to the production of benzannulated iminofurans

with high yields.[260] The use of isocyanides as nucleophiles in multicomponent

reactions involving arynes has proven practical and beneficial. The process involves

a zwitterion (A) as a common intermediate. Further studies have demonstrated that

the reaction is not limited to aldehydes as the electrophilic component. Instead,

activated imines,[260] water,[261] and carbon dioxide[262] can also serve as suitable

third components (Figure 6.18).
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Active methylene compounds, such as aroylacetonitriles or diaroylmethanes,

[263] are versatile intermediates that are widely used in organic synthesis. One of

their significant applications is in the synthesis of naphthalene derivatives via a three-

component route.

6.2.14 Multicomponent reactions involving nitrogen nucleophiles

Amine-based nitrogen nucleophiles, such as aziridines,[264] DABCO,[265] N,N-

dialkylanilines,[266] N-methylindoline,[251] N-methyltetrahydroquinoline,[267] dialky-

lamines, alkylarylamines, and diarylamines, [268] have been extensively used in the

synthesis of a diverse range of compounds (Figure 6.19). An alternative approach to

executing a multicomponent reaction involves utilizing imines as nucleophiles.[262,

269–272] This technique involves the formation of a zwitterionic intermediate, which

subsequently undergoes attack at the imine carbon by a pronucleophile, ultimately

leading to the generation of a diverse range of products. N-heteroarene-based

nitrogen nucleophiles, such as quinoline and isoquinolines, have been effectively

utilized by Biju’s research group to synthesize a broad spectrum of six-membered

N,O-heterocyclic compounds.[273, 274] To achieve this, they have used a diverse

array of electrophiles, including aldehydes and ketones (such as benzophenone, p-

benzoquinone, and ethyl benzoylformate). In a similar manner to imines, chloroform

has also been utilized as a pronucleophile with these two nucleophiles.[275] Moreover,

Dai and He have recently revealed that dialkoxyphosphites can act as a pronucleophile

in a three-component reaction with quinolines or isoquinolines, leading to the

formation of dearomatized phosphonylated N-heterocycles in excellent yields.[276]

This approach further demonstrates the versatile applications of N-heteroarene-based

nitrogen nucleophiles in the synthesis of important organic compounds
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Figure 6.19 Multi-component reaction of arynes with nitrogen nucleophiles.

Diazene and Nitrite,[277, 278] nucleophiles such as tosylhydrazine and

sodium nitrite, have been used in a medicinal reaction with an aryne precursor for the

synthesis of cinnoline derivatives and nitrating aromatic rings. The reaction scheme

for few selected nitrogen nucleophiles have been shown in Figure 6.19.

6.2.15 Results and discussion

Optimization study - method B With the objective of synthesizing 2-substituted

benzothiazole, we started an initial effort to optimize the reaction for the synthesis

of aryl imine (19) from Kobayashi aryne precursor (10) using a multicomponent

reaction route in three distinct ways: two-pot, sequential, and one-pot reaction route.

In the two-pot reaction method, the aryne precursor was combined with CsF in

acetonitrile solvent in a round bottom flask and stirred at 0 °C for one hour, while

benzonitrile was taken separately in another round bottom flask and stirred at 0 °C

with DIBAL-H. After one hour, both reaction mixtures were combined and stirred at
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room temperature for two hours (Table 6.4 - entry 1). But , the anticipated product

failed to form, and the aryne precursor remained unreacted. In entry 2, the solvent

and fluoride source were substituted with THF and KF (along with an additive) while

maintaining the same reaction temperature and duration. Even though, the aryne

precursor remained unreacted. In entry 3, reaction time for benzonitrile reduction

had been increased from 1 hour to 2 hour, nevertheless result did not change. In

entry 4, reaction temperature for benzolnitrile reduction had been lowered down

from 0 to -78 °C, along with enhancement in stirring time for both mixture together.

Still results came same. In entry 5 and 6, equivalence of KF was increased, and

stirring temperature for both mixture together, result did not change. Entries 7 and

8 represent a sequential mode, where along with KF, TBAF was used as a fluoride

source. In the sequential route, first benzonitrile was reduced with DIBAL-H at

temperatures between -70 to -40 °C, followed by the addition of the aryne precursor

at 0°C, and the reaction was stirred at 60°C for 24 hours, but no success was achieved,

where along with KF, TBAF was used as fluoride source.
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Table 6.4 Optimization of Reaction Conditions for Two Pot Reaction / Sequential
Reaction.

