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Abstract

The well-known electron-rich donor system, Tetrathiafulvalene (TTF) has gained excessive
interest in the field of supramolecular chemistry and complex ligand research. Continuous
advancements in synthesis has allowed TTF along with its derivatives to be integrated into
various intricate molecular systems. Such that, these systems have been investigated for their
potential applications as sensors, models for electron transfer, molecular machines and many
other applications. The study displayed in this piece of writing will examine the incorporation
of TTF moieties through preparation by synthesis, as well as their characterisation. With the
motive to add to the recent and existing synthetic advances, for utilization in constructing
versatile systems of broad applications.

A series of functionalised bis- and tetra-tetrathiafulvalene derivatives has been prepared. A
result stemming from a series of synthesis producing TTF intermediates, later used as key
precursors for the successful synthesis of TTF derivatives. Amongst those, is the TTF thiolate
anion used as a key intermediate which has shown to be quite a versatile reagent for this
purpose. Shelf-stable precursors of the TTF thiolate anion have been prepared, making the
preparation of novel, highly functionalised, amphiphilic cationic / anionic TTF derivatives 4 and
5 feasible. The series of steps include various reactions: cyclization, cross coupling and self-
coupling, de-protection, re-alkylation, and nucleophilic substitution reactions. This synthetic
pathway allows the tailoring of the properties of the TTF entity by the variation of the
substitution pattern. For feasibility of the amphiphilic character, the analogues prepared
constitute of long alkyl chains at different positions. This character adds in rendering these
entities as versatile electron donor systems, well suited for use in construction of novel redox

assemblies.

Through careful adjustments and development of methodologies, a range of symmetrical and
unsymmetrical TTF derivatives of different substituents was covered. From alkyl-halides
bearing TTF derivatives to the 1-methyl-imidazole units fused to the TTF frameworks. Certain
compounds were obtained in significantly high yields. Such as the 1-methyl-imidazole bearing
TTF derivative, 4,5-bis(1-methylimidazole-3-propylthio)-6,7-bis(propylthio)tetrathiafulvalene
4a at a yield of 94%. With its identity qualitatively confirmed by high-resolution mass

spectroscopy and NMR analysis.

In the study, several purification techniques were implemented with the hopes of producing
highly pure and well isolated compounds. Some of the reactions produced several products
which were difficult to separate. An attempt to conduct electrochemical studies on the new
multi-TTF derivatives, was deemed unsuccessful for various reasons covered in the

discussion.
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CHAPTER 1: Introduction

1.1 Background

Tetrathiafulvalene [2,2’-Bi(1,3-dithiolylidene)] 1, commonly abbreviated as “TTF”, is a highly
versatile organosulfur compound, well known for its strong electron-donating properties. TTF
is defined to be a heterocyclic compound composed of two planar, five-membered ring
comprising sulphur and carbon atoms 1. With the presence of the conjugated Tr-system
allowing the tetrathiafulvalene entity to exhibit exceptional electron-donating and redox

properties 2. Their planar geometry make TTF-based systems susceptible to stacking, an

essential quality in the formation of nanostructures 1.

Because of its unique electronic and redox properties, its derivatives have been extensively
studied and researched. The first synthesis and interest in these sulphur-containing molecules
commenced in the early 1970s, following a seminal paper, which was published by Wudl in
1970, giving rise to the raw, unsubstituted tetrathiafulvalene as an electron donor with
exceptional redox properties 3. From that point onwards, tetrathiafulvalene along with its
derivatives have become and counted amongst the most well-known electron donor
molecules. Numerous scientific papers have been published focusing on their synthesis,

properties as well as applications.

S S

Figure 1.1. Tetrathiafulvalene structure.

Furthermore, TTF is identified as a non-aromatic 14-m-electron system, which can be
subjected to oxidation and reduction. Such that, consecutive oxidation of the neutral TTF
moiety resulting in the radical cation and di-cation states, takes place sequentially and
reversibly at relatively reduced and low oxidation potential values of E1, = 0.37 V and E?, =

0.67 V vs saturated calomel electrode (SCE) in dichloromethane 4 and with the oxidation



potential values of E';; = 0.34 V vs and E%,; = 0.78 V vs Ag/AgCl in acetonitrile 4. These
relatively low oxidation potentials permit the easy oxidation of the neutral TTF as well as its

derivatives by either chemical or electrochemical means.

S S ) S+ S+
[~ ] ==~ - £ [ Y ]
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(a) TTF (b) TTF** (c) TTF

Figure 1.2. The reversible oxidation states of TTF, radical cation (TTF*) and di-cation
(TTF?*).

Although the neutral TTF molecule constitutes of 14-1r-electrons, the resulting radical cation
(b) and di-cation (c) species upon oxidation constitute of either one (TTF*) or two (TTF?*) 611-
electron 1,3-dithiolium cations inside the framework. As of effect it displays aromatic character
based on Hiickel’s rule, by having its cyclic fragments constitute of 61T electrons. Oxidation
processes are depicted in Figure 1.2. The cation (TTF") shows a planar Dz, symmetry,
meanwhile the di-cation (TTF?*) is not planar and can freely rotate around the central bond.
The neutral TTF constitutes of a slightly distorted boat-like structure while exhibiting a Cay
symmetry >8. In the neutral and initial state, tetrathiafulvalene constitute of two pro-aromatic
1,3-dithiolylidene rings connected by a C=C double bond ’. Oxidation results in conversion of
one ring into an aromatic 61r-electron system, stabilized by persistence of two resonance
structures. Meanwhile the second oxidation step results in two aromatic 1,3-dithiolium cations,
each with 61T electrons and are connected by a C-C single bond ’. In addition to the aromatic
stabilization resulting from  cationic forms as an effect of oxidation, TTF contains four

polarizable sulphur atoms.