OTf

TMS

DIBAL-H
CN

11 10
T1 °C - r.t / t1

HC
N[Al]

Fluoride source 
Addiitve

T2 °C / t2

B- Sequential reaction

16

(solvent)

OTf

TMS

DIBAL-H

CN

T1 °C - r.t / t1

T2 °C - r.t / t2

Fluoride source 
 (Additive)

T3 °C / t3

11 10

19

A- Two pot reaction

(solvent)

N Ph

Entry Solvent T1 (◦C) t1 (min.) Fluoride source T2 (◦C) t1 (min) T3 t3 (h)

1 CH3CN 0 60 CsF (1) 0 60 r.t. 2

2 THF 0 60 KF (2) 0 60 r.t. 2

3 THF 0 120 KF (2) 0 60 r.t. 2

4 THF -78 60 KF (2) 0 60 r.t. 12

5 THF -78 120 KF (3) 0 60 65 12

6 THF r.t. 60 KF (3) 0 120 65 12

7x THF -70 to -40 120 KF (3) 0 - 60 24*60 - -

8x,y THF -70 to -40 120 TBAF (1.5) 0 - 60 24*60 - -

Reaction conditions: KF is taken with the additive ( 18-crown-ether) x = Sequential reaction.

Y= 1.5 equliv. of C has been used

Table 6.5 illustrates the optimization of a one-pot reaction, wherein all reactants

were combined simultaneously. Each entry used a 1:1 ratio of benzonitrile (11) and
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DIBAL-H. In entry 1, acetonitrile and CsF were used as the solvent and fluoride

source, respectively. The reaction mixture was initially stirred at 0°C for two hours,

followed by stirring at room temperature for 24 hours. Notably, the same outcome

was achieved as in the preceding trial; the aryne remained unconsumed and expected

product diphenyl imine (19) did not form. In entries 2 and 3, the solvent and

fluoride source were substituted with THF and KF (with 18-crown-6). Additionally,

the reaction temperature was increased. The use of KF as the fluoride source produced

inferior outcomes. Substituting KF with tetrabutyl ammonium fluoride (TBAF),

failed to yield any satisfactory results.

Table 6.5 Optimization of Reaction Conditions for One-pot Reaction

OTf

TMS

DIBAL-HCN

T °C - r.t / t

(solvent)

N Ph

+

Fluoride source

A.P

entry A.P (10) solvent Fluoride source T (◦C) t (h)

1 1 CH3CN CsF (2) 0 - r.t. 2 - 24

2 1 THF KF (2) r.t. - 65 2 - 12

3 1 THF KF (3) r.t. - 65 4 - 12

4 1.4 THF TBAF (1.5) r.t. 24

5 1.4 THF TBAF (1.5) r.t.- 65 24

Reaction conditions: KF is taken with the additive ( 18-crown-ether)

6.2.16 Investigating the factors contributing to the lack of formation of
the desired product

In essence, the desired product was not obtained because the Kobayashi precursor

failed to react with imine anion generated form reduction of benzonitrile form DIBAL-
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H. After analyzing the crude 1H NMR spectra, it was found that the initial reactants,

namely the Kobayashi precursor and either benzonitrile or imine anion, were still

present. Nevertheless, there is a possibility that a reaction occurred between the

DIBAL-H and fluoride source, which stopped the generation of aryne intermediate.

6.2.17 Conclusion for method - B

Based on the attempted synthesis of 2-substituted benzothiazoles using benzonitrile,

kobayashi aryne precursor, DIBAL-H, and elemental sulfur, it can be concluded

that the desired compound was not successfully obtained. The failure to achieve

the synthesis can be attributed to a reaction between the fluoride source and

DIBAL-H, which stopped the generation of aryne intermediate. Further investigation

and modifications to the reaction conditions may be necessary to overcome these

challenges and achieve the desired synthesis in future studies.