Aromatization effects reduce the energy of the oxidized species, making the oxidized species
thermodynamically stable, with the two one-electron oxidation reactions being fully reversible.
This oxidation reversibility feature permits modulation of interactions between molecules in
instances where TTF is incorporated as a building block i.e., in supramolecular complexes.
These modulations can further either increase or decrease the effect of repulsion and
attraction of subunits, as well as induce global conformational changes throughout the entire

complex’s system 8. This motivates and pushes the research that leads to the incorporation
of TTF moieties as building-blocks for switchable processes &.
Therefore, TTF and its derivatives sparked a lot of interest in the field of organic chemical

sciences, leading to the applications of TTFs in various fields, such as organic electronics,

materials science, and supramolecular chemistry. TTF derivatives are modified through



altering potential functional groups attached to the TTF entity or core structure. These altered
structural modifications can result and lead to enhanced unique electronic, optical, and
physical properties, in turn raising beyond limit the potential applications of the TTF-based
materials. Although expressed in depth in the next chapter, some of the common modifications
include introducing different substituents or by means of changing the nature of the linkers
connecting functional groups to the TTF core structure. Overall, as an effect of the fascinating
properties, TTF derivatives have been extensively explored in the development of organic
conductors and semiconductors, where their excellent charge transport properties make them
suitable for possible applications in the fields. Such as organic field-effect transistors (OFETS),
organic solar cells, as well as for the construction of advanced functional devices, such as

molecular wires, switches, and sensors °.

The character and behavior of TTF derivatives in macromolecular systems can be influenced
by external stimuli, enabling these TTF-containing entities to operate and function as redox-
responsive ligands. The systems incorporating TTF as a building block can be modulated by
controlling the TTF moieties’ oxidation states, thus allowing the moiety’s electron donating
effect make it feasible to tune the entire system. An example of an external stimuli effect is
amongst others photo-induced electron transfer processes which includes modulation through
oxidizing and reducing of the TTF subunits in the system 1. Nonetheless, as stipulated before
this explains the use of TTF and its derivatives in complex systems, such as redox-fluorescent
switches, electrochemically driven conformational controls, molecular clips as well as

molecular tweezers 19,

One of the most studied TTF derivatives is the easily accessible
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) 2 . Due to its symmetric almost planar
structure, it has been reported to have produced and given rise to more superconducting salts
than any other TTF derivative 12, In the hope of finding new conducting systems with
improved and more efficient properties, more TTF derivatives have been brought forth, leading

to the climbing interest in preparation of new thio-substituted TTF analogs with the C¢Sg core

=0

Figure 1.3. Structural representation of simple BEDT-TTF moiety.



Due to the unique properties possessed by TTF derivatives, there has been a constant drive
to prepare the new TTF-containing compounds to improve their properties, such as solubility
in polar media, stability, and charge transport 3. Therefore, the design and synthesis of novel
TTF derivatives with enhanced physical and electronic properties continues to be a critical
research objective. With the goal to make them compatible candidates for their application in
organic electronics, including organic solar cells, organic field-effect transistors, and

electrochemical sensors.

1.2 Purpose of the study

Overall, this proposed project aims to address the challenges stipulated in the previous sub-
section by focusing on the design, synthesis, and characterization of new TTF derivatives.
The primary goal is to develop TTF derivatives with improved solubility and charge transport
properties, thereby enhancing their performance in organic electronic devices. The study is
set to involve a combination of organic synthesis and characterization techniques, such as
electrochemical activity testing. Furthermore, various strategies, such as functional group
modifications, and structural variations, will be explored to tailor the properties of the TTF
derivatives. The attachment of polar groups to TTFs render them an amphiphilic character,
allowing them to be used for preparation of soft nanostructured materials, such as micelles,
vesicles, gels, and other possible colloid phases, through self-assembly in aqueous solution
(Figure 1.4) 0. Self-organization serves as an alternative of top-down & bottom-up nano-
fabrications methods in molecular nanotechnology. Following the self-assembly of ordered
and interconnected molecular systems, in-avoidance of the use-of dull fabrication as well as

manipulation series of steps 4. Formation of soft materials is an example of such a self-

assembly process 4.

Oxidation >
Self- & " wm Oxidized TTF
. Mgmbh" ' “On-Demand”
=T " Disassembly
7% TTF-PNIPAM - 5
Amphiphilic homopolymer AL Release

> Host 9

Mile Red 0

Figure 1.4. Schematic representation of the creation of Multi-stimuli Responsive
Micelles composed of TTF 1°,



In the proposed project, the key synthetic intermediate is bis-cyanoethyl protected TTF
derivative 3, obtained by cross-coupling reactions between 4.5-bis(alkylthiol)-1.3-dithiole-2-
thione and 4.5-bis(2-cyanoethylthio)-1.3-dithiole-2-one with triethyl phosphite. Compound 3 is
alkylated after the removal of cyanoethyl groups under basic conditions. The ultimate goal of
the project is to synthesize amphiphilic cationic / anionic TTF derivatives 4 and 5, and
investigate their self-assembling properties in aqueous solution and the possibility to influence
them by redox stimuli. In that way, this study seeks to potentially contribute to the existing

knowledge databank on TTF derivatives, their synthesis, characterization, and applications.
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Figure 1.5. Overview reaction scheme of core compounds.

The outcomes of this research are expected to contribute to the development of advanced
TTF derivatives with improved solubility properties, providing new opportunities for the design
and optimization of new organic soft materials that may be used in the construction of
electronic devices. The findings may not only expand the fundamental understanding of TTF-
based materials but also pave the way for their integration into.commercial applications. The
synthesized TTF derivatives will later be investigated for their spectroscopic and electronic
properties, including their redox behavior, charge carrier mobility, and photo-physical

characteristics.

1.3 Mini-dissertation outline
The following outline gives a brief overview of the content through which this mini-dissertation

is made up.
Chapter 2

The chapter embodies deeper and intense literature review on the history of tetrathiafulvalene

and its analogs through exploring the possible series of synthetic approaches found in



literature. Studies on their structural properties will be covered, along with how those render
them suitable for supramolecular chemistry, material science and nanotechnology. Adding to
literature studies on the examples of entities embodying TTF analogs as building blocks, and
thereof the effect they have on such entities. In that way this chapter introduces the scope of

the study by covering these entities’ background, preparation and application.
Chapter 3

In Chapter 3, a series of synthetic procedures are explored with significant tailoring and
adjustments. It commences with a brief introduction of the materials, methods and techniques
used for the wet-chemistry preparation of TTF intermediates and derivatives. This is followed

by the synthesis procedures used, inclusive of quantitative and qualitative results.
Chapter 4

This chapter covers the results as reported in the previous chapter in a form of a discussion,
inclusive of both successful and unsuccessful synthesis of intermediates and derivatives. It
further embodies the interpretation of some of the characterisation techniques used to confirm

and characterise prepared compounds.
Chapter 5

In Chapter 5, an outline and summary is given, presenting the findings drawn from
interpretation of the attained results from synthesis and characterization. By so doing, linking
the project’s aims and objectives with the outcomes of the study. Recommendations and future

works are also presented.



CHAPTER 2: Literature review

2.1 Introduction

This chapter comprises an overview of tetrathiafulvalenes, their structure, properties and
history. Aspects such as their linkage to supramolecular chemistry, material science and
nanoscience are reviewed; in particular, their derivatives serving as versatile building blocks
in various fields of chemistry, as well as properties making them eligible and qualified for
material sciences are discussed. The scope of the review is further composed of the

application and examples of colloid and nanostructured materials.

2.2 Tetrathiafulvalenes
2.2.1 Structure and properties of TTFs

Tetrathiafulvalene (TTF) and its derivatives in organic chemistry are known for their exquisite
properties as far as the operation and functioning of molecular systems at molecular level is
concerned. They are best defined as redox-switchable organosulfur compounds following the
manner in which they evince electrochemical properties /. These properties allow TTF and
derivatives to play a crucial role of being a switching unit in controlling molecular motions of
rotaxanes and catenanes as mechanically interlocked molecules (MIMs). As well as in other

macro or supramolecular systems i.e., receptor molecules and molecular cages ”.

TTF as a redox system exists in three different stable reversible oxidation states as depicted
in Figure 1.2 in the previous chapter. It demonstrates TTF as a stable two electron donor that
can undergo two reversible, easily accessible oxidation processes 1°. Due to the electron-rich
property in its native state, it is'a good electron donor qualifying it as an exquisite candidate to
be incorporated into macrocyclic systems. Furthermore, tetrathiafulvalene moieties can form
m—T stacked columns with proportional short S---S interactions, which can facilitate
systematic pathways for charge transport . The T—1 and S---S interactions along with the
CH-—-1T interactions have an effect on the packing pattern of the TTF molecules in crystals.
Such crystals may possess intrinsic properties of organic semiconductors, thus permitting the
implantation of ways through which crucial factors for enhanced performance devices and
study of fundamental concepts in organic semiconductors were demonstrated. In turn, it

guides TTF molecular design as well as its synthesis 16,

TTF’s m-donating effect decreases as it goes through oxidation, as a result TTF?* di-cation
can be said to be a Tr-electron-poor molecule 7. The Tr-donating tetrathiafulvalene reacts with

m-electron-poor aromatic compounds to form donor—acceptor complexes. In 1973, Ferraris et



al., reported the development of an extremely conducting complex between TTF as the
electron-donor and tetracyano-p-quinodimethane (TCNQ) as the electron-acceptor, the
complex exhibited a very high maximum electrical conductivity 8. The electron-donor (TTF),
and electron-acceptor (TCNQ) complex demonstrates interesting electron properties (Figure
2.1). Reason being that TTF as the electron-donor constitutes of sulfur atoms, making it highly
a polarizable compound °. This further results in reduced coulomb repulsion (the force

between charged entities) between electrons on neighbouring TCNQ sites 1819,
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Figure 2.1. TTF-TCNQ charge transfer complex formation.

The end product of these complexes with TTF-based electron-donors are crystals, in which
the moieties form T—1 stacked columns with short S---S interactions, which attributes to
charge-carrier mobilities. The molecules’ packing structure motif can also be controlled by van
der Waals interactions between attached alkyl substituents ®2°. The 1r-1r- stacking is known
to be the highly effective packing for transporting charge carriers. That comes as a result of
the ability of the large n—m overlap in stabilizing the +1 or -1 charged state 6. The =-
conjugated system plays a major/role in the semi-conducting property of TTFs. The orbitals
bridge adjacent single bonds, allowing delocalization of electrons over every r-orbital in the
molecule, as a result of the p,-orbitals forming n-bonds composed of small energy gaps 2.
However, in these semiconducting molecules, the packing of the molecules serves as a
determining factor concerning charge transport (CT) efficiency. In Figure 2.2, is a
demonstration of the schematic representation of simple molecular packing motifs in crystals
of planar aromatic molecules, some of which demonstrate semiconductor properties ®22. The
structures in the Figure represent crystal structures of enhanced charge-carrier mobilities.
Denoted (a) and (b) is a herringbone-like structure, meanwhile (c) is 1D-n- stacking (lamellar)

and lastly in (d) is the 2D-n-staking (brickwork) structure °.



G G P G > BEe—

Figure 2.2. Schematic representation of molecular packing motifs in organic semi-
conductor crystals ®

Amongst the advantageous properties of TTF and its derivatives as organic semiconductors,
is the ability of the radical cations to reversibly form co-facial dimers 7. In an article published
in 2018, H. V. Schrider & C. A. Schalley ’, reported that two monomers self-assemble into a
mixed-valence dimer denoted (1.)**, which can be identified by a change in the redox
conduction and low-energy absorption band 7. However, both monomers are said to be
paramagnetic radicals and their assembling resulting in a dimer with diamagnetic properties
as a result of radical pairing "?3. Tetrathiafulvalene dimerization is acknowledged as one of
the ways through which redox switchable mechanically interlocked molecules can evolve,
where TTFs are used as key building blocks.