6.3 Multicomponent Reactions Involving Arynes, Elemental sulfur, and

Isoqunioline

OTf

TMS
N

N

SS8

+

20

T1 °C / t1

solvent

I) Fluoride source

II)

T2 °C / t210
21

6.3.1 Introduction

The synthesis of sulfur derivative of isoqunioline has been investigated using aryne

precursor with the S8 as sulfur source. Isoquinoline derivatives are an important

class of organic compounds that are widely used in pharmaceuticals, agrochemicals,

and materials science.[279–281] One of the most important isoquinoline derivatives

is the alkaloid morphine, which is widely used as an analgesic and pain reliever.[282]

Other alkaloids such as codeine and noscapine are also important drugs derived from
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isoquinoline.[283] Isoquinoline derivatives are also used as starting materials for the

synthesis of other important compounds such as quinoline, and isoquinolone.[284, 285]

These compounds have applications in various fields such as medicine, agriculture, and

industry. In addition, isoquinoline derivatives have been found to exhibit fluorescent

properties, making them useful in the development of fluorescent sensors and probes

for bioimaging applications.[286] Overall, isoquinoline derivatives play an important

role in various fields and continue to be an area of active research and development.

The significance of isoquinoline derivatives in drug discovery and organic synthesis

highlights the need for the developing easy and mild techniques to produce this

compound.

6.3.2 Results and discussion

Optimization study The present study aimed to synthesize isoquinoline compounds

with a sulfur atom incorporated into their structure. To study reaction optimization,

the aryne precursor 10 was treated with isoquinoline 20, followed by sulfur addition.

From entries 1-5 (Table 6.6), CH3CN and CsF were taken as the solvent and fluoride

source. For all these entries, 20 and 10 were stirred at T1 temperature for 1-3 hours,

followed by the addition of elemental sulfur with different molar ratios and stirring

at T2 temperature. From the 1H and 13C NMR of the crude product (Figure 6.21,

Figure 6.22), it was found that the desired product 21 was not formed. Instead,

product 22 (Figure 6.20) was obtained due to the presence of a proton source in the

acetonitrile solvent. The reaction mechanism behind the formation of 22 has

been explained in our cited reference. To get desired product, it was decided

to switch to an aprotic solvent. In entries 6-8 THF was used instead of CH3CN,

with KF as the fluoride source and 18-crown-6 as additive. Nevertheless, the desired

product was not obtained; instead, we obtained an extremely unstable product that

rapidly degraded, making its purification and characterization challenging.
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Table 6.6 Optimization of Multi Component Reaction Conditions for Aryne, Sulfur
and Isoqunioline

OTf

TMS
N

N

SS8

+

20

T1 °C / 2 hr.

solvent

I) Fluoride source

II)

T2 °C / 24 hr10
21

Entry A.P (10) Solvent Fluoride source T1 (◦C) S8 T2 (◦C)

1 1 CH3CN CsF(3) 30 2 30

2 1 CH3CN CsF(3) 60 2 60

3 1 CH3CN CsF(3) 30 1 30

4 1 CH3CN CsF(3) 60 1 60

5 1 CH3CN CsF(3) 60 3 60

6∗ 1 THF KF(3) 30 2 60

7∗ 1 THF KF(3) 30 3 60

8∗ 1 THF KF(3) 60 3 60

9 1.5 PhCN CsF(3) 30 3 60

10 1.5 PhCN CsF(3) 60 3 60

11∗ 1.5 PhCN KF(3) 30 3 60

Reaction conditions: ∗ KF is taken with the additive (18-crown-ether).

We subsequently attempted to use benzonitrile as the solvent and increased the

amount of aryne precursor from 1 to 1.5 equivalents in entries 9-11. Both CsF

and KF were explored as fluoride sources. With CsF, the aryne precursor remained

unreacted. But, using KF in entry 11, we were able to obtain a fluorescent product
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(23), which was different from our desired product 21. The complete characterization

of compound23 is discussed below.

6.3.3 Formation of 2-Phenyl-1,2-dihydro-1-isoquinolinyl methylcyanide-

(22)

We have observed that alkyl nitriles containing an α hydrogen, which can act as both

a proton donor and a nucleophile, react with pyridinebenzyne zwitterions (10 b) at

both the aryne and pyridine groups. An important point to note is that CH3CN acted

as both a reagent and a solvent in the reaction. Figure 6.20 provides a mechanism

that explains the formation of product 22.

TMS

OTf

F source

N

N

CH3CN

CH2CN

N

N

CN

CH2CN

10 10 a 10 b 10 c

22

Figure 6.20 Reaction mechanism for formation of 22.