To conclude, tetrathiafulvalene in its neutral state appears to be a very strong tr-donor
molecule, which is an attribute making it a useful building block in material sciences or
supramolecular chemistry. Therefore, TTFs are used to form donor—acceptor complexes with
the 1T-electron poor species. However, upon oxidation the 1-electron donating effect of TTF

disappears, due to the fact that TTF?* di-cation has electron deficiency nature ’.

The TTF backbone can be derivatized through introduction of a variety of substituents at its 4-
and 5- positions symmetrically or unsymmetrically. Figure 2.3 serves as a depiction of how

TTF moiety can be substituted at four identical possible attachment sites 24. Attachment of



only 1, 2, or 3 substituents leads to the de-symmetrization of the TTF backbone. As a result,

the substituents can instigate change of properties on a TTF derivative.
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Figure 2.3. Positions 4- and 5- of TTF skeleton that can be symmetrically or
unsymmetrically substituted.

Consider for instance, Figure 2.4, a N-donor ligand containing pyridyl functionality. Such
entities have been shown to coordinate with metallic centres, resulting in interesting
multifunctional materials demonstrating conducting and magnetic properties 2°. This is all
enabled by the pyridyl functionality attached to the TTF entity. Jia et al reported the synthesis
and study on one-dimensional u-chloromanganese(ll)-tetrathiafulvalene (TTF) coordination
compound, resulting from the TTF derivative (organic donor) in Figure 2.4 26, The introduction
of the functionalised redox-active TTF derivative affords complexes with interesting magnetic

properties 27. It renders them promising candidates for the construction of new hybrid
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Figure 2.4. Pyridyl-containing TTF derivative.

inorganic-organic materials.

The resultant complex is made up of two N-donor ligands (Figure 2.4) bonded to Mn(ll) via the
two nitrogen atoms in trans positions, as well as two CI- anions on the axial direction linking
the Mn(ll) ions to a limitless chain 26. The Mn(ll) ion was found to be adopting a distorted
octahedral coordination geometry. The calculations revealed how the complex exhibited

moderate antiferromagnetic coupling amongst the Mn(ll) centres 2°.

Properties of TTF derivatives are further attested by their use as building blocks of charge-
transfer salts used as organic conductors and superconductors °. For example, Wang et al.

reported that incorporation of redox-active TTF unit with magnetic properties into cyanide-
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bridged complexes presents another level of complexity to the design parameters for
multifunctional materials 2. Furthermore, the material’s electrochemical properties showed
that the TTF component’s redox activity was maintained in these materials 2°. In this latter
study, following their optoelectronic and conductive properties, TTF derivatives are used as
organic ligands to produce TTF-based coordination polymers (CPs) prepared from different

transition metals.

2.2.2 Synthetic approaches in preparation of tetrathiafulvalenes

There are several synthetic approaches for the preparation of the tetrathiafulvalene skeleton.
The synthesis of tetrathiafulvalene derivatives has been reported in several scientific journals
and reviews 1624 |t generally commences with the preparation of a zincate salt,
bis(tetraethylammonium)bis(1,3-dithiole-2-thione-4,5-dithiol)zincate, which can be prepared in
high yield from 1,3-dithiole-2-thione-4,5-dithiolate (2-thioxo-1,3-dithiole-4,5-dithiolate, DMIT).
The reaction commences with carbon disulfide reacted with alkaline metal in
dimethylformamide, producing 1,3-dithiole-2-thione-4.,5-dithiolate. Which stands to be
isolated as zinc complex through the addition of zinc chloride (ZnCl,) and tetraethyl ammonium

bromide 2°, as depicted in Figure 2.5.
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Figure 2.5. Formation of 2, bis(tetraethylammonium)bis(1,3-dithiole-2-thione-4,5-
dithiol)zincate salt from 1,3-Dithiole-2-thione-4,5-dithiolate (2-thioxo-1,3-dithiole-
4,5-dithiolate, DMIT) 1.

The resulting zinc complex permits the preparation of a bis(cyanoethylthio) protected
compound, such as the 4,5-bis(cyanoethylthio)-1.3-dithiole-2-thione 12, by treatment with
bromopropionitrile or compound 11 resulting from alkylation with an alkyl halide. The route of
using the zinc chelate has appeared to be far better in comparison to other possible methods

composed of sodium, potassium or lithium DMIT salts. This is due to its extensively high yields
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and stability at room temperature 2°. Literature reported several synthetic procedures for the
preparation of the zincate salt with slight modifications 2%3°, The optimized amount of sodium

leads to an increase in of the zincate complex as a pure product.

Di-functionalisation of TTF leads to three different substitution patterns of TTF derivatives (Fig
2.6) %4, Compounds 13 and 14 may be subjected to cis/trans isomerization process of the
central double bond, which may have an effect on the overall behaviour of the TTF derivative.
In contrast, for compound 15 isomerization of the central double bond does not make any
effect 2. In our project, the goal was to prepare derivatives of the type 15, where two functional
substituents are located on one side of the TTF backbone. Type 15 is asymmetrical di-
substituted tetrathiafulvalene, these type of TTF moieties serve as an approach to eradicate
factors that inhibit the preparation of exceptional TTF derivatives. Factors such as pseudo-
symmetrical di-substituted TTF (13 & 14), wherein facile isomerisation around the double bond

often results in cis/trans problems 24,
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Figure 2.6. Different types of substitution patterns for double-substituted TTF
derivatives.

The cyano-ethyl group has been reported as the TTF-compatible base labile protecting group,
used to protect and shield the thiolate group. The cyano-ethylated thiolates are able to survive
dithiolethiones’ trialkyl/ triaryl phosphite mediated coupling. They can be effortlessly eliminated
as acrylonitrile using a strong base to give the thiolate 3. Alkylation of the zincate salt with 3-
bromopropionitrile in refluxing acetonitrile yields 12 as 4,5-bis(2’-cyanoethylthio)-1,3-dithiole-
2-thione in about 87% yield. In the same way, alkylation of the zincate salt with an alkyl halide
in acetonitrile yields 4,5-bis(alkylthio)-1,3-dithiole-2-thione 11 (Figure 2.5). Compound 4,5-
bis(2’-cyanoethylthio)-1,3-dithiole-2-thione 12 is then converted to 4,5-bis(2’-cyanoethylthio)-
1,3-dithiole-2-one 16, an oxo derivative through mercuric acetate trans-chalcolgenation. It

permits both cross-coupling (11+16) and homo-coupling (16+16), as depicted in Figure 2.7.
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Figure 2.7. Synthetic approach to prepare cyanoethyl-protected TTF derivatives.

In a triethyl phosphite mediated cross-coupling the ketone 16 is coupled with the excess of
appropriate 1,3-dithiole-2-thione 11 to prepare the un-symmetric TTF derivative 17 . The self-
coupling of 16 yielding 18 usually takes place as a side reaction during the cross-coupling, but
it can be also carried out as a separate reaction affording the good yield of TTF 18. Coupling
between two thiones (of the type 11+11) is usually not favoured, due to the presence of the
two bulky and relatively large sulphur atoms resulting in steric hindrance, making the coupling
reaction less favourable. Another reason rendering the reaction unfavourable, is reduced
electrophilicity of the thione carbon, as the sulphur atom is less electronegative than oxygen.
Thus, making the thione carbon less reactive towards nucleophilic attack, which is a
requirement for coupling reactions. This cross-coupling giving rise to un-symmetric TTF

derivatives has been reported to be the efficient and preferred coupling mode 32.

The readily prepared intermediate 17 can undergo mono-deprotection or bis-deprotection
under mild basic conditions depending on the number of equivalents of the base used for
deprotection (1 or 2, respectively). The thiolates formed in the reaction can be re-alkylated
with any appropriate electrophile (Figure 2.8). Use of methanolic solution of caesium hydroxide
in dimethylformamide is the most widely used reaction procedure 1333, |t can be reliably used
for mono- and bis-deprotection of 17. Other examples of strong bases that can be used for
deprotection include potassium tert-butoxide in dimethylformamide, tetrabutylammonium
hydroxide in acetonitrile, or sodium ethoxide in ethanol, and lastly sodium hydride in

dimethylformamide 319, The deprotected intermediate then subsequently undergoes
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alkylation as part of functionalisation with any appropriate electrophile with good yields. As

alkylation agents, alkyl halogenides or tosylates can be used 13,
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Figure 2.8. Deprotection and re-alkylation of Tetrathiafulvalene derivative
intermediate.

2.2.3. Conductive and redox active TTF derivatives as building blocks in
supramolecular chemistry, material science and nanoscience

According to Lehn, self-organization serves as an alternative of top-down nano-fabrications
methods in molecular nanotechnology, following the managed assembly of ordered, fully
integrated and connected operational systems by hierarchical growth 4. However, the priority
objective is to prepare complex organized analogues of collective operation instead of just

small size and individual addressing materials (Figure 2.9) 34,

The redox-active properties of TTF enabled their use in material sciences as building blocks.
This includes their incorporation into material systems such as macrocycles, rotaxanes, cyclo-
phanes, catenanes, cage molecules, dendrimers, polymers, etc 3°. TTF derivatives can be
controlling motions of molecular machines (receptors), thus referred to as molecular redox
switches generating and controlling molecular motions. Their properties make them good
candidates to be incorporated as building blocks of soft nanostructured materials. Such as
gels, vesicles, peptide nanostructures and micelles, though this research area remains poorly

explored.
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Figure 2.9. Schematic representation of soft nanostructured materials in which TTF
can serve as a building block.

TTF readily acts as an electron donor: it forms a donor-acceptor complexes as it is mixed with
an electron acceptor, such as tetracyanoquinodimethane (TCNQ) forming a crystalline
charge-transfer (CT) complex. Which 'demonstrates an- electrical conductance of higher
magnitude than usual for organic solids 6. Macrocyclic TTF-based systems are studied with
the aim of making molecular devices, shuttles, switches and sensors. Such systems may
consist of a central TTF moiety that is situated between two macrocycles serving as terminals.
Figure 2.10 illustrates an example of a macrocyclic compound comprising a TTF moiety as a
building block 3.
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Figure 2.10. TTF containing macrocyclic system.
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TTF macrocyclic systems may serve as potential receptors for electron-deficient guests. TTF
can be incorporated into classic existing macrocyclic motifs with the aim of producing hybrid
systems 37, For example, by their grafting onto the periphery of crown ethers, they can give
rise to calixpyrroles, as well as cryptands 3738, This allows operating them as transducers
responding to external stimulus, producing change in the electronic features of the system,
which can be detected by electrochemical means 3738, These systems when acting as
receptor systems, were shown to be exhibiting enhanced sensing properties. In this context,
it can be expected that when TTF is used as a transducer and is oxidised to its cation or di-
cation state, a positive charge is created, which can reduce / decrease the binding ability of

the attached host-unit towards cations 36.

It has been reported that TTF incorporation permitted the preparation of numerous molecular
systems based on host—guest interactions with the ability to act either as sensors, molecular
switches or mediators for certain reactions 3°. For example, TTF-pyrroles derivatives can act
as anion sensors. They are composed of TTFs annulated onto a pyrrole subunit, which is said
to be a useful building block presenting rigidity and electron-donating effect to different types
of oligo-pyrrolic macrocycles such as calixpyrroles 3. Through which a higher binding affinity
towards anions is observed 3840, The enhanced binding affinity for anions is an effect of the
NH-anion hydrogen-bonding interactions. Figure 2.11 illustrates chemical structures of a
calix[n]pyrrole (n = 4) framework as well as the chemical structure of TTF-based calix[4]pyrrole

receptor as examples 4°.