The reaction involves the nucleophilic addition of isoquinoline to aryne 10 a,

resulting in the formation of zwitterionic species 10 b. The negative charge on this

species extracts a proton from CH3CN, forming intermediate 10 c and acetonitrile

anion. The acetonitrile anion then undergoes nucleophilic addition to the C=N

double bond of isoquinolinium cation 10 c, ultimately leading to the formation of

product (2-Phenyl-1,2-dihydro-1-isoquinolinyl)methyl cyanide (22).[287] The product

22 confirmation was confirmed by 1H-NMR, showing two distinct doublet of doublet

signals for the CH2CN moiety at 2.81 and 2.71 of chemical shift (Figure 6.21). The
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presence of alkyl chain also confirmed by 13C- NMR, having chemical shift around

21.9 ppm (Figure 6.22).

Characterization data for (2-Phenyl-1,2-dihydro-1-isoquinolinyl)methyl-

cyanide : Appearance Pale yellow viscous oil; 1H-NMR (500 MHz, CDCl3) δ

7.36 (t, 2H), 7.28 - 7.25 (m, 2H), 7.21(t, 2H). 7.12 (d, 1 H), 7.09(d. 2H), 7.02 (t, 1H),

6.58 (d, 1H), 5.99 (d, 1H), 5.42(t, 1 H), 2.83(dd, 1H), 2.75(dd, 1H). 13C- NMR (500

MHz,CDCl3) δ 144.3, 130.98, 129.7, 128.6, 127.8, 127.6, 126.5, 126.4, 124.0, 122.3,

118.8, 116.5, 105.9, 57.2, 21.9 (Figure 6.21, Figure 6.22).

Figure 6.21 Representative 1H–NMR spectra of 22.
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Figure 6.22 Representative 13C–NMR spectra of 22.

6.3.4 Formation of 23

The desired product 21 has a mass of 237.06 g/mol. Nevertheless, upon conducting

mass spectroscopy, we discovered that the molecular ion has a mass of 303.12 (Figure

6.25). In addition, due to its fluorescence nature, we conducted UV analysis which

resulted in emission spectra at approximately 400 nm wavelength (Figure 6.26).

After conducting an extensive study of previously published papers on isoquinoline

derivatives emission spectra, we concluded that one more phenyl ring must be

attached to the product skeleton. Based on these observations, we proposed an

alternative mechanism (Figure 6.23). The transformation of 21 to 10 f is difficult

part, but similar type of conversion has been reported by Biju group.[274] To confirm

the accuracy of our proposed structure, we compared it with proton NMR and found

that the number of protons almost matched with the expected product.
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Figure 6.23 Proposed reaction mechanism for formation of 23.

Figure 6.24 Representative 1H–NMR spectra of 23.
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Figure 6.25 Representative mass spectra of 23.

Figure 6.26 Absorption and emission spectra of 23.

The doublet peak at around 8.47 and 7.20 ppm represents two CH protons

associated with a carbon double bond near a nitrogen atom. The multiplate peak at

4.2 ppm represent the hydrogen of sp3 carbon (Figure 6.24). Nevertheless, the mass
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analysis did not exactly match the molar mass of the molecular ion. The calculated

molecular weight is 313.09 g/mol, but the mass spectra show a mass of 303.12 g/mol

(Figure 6.25). This discrepancy in results indicates a need for further exploration.

6.3.5 Conclusion

In conclusion, we attempted the reaction of isoquinoline, aryne precursor, and

elemental sulfur to synthesize an isoquinoline derivative with broad applications in

dye chemistry. Our results indicated that using a protonated solvent is not a suitable

choice as it interferes with the reaction. Instead, our findings demonstrated that

benzonitrile as a solvent and KF with 18-crown-ether are the optimal choices for this

synthesis. Additionally, we observed that compound 21 is unstable and cannot be

synthesized. Nevertheless, a slightly higher equivalent of aryne precursor compared

to isoquinoline can form a fluorescent compound like 23. Further investigation is

required because the calculated mass and the mass obtained from mass spectroscopy

do not match.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1 Conclusions for Computational Study

The mechanism of elemental sulfur and polysulfide with a nucleophile in organic

reactions was unknown. To address this issue, a computational approach (DFT)

was used. A benchmarking study was conducted to identify the best DFT

method, comparing various DFT methods with the gold standard method, DLPNO-

CCSD(T). The calculation results revealed that most functionals yielded accurate

geometries, except for B97D3. MN15-L and M06-2X performed exceptionally

well for transition states. All functionals accurately reproduced energy values.