24 25

Figure 2.11. Chemical structures of a calix[n]pyrrole (n = 4) framework 24, and TTF-
based calix[4]pyrrole receptor 25.

As a result of the electrochemical analysis for compound 25, an electrochemical response
toward various anions was observed using cyclic voltammetry in MeCN. It was demonstrated

that the redox-active tetrathiafulvalene unit of receptor 25 shows electrochemical response
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upon complexation with anions such as Br~ in MeCN. The results showed cathodic shift of the
first oxidation potential upon the gradual addition of Br~ ions, as well as an increase in the

intensity of the current linked to the second TTF oxidation potential 4°.

Another class of supramolecular or material sciences systems that makes use of TTF as a
well-established and successful building block include catenanes. They are defined to be
classic molecular systems composed of at least two or more mechanically interlocked rings/
intertwined macrocylces 41, Which is a structure that cannot be opened or separated without
breaking at least one covalent bond /. TTF-based catenanes have been prepared with the aim
of establishing molecular switches and molecular machines. TTF-containing catenanes as
well as other related mechanically interlocked molecules (MIMs) allow controlling of molecular
movement and, thus, making of devices able to function at molecular level 3742, Figure 2.12
shows an example of classic TTF-containing catenane 26 3. It has been reported to be the
first TTF-based catenane by Becher’s as well as Sauvage’s group, stemming from a
phenanthroline TTF-bearing macrocycle. A copper(l)-template was used to prepare this TTF-

based catenane “3.

0

26

Figure 2.12. Cu(l)-templated TTF-containing catenate.

A TTF-based catenane 27 (Figure 2.13) has shown a high level of ability in behaving as a
molecular switch taking advantage of TTF’s reversible redox chemistry properties %, by
switching between two translational isomers 27 and 28 44 In the initial state 27, the electron-
deficient macrocycle appears to be encircling the TTF unit. Upon oxidation of the TTF unit
either by chemical or electrochemical effect, the cyclic acceptor or macrocycle is translated
from the TTF unit to the 1,5-dioxynaphthalene donor unit 4%, which is also electron rich, but
less than non-oxidized TTF, giving rise to compound 28 4°. Therefore, chemical oxidation of
the TTF activates an expulsion of the former state and the macrocycle translates to the

alternative dihydroxynaphthalene site. Subsequent chemical reduction of the compound
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regenerates the original isomer, restoring the initial spectroscopic properties as well as the

initial co-conformation of the TTF-based catenane .
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Figure 2.13. Redox switching 4PF¢ (cis/ trans) TTF-based catenane. Left: Cis-isomer,
Right: Trans-lsomer.

In the crystal structure of 27, the TTF moiety appears to be positioned inside the tetracationic
cyclophane and the 1,5-dioxynaphthalene ring system appears to be alongside it *°. Of the
two possible TTF isomers, only the trans isomer is perceived in the solid state 4. According
to reports by Asakawa’s group, this TTF-catenane complex appears to be stabilized by normal
combination of 1r-1r stacking interactions as well as [C-H - - -O] hydrogen bonds from the alpha

bipyridinium hydrogen atoms 4.

According to literature reports, Stoddart and Becher groups were the first group to carry out
the synthesis of the first TTF based rotaxane *6. Rotaxanes in general are composed of a
dumbbell-shaped axle molecule, composed of bulky stopper groups at the ends of the axle
both sides preventing de-slipping of the wheel 4’. The axle is encircled and enclosed by a
macrocycle. The use of such mechanically interlocked molecules is effect induced by
translational motion of the wheel along the axle 748, Incorporation of TTF as a building block
into mechanically interlocked molecules (MIMs) allows for the redox-controlled translational
motion, through which the wheel position on the axle is susceptibly controlled by external
stimuli thus producing switchable molecular shuttles. Rotaxanes like any other interlocked
molecular structures can be prepared via template-directed synthesis strategies. That is
reported to be namely: “(a) threading of a half-dumbbell-shaped component into the cavity of
a preformed ring based on their mutual recognition, and then subsequently stoppering of the

open end of the pseudorotaxane” 4°. Then, “(b) clipping of a ring around a recognition site on
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a preformed dumbbell component #°. Then lastly, “(c) slippage of a preformed ring over one

of the terminal stoppers onto a preformed dumbbell at elevated temperatures” 4°.

Figure 2.14 below depicts a bi-stable switchable rotaxane in two of its possible states ”°°. In
the ground state, the supposed wheel encircles or encloses the TTF unit, and it is located on
TTF binding site. Upon induction of external stimuli by oxidation, resulting in TTF oxidation
(TTF?* state), affinity is reduced between the TTF and the wheel °°. Thus, the wheel is
translated towards the new energetically preferred binding site, green dihydroxybenzene
station 7. Following the effect of the reversibility of TTF redox reactions property, TTF

containing rotaxane molecular shuttle can be reversibly switched over many cycles.
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Figure 2.14. TTF-based rotaxane.

Mechanically interlocked molecules serve as one of the major scaffolds in the construction of
molecular devices and machines and may serve as nanoscale switches for molecular
electronics as well as nano-electro-mechanical systems. These artificial molecular machines
will allow for the miniaturization through the bottom-up system construction approach in
macroscale manufacturing. These TTF-containing MIMs are suitable for the nano-electronic
devices’ construction, following the controlled switching in between different translational

isomers enabled by several possible oxidation states of the TTF unit >

2.2.4. Nanostructured materials using TTFs
TTF-based metal-organic frameworks (MOFs) are amongst other TTF-based nanostructured

materials. MOFs are defined as crystalline porous materials arising from metallic nodes and
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organic linkers %2. Incorporation of redox-active moieties to MOFs gives rise to a class of
functional porous systems with additional electronic features affording novel electrically
conductive and redox-active MOFs 53, Such structures with infinite channels within the three
dimensions network demonstrate potential interest for a wide range of applications 4. The
structure of a tetratopic TTF tetracarboxylate ligand used as a common precursor for making

MOFs 37 is depicted in Figure 2.15.
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Figure 2.15. Chemical structure and ball-and-stick representation of a tetratopic
ligand H4TTFTB used in MOF construction.

MOFs based on H,TTFTB are commonly denoted M(TTFTB) wherein, M = Zn?*, Co?*, Mn?*
and Cd?*. The — stacking is reported to support orbital overlap of neighbouring TTF moieties
and gives an extended charge transport pathway within the MOF structure. Oxidation of these
MOFs leads to production of TTF" sites and results in increased conductivity, making them
promising organic conductors °°. Su ‘et al reported the study of the breathing behaviour on
TTF based MOFs induced by guest molecules in a single framework, arising from [In(COO)4]~
metal nodes and the tetratopic tetrathiafulvalene-based linkers (TTFTB- tetrathiafulvalene
tetrabenzoate) °°. Breathing behaviour refers to a reversible unit-cell dimensional change
experienced by the framework due to guest adsorption or desorption, these MOFs respond to
external stimuli such as redox conditions, guest molecules or temperature. In this context,
redox-switchable properties were coupled with breathing behaviour induced by guest
molecules in a single framework. Two flexible isomeric compounds were constructed using a
combination of [In(COO0),]- metal nodes and tetratopic tetrathiafulvalene-based linkers
(TTFTB) %6, These two isomeric compounds were reported to exhibit different breathing
behaviours following introduction of N». The breathing mechanism of one compound involves

the bending of metal-ligand bonds (bending of linkers) as well as sliding of interpenetrated

20



frameworks . Meanwhile, the other compound undergoes simple distortion of linkers 6.
However, reversible oxidation and reduction reactions of the TTF units induce changes in the
linker’s flexibility. Therefore, the TTF moiety in the MOF’s linker serves the role of a redox
switch used to control the framework’s flexibility °6. The TTF component permits reversible
oxidation by I as well as reduction by N,N-dimethylformamide (DMF), thus switching the linker
flexibility and breathing conductivity. Furthermore, oxidation of the TTF results in the
transformation of the S-heterocycles into an aromatic 61r-electron configuration, in turn
transforming the central double bond to a single bond, forming a conjugated aromatic system
rigidifying the TTF moiety . It was further reported that upon doping with |2, oxidation took
place, meanwhile the product of the iodine reduction, Is~, was observed in the channel
simultaneously with a small conformational change of the linkers: the central C-C distance of
the TTF units went up from 1.343(9) to 1.387(6) A. Subsequently, the initially flexible TTFTB
entity became more rigid, and a rigid linker results in the loss of breathing behaviour. It was
demonstrated that the behaviour of flexible MOFs is a reversible process and one that can be
switched on and off by implementation of redox chemistry.

Zuo et al. reported similar Fe(ll)-based MOFs made up of redox-active tetrakis(4-pyridyl) TTF
precursor, which exhibit multifunctional electronic, optical, and magnetic properties, making
them suitable candidates for the development of electronic devices °’. Bistable catenanes can
be incorporated into the rigid scaffold of MOFs, as reported for a Zr-based MOF denoted NU-
1000 %8, Rotaxanes can undergo the same effect wherein a bistable MIM is incorporated into
a metal-based MOF, demonstrating that bistable MIMs are able to exhibit robust dynamics

inside the nanopores of a MOF.

Fullerene—tetrathiafulvalene complexes represent a range of applications in varying fields,
from molecular electronics to nanotechnology as well as biomedical applications. Fullerene
Ceo plays the role of an electron-acceptor that is able to accept up to six electrons in solution
59, Understanding its charge transfer processes with electron-donor molecules is crucial as
that would permit easy optimisation of photovoltaics and development of solar cells 0. A

number of charge-transfer complexes of fullerenes with planar TTF donors has been reported.
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Figure 2.16. Molecular and ball-and-stick representations of fullerene Cso.

Sugawara’s group reported crystals of a charge transfer complex composed of Cs and
bis(ethylenedithio)tetrathiafulvalene (BEDTTTF). The X-Ray crystal analysis revealed that the
Ceo Was sandwiched between largely concave BEDT-TTF molecules and its rotational motion
was entirely quenched 6. Majority of the crystal structures in literature for complexes between
Ceo and TTF derivatives show stoichiometry ratios of 2+1 between TTF and Cg. However,
other ratios such as 1+1 have also been observed #°. The ability of TTFs-C60 phases to form
charge transfer complexes with tetrafluorotetracyano-p-quinodimethane as an electron
acceptor has been studied by Martin and his group. These kinds of complexes were reported
to exhibit semiconducting properties and, as a result, are useful in the development of

molecular materials for use in molecular electronics 4°.

The encapsulation of Cg in MOFs is an engrossing strategy for the incorporation of additional
functionalities within the MOF as well as of fullerenes °3, It can be used to enhance electrical
conductivity because of the donor—acceptor interactions between the TTF-based ligand
(donor) and the fullerene (acceptor), without reducing or decreasing the porosity. Gas sorption
measurements show that sorption capacity is maintained after encapsulation of fullerenes 3.
Meanwhile the electrical conductivity undergoes an increase by at least two orders of
magnitude as an effect of the charge transfer interactions between the Ce and TTF-based
framework 62, Figure 2.17 below demonstrates the encapsulation of Ceo in the electron-donor
TTF-based MUV-2 resulting in C60@MUV-2 complex. The grey, yellow, orange and red
spheres stand to represent C, S, Fe and O atoms, respectively °3. The encapsulation of Ceo
was carried out through immersing the microcrystalline powder of MUV-2 in a solution of Ceo
in o-dichlorobenzene for at least three days at elevated temperatures, followed by subsequent
washing with o-dichlorobenzene and methanol and drying. Powder X-ray diffraction (PXRD)

revealed that the Ceo@MUV-2 crystallinity was maintained upon encapsulation and removal
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of the solvent. Scanning electron microscopy (SEM) also confirmed that the needle-like

morphology of Ceo@MUV-2 remained the same as for MUV-2 53,

(8

A

7A o ¢ o '
vep? LY
? .
.y . St A
" e 4
»
v .