M06-2X, B3LYP-D3(BJ), ωB97X-D, and MN15 were recommended for further

mechanistic investigations. Using best performing DFT methods, the decomposition

pathways of elemental sulfur and polysulfides using cyanide [NC]− and triphenyl

phosphine PMe3 nucleophiles was investigated. The calculation result show that

the dominance of the Foss-Bartlett mechanism over the Schmidt mechanism for

bimolecular nucleophilic decomposition. We also identified, barrierless intramolecular

cyclization for long polysulfides and a mixture of unimolecular and nucleophilic

decompositions for shorter ones. Scrambling reactions and the influence of polysulfide

substituent were observed. In the second application of this benchmarking DFT

result, we aimed to explain the reaction mechanism of the Gewald reaction for the

formation of 2-aminothiophen. Based on the calculation results, it was concluded

that the amine base primarily facilitates deprotonation rather than sulfur ring

opening. The Knoevenagel-Cope condensation was identified as the crucial first step,

leading to polysulfide formation through the generated anion. We explored various

pathways for polysulfide degradation and 2-aminothiophen formation. The dominant
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route for [NuS5]
− degradation was found to be protonation-induced intermolecular

degradation, while polysulfide longer than [NuS5]
− decomposition competed with

bimolecular decomposition, unimolecular cyclization, and protonation-induced inter-

molecular degradation. The results also revealed that all the steps involved in the

degradation of polysulfide to the formation of monosulfide are in thermal equilibrium.

The results also revealed that all the steps involved in the degradation of polysulfide

to the formation of monosulfide are in thermal equilibrium. Despite this, the driving

force for the formation of 2-aminothiophen from monosulfide is the release of a large

amount of reaction energy.

7.2 Conclusion for Experimental Study

The first objective of the experimental part was the synthesis of thiol from

an organoboron precursor using 5-phenyl-1,3,4-oxathiazole-2-one as a source of

benzonitrile sulfide, which serves as a nucleophile. Nevertheless, the experimental

results from all attempted optimization steps using different boron sources, solvents,

and temperature ranges did not yield the desired product. Therefore, we concluded

that boron is not effective in bonding with sulfur atoms due to the significant size

difference between the two elements. This size difference makes it challenging for

them to form stable bonds. The second objective was the synthesis of 2-substituted

benzothiazole using an imine (method 1) or aryne (method 2) precursor and elemental

sulfur as the source of sulfur. For the imine precursor, n-BuLi was utilized to

generate ortho-metalated aryl imine, which would serve as a nucleophile for opening

the elemental sulfur. But, the experimental results revealed that the butyl chain

of n-BuLi attacked the imine N-C carbon, blocking the cyclization pathway for the

formation of the desired product. In an attempt to address the issue, the replacement

of n-BuLi with different metal sources having bulky alkyl chains or without any alkyl

chain, such as Mg-iPrBr.LiCl or Mg (I2 catalyst), was explored. Even with these
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modifications, the desired product was not formed, and the starting reactant remained

unconsumed. In method 2, Kobayashi’s aryne was used with benzonitrile and

DIBAL-H. Optimization results under various conditions revealed that ,the desired

product was not obtained as the Kobayashi aryne precursor failed to react effectively

with the imine anion generated from DIBAL-H. Analysis indicated the presence of

the aryne precursor, which may be due to the capture of a fluoride anion by DIBAL,

resulting in the inhibition of aryne intermediate generation. In the last part of

the experimental section, the reaction of Kobayashi aryne precursor, isoquinoline,

and elemental sulfur was explored using different fluoride sources and various solvent

options. Based on the experimental results, we concluded that protic solvents are

not suitable as generated nucelophile in aryne skeleton, capture this proton and

being unable to open the elemental sulfur. When using other solvent like KF, the

formed product was highly unstable, making its analysis challenging. But, with larger

molar ratio of the aryne precursor, a fluorescent product was formed, as confirmed

by its emission spectra. Nonetheless, there was a partial mismatch between the mass

and 1H-NMR of the desired product, indicating the need for further exploration to

determine the exact formed compound.

7.3 Future Study for Computational Work

Until then, elemental sulfur had been explored with carbon and phosphorous

nucleophiles. Consequently, there are still a few more nucleophiles, such as oxygen,

nitrogen, and sulfur, that need to be investigated. Additionally, the thermal or

photolytic decomposition of elemental sulfur, leading to the formation of sulfur

radical via homolytic cleavage, requires further exploration. The oxygen nucleophile

is known to produce the trisulfur radical anion (S3
−.), resulting in a blue-colored

solution. Understanding why this radical formation is consistently observed with the

oxygen nucleophile is crucial. The behavior of the nitrogen nucleophile differs from
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other nucleophiles. Nitrogen nucleophiles can include ammonia, primary amines,

secondary amines, or tertiary amines. With primary amines, S3
− generation has

been reported, while with secondary and tertiary amines, S8
n− was observed. It is

computationally important to understand why different species are observed with

different amine sources.

S

S

S S

S

S

SS

RNH2, R2NH, R3N

Oxygen Nucleophile

Sulfur Nucleophile

S
S

S

n

n = 1-3

Polymerization

episulfidation on alkene bond

S3
-, S8

n-

S3
-.

S-S7-S S-S6-S-S6-S,

[S2Nu], [S3Nu], [S4Nu] + H2S

x

Figure 7.1 Future study for computational work.

The last nucleophile of interest is sulfur. Considering thiols as nucleophiles,

it has been reported that disulfide, trisulfide, and tetrasulfide are formed along

with H2S. The dominant generation of disulfides occurs with secondary and primary

thiols, while tetrasulfides are favored by tertiary thiols under moderate conditions.

Nevertheless, the generation of disulfides was observed with all types of thiols. It is

crucial to computationally investigate the formation of these species with different

sulfur sources. Along with these nucleophiles, understanding the homolytic cleavage

of elemental sulfur is necessary. Through this pathway, polymers containing sulfur

have been extensively explored. In addition to large molecules, small molecules like

episulfides have been synthesized, which contain a varying number of sulfur atoms in
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the skeleton. Determining the factors that favor the formation of these radicals is an

interesting question that can be addressed using DFT methods Figure 7.1.

7.4 Future Study for Experimental Work

The reaction of aryne with a nitrogen nucleophile has been well explored. In this

study, elemental sulfur has been used as an electrophile partner, and we attempted

to open elemental sulfur by generating anion on the aryne skeleton. But, it is

still a question whether this anion can open elemental sulfur. Since the reaction

of elemental sulfur with a nitrogen nucleophile has been well stabilized. Based on all

the experimental results, it would be a nice idea to first open elemental sulfur using

a nitrogen nucleophile (imine as the nitrogen source), which will generate a sulfide

anion. This sulfide will act as a source of nucleophile and attack the aryne precursor,

generating an anion on the aryne precursor that will subsequently attack the imine

carbon, followed by ring cyclization (Figure 7.2).

Benzoisothiazole

N
R1

R2

60 °C \ THF

N
R1

R2

+
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S
N
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S
S

N
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1- S8

Proposed Mechanism

Figure 7.2 Future study for experimental work.
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APPENDIX

COMPUTATIONAL INVESTIGATIONS ON THE MECHANISM OF
THE GEWALD REACTION

In the appendix section, full computation details, and associated TS and GS

structures with their corresponding energy have been shown.

A.1 Full Computational details

Density functional theory calculations (DFT) were performed using Gaussian 16.[288]

ωB97X-D method with the aug-cc-pVDZ basis set was utilized for geometry

optimization calculations. Solvation effects were considered using the SMD implicit

solvation model for ethanol. Gaussian 16 uses an ultrafine pruned (99,590) grid by

default for numerical integrations of density in DFT, which effectively eliminates

most orientation-specific issues.[289] Frequency calculations were performed during

the optimization process to validate the nature of stationary points and obtain

corrections for zero-point energy, enthalpy, and free energy. Goodvibes v2.0.3 was

used to obtain these corrections,[290] applying Grimme’s scheme for small frequencies.

To visually represent the computed structures, CYLview was utilized for generating

visualizations.[291]

A.2 Carbon Nucleophiles

To explore carbon nucleophiles for elemental sulfur rings opening, a variety of carbon-

based nucleophiles have been chosen (Figure 1). The polysulfide decomposition of all

nucleophiles was also investigated using DFT calculations, considering bimolecular

decomposition by the nucleophile and unimolecular cyclization at S2. In Table 1,

the opening of S8 by all considered nucleophiles, along with the associated free

energy, and their corresponding transition state (TS) structures, has been shown.
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Based on the calculation results for sulfur opening, the reaction with Nu2 showed

the least reaction energy. Although we were unable to locate the transition state

(TS), the reaction energy results indicate that it should have the lowest activation

energy. This observation aligns with the trends in deprotonation energy, as the

reaction with Nu2 exhibited the highest deprotonation energy, indicating a higher

pKa value, that makes it strongest nuceophile. Nevertheless, this observation deviates

from the common trend observed for other nucleophiles, which can be attributed to

other factors, such as the nature of the group attached to the carbon anion center.

The obtained octa-polysulfide for all the nucleophile has been shown in Figure 2.

Bimolecular decomposition and unimolecular cyclization on S2 are shown in Table 2

and 3, respectively. For bimolecular decomposition, the least activation barrier (14.4

kcal/mol) was observed for Nu2 due to its strong nucleophilic nature. In contrast,

for unimolecular cyclization, the least barrier was observed for Nu7 (9.3 kcal/mol).

It is important to perform NBO analysis to understand the complete calculation

investigation associated with the bimolecular and unimolecular paths.

O O
N

O

O O

O

O
N

NO2

S

O

O

N
S

O

O

O

H

Nu1 Nu2 Nu3 Nu4

Nu5 Nu6 Nu7

Figure 1 Various considered carbon nucleophiles.
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Table 1 Cyclo Octasulfur (S8) Opening by Considered Nucleophiles with Transition
State Structures. Free Energy in kcal/mol

Nucleophile Deprotonation energy ∆G‡ ∆Grex

Nu1 13.5 21.1 5.9

Nu2 31.1 n.l. -17.8

Nu3 11.9 22.2 4.7

Nu4 10.7 21.6 11.4

Nu5 19.0 18.7 3.3

Nu6 9.2 19.0 10.2

Nu7 12.1 24.4 12.3
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Figure 2 All structures of computed polysulfides with consider nucleophiles.
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Table 2 The Bimolecular Decomposition of Poly(octasulfide) by Considered Nucle-
ophile on S2 with Transition State Structures. Free Energy in kcal/mol

Octa-(polysulfide) ∆G‡ ∆Grex

Nu1S8
− n.l. -0.4

Nu2S8
− 12.3 -22.8

Nu3S8
− 26.7 1.5

Nu4S8
− 20.4 -0.7

Nu5S8
− 19.5 -6.8

Nu6S8
− 16.5 -7.8

Nu7S8
− n.l. -3.7
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Table 3 The Unimolecular Cyclization of Poly(octasulfide) on S2 with Transition
State Structures. Free Energy in kcal/mol

Octa-(polysulfide) ∆G‡ ∆Grex

Nu1S8
− 13.9 1.1

Nu2S8
− 13.3 2.0

Nu3S8
− 18.0 4.1

Nu4S8
− 12.0 -4.8

Nu5S8
− n.l. -3.1

Nu6S8
− n.l. -11.0

Nu7S8
− 6.4 -9.2
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A.3 Associated Polysulfide Structures with 4a.

Figure 3 All structures of computed polysulfides.
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Table 4 NBO energies and coefficients on FMOs of NuSn
−

Polysulfide Orbital Energy (hartrees) Coefficients

[NuS8]
− HOMO (nS8) -0.13103

LUMO (σ∗
S3−S4) 0.14466 47.92% S3

52.08% S4

LUMO-2 (σ∗
S2−S3) 0.16158 49.27% S2

50.73% S3

[NuS7]
−

HOMO (nS7) -0.19537

LUMO (σ∗
S3−S4) 0.15813

47.34% S3

52.66% S4

[NuS6]
−

HOMO (nS6) -0.12896

LUMO (σ∗
S2−S3) 0.17737 46.48% S2

53.52% S3

[NuS5]
−

HOMO (nS5) -0.13436

LUMO (σ∗
S2−S3) 0.17519 45.75% S2

54.25% S3

[NuS4]
−

HOMO (nS4) -0.12702

LUMO (σ∗
S1−S2) 0.20581 46.79% S1

53.21% S2

[NuS3]
−

HOMO (nS3) -0.12751

LUMO (σ∗
S1−S2) 0.22983 45.62% S1

54.38% S2

[NuS2]
−

HOMO (nS2) -0.12955

LUMO (σ∗
S1−S2) 0.28516 42.24% S1

57.76% S2
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A.4 HSnNu Analogue Structures

Figure 4 All structures of computed HSnNu analogues.
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Figure 5 All computed structures of disubstituted polysulfides.
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Figure 6 TSs for the monosubstituted pathways for Nucleophile(4a).

A.5 Intermolecular Decomposition on S2 by 4a

Table 5 The Intermolecular Decomposition of Poly(octasulfide) on S2. Free Energy
in kcal/mol

Polysulfide ∆G‡ ∆Grex

NuS8
− 29.1 -2.2

NuS7
− 29.0 -3.1

NuS6
− 32.2 -4.1

NuS5
− 31.5 -0.3

NuS4
− 31.1 -0.8

NuS3
− 35.6 -0.5

NuS2
− 35.8 -2.3

The intermolecular decomposition on S2 by 4a has not been discussed in the main

text due to the high activation barrier associated with all the steps (see Table 5).
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Based on the calculation results, it has been observed that as the chain length

of polysulfide decreases, the activation barrier increases (e.g., for [NuS2]
− = 35.8

kcal/mol). This increase in activation barrier can be attributed to the dominance of

steric and repulsive forces as the chain length becomes shorter.

Figure 7 Transition state structures of intermolecular decomposition of polysulfide.
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A.6 Ring Opening by 4a

Figure 8 Transition state structures of cyclic allotropes ring opening by nucleophile
(4a).

A.7 Dianion and substituted Polysulfide formation by 4a

Figure 9 TSs for the disubstituted pathways for nucleophile (4a).
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A.8 Protonation-induced Intermolecular Degradation of Polysulfides

Figure 10 Transition state structures of Protonation-Induced Intermolecular
degradation of Polysulfides on S7 by nucleophile (4a).

Figure 11 Transition state structures of Protonation-Induced Intermolecular
degradation of Polysulfides on S7, S5 by nucleophile (4a).

171



REFERENCES

[1] Max Schmidt. “Elemental sulfur—A challenge to theory and practice”. In:
Angewandte Chemie International Edition in English 12.6 (1973), pp. 445–455.

[2] Ralf Steudel. “Liquid sulfur”. In: Elemental sulfur and sulfur-rich compounds
I (2003), pp. 81–116.

[3] Ralf Steudel. “Properties of sulfur-sulfur bonds”. In: Angewandte Chemie
International Edition in English 14.10 (1975), pp. 655–664.

[4] Ralf Steudel and Bodo Eckert. “Solid sulfur allotropes”. In: Elemental sulfur
and sulfur-rich compounds I (2003), pp. 1–80.

[5] Beat Meyer. “Preparation and properties of sulfur allotropes”. In: Elemental
Sulfur (1965), pp. 71–94.

[6] WL Bragg and JJ Thomson. “Mr Bragg, Diffraction of short electromagnetic
waves, etc. 43”. In: Proceedings of the Cambridge Philosophical Society:
Mathematical and physical sciences. Vol. 17. Cambridge Philosophical Society.
1914, p. 43.

[7] BE Warren and JT Burwell. “The structure of rhombic sulphur”. In: The
Journal of Chemical Physics 3.1 (1935), pp. 6–8.

[8] Sidney Cyril Abrahams. “The crystal and molecular structure of orthorhombic
sulfur”. In: Acta Crystallographica 8.11 (1955), pp. 661–671.

[9] Steven J. Rettig and James Trotter. “Refinement of the structure of orthorhombic
sulfur, α-S8”. In: Acta Crystallographica Section C: Crystal Structure Communications
43.12 (1987), pp. 2260–2262.

[10] Richard E Powell and Henry Eyring. “The properties of liquid sulfur”. In:
Journal of the American Chemical Society 65.4 (1943), pp. 648–654.

[11] Sidney Cyril Abrahams. “The crystal structure of barium tetrasulfide monohydrate”.
In: Acta Crystallographica 7.5 (1954), pp. 423–429.

172



[12] Kenneth Y Chen and J Carrell Morris. “Kinetics of oxidation of aqueous sulfide
by oxygen”. In: Environmental Science and Technology 6.6 (1972), pp. 529–
537.

[13] Michael R Hoffmann. “Kinetics and mechanism of oxidation of hydrogen
sulfide by hydrogen peroxide in acidic solution”. In: Environmental Science
and Technology 11.1 (1977), pp. 61–66.

[14] MA Vairavmurthy and Weiqing Zhou. Characterization of a transient+ 2
sulfur oxidation state intermediate from the oxidation of aqueous sulfide. Tech.
rep. Brookhaven National Lab.(BNL), Upton, NY (United States), 1995.

[15] George W Luther III. “Pyrite synthesis via polysulfide compounds”. In:
Geochimica et Cosmochimica Acta 55.10 (1991), pp. 2839–2849.
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