Cu@MUV-2

TTF-based ligand (D)

Figure 2.17. Schematic demonstration of the encapsulation of C¢o in the electron-
donor TTF-based MUV-2 denoted “D” resulting in C60@MUV-2.

Dendritic macromolecules comprise a polyfunctional core that is surrounded by covalently

linked layers of monomer units, forming branches stemming at each monomer unit 4°,

Figure 2.18. Redox-dendrimer incorporating TTFs have been reported to be used as catalysts,

sensors and in the design of solid-state devices. The electron-transfer processes between

dendrimers and other molecules hold high potential in ‘broad areas ranging from bio-

engineering to sensing, catalysis as well as energy storage materials 3.

Branching point with
connectivity 1 — 2

«— Periphery group

Figure 2.18. General schematic demonstration of a typical dendrimer.
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In TTF-based dendrimers, the TTF units may be situated at the core or periphery of the
dendrimer. Due to the presence of multiple redox units, TTF based dendrimers exhibit multi-
electron transfer properties. Which may be useful in nanoscience applications, such as surface
patterning, sensing, nanobatteries and electrocatalysis 3. Bryce et al reported preparation
and synthesis of different TTF based dendrimers. The central point of their reporting was the
evaluation of the macromolecules’ redox properties using a variety of electrochemical
techniques 4. It was found that all the prepared compounds exhibited two redox waves, which
is typical of the TTF entity through formation of radical cation and di-cation. Attachment of an
ester substituent to the TTF entity resulting in the TTF-CO2R type derivatives was reported to
have raised the two oxidation reactions potentials. The same predicament was observed with
the attachment of thioalkyl substituents, demonstrating the increase of the consistent anodic
shift values E: and E, for compounds having the TTF unit composed of four alkylsulfanyl
groups 84. For higher oligomers, increased peak separations at higher scan rates were
reported %4, A general trend for the aryl ester TTF macromolecules, reported by Bryce and co-
workers, was an increase in the number of TTF units resulted in the broadening of the first

redox wave simultaneously with the sharpening of the second wave 4.

Substitution of the TTF system with thio-alkyl chains led to an increase in the oxidation
potential and also enhanced their stability to acids, yielding novel macromolecular
architectures with beneficial properties 6. Figure 2.19 illustrates an example of a dendrimer
containing 21 thiolated TTF units. It was isolated as an air-stable, orange toffee-like solid and
demonstrated good solubility in a range of organic solvents. The close spatial contact between
the tetrathiafulvalene units in the dendrimer resulted in the intramolecular interactions of the
radical cations generated during electrochemical oxidation, thus broadening oxidation waves

in cyclic voltammograms ©°.
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Figure 2.19. Dendrimer containing 21 TTF units.

Recent examples of incorporation of TTF entities in nanoscience include assembly of donor—

acceptor nano-sized materials for photo-induced

(CNTs) decorated with TTF units as electron-donor moieties 678, Such TTF-modified single-
walled carbon nanotubes (SWNT) rwere reported to- be prepared through the use of
esterification reactions ®°. According to Martin et al it was possible to control the rate of
electron transfer and charge separation for such nano-assemblies through systematically

alteration of the donor—acceptor linkages or integration of different electron donors 9. Such

TTF-modified carbon nanotubes (CNTs) stand

photovoltaic (PV) applications ©8.
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Figure 2.20. Examples of a covalently linked SWNT/TTF.

Tetrathiafulvalene derivatives have been tested in manufacturing organic field-effect

transistors (OFET). Such derivatives can be classified into three categories, hamely:

0] TTF derivatives used for single-crystal OFETSs,
(i) TTF derivatives used for vacuum-deposited thin-film OFETSs,
(iii) TTF derivatives used for solution-processed thin-film OFETSs.

In the context of this review, the focus will be on TTF-OFETSs in general and TTF derivatives
for thin-film OFETs ’°. Bourgoin et al reported the first OFET constituting of TTF in which
Langmuir—Blodgett layers of TTF derivatives served as the active semiconducting channel 1,
The device was reported to be behaving as a p-type transistor in the depletion mode ’2.
Furthermore, Tanaka et al also reported the successful preparation of OFETs using a certain
donor compound, through ' which its ' stacked ' layers with the acceptor
tetracyanoquinodimethane (TCNQ) served as the semiconducting channel 7. A high-mobility
OFET with value of 1.4 cm?/Vs using single crystals of dithiophene-TTF as the active layer
was reported, as well as a thin-film transistor using dichloroquinoxalino-pyrazino-TTF with a
mobility of about 0.64 cm?Vs 7°. Gao and co-workers reported the design and synthesis of
new TTF derivatives for high-performance OFETS, such as the single-crystal devices based
on TTF derivatives fabricated by simple solution drop-casting method. However, they were
reported to have drawbacks, such as the growth of large-area-coverage single crystals of
organic materials resulting in crystals that appeared very brittle, which made it difficult to form

electrical contact without causing damage.
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Therefore, thin-film TTF-based OFETs appeared to be more promising for industrial
applications due to the robustness and ease of manufacturing °. Vacuum sublimation was
used in fabricating TTF-based thin-film OFET devices. Yamashita et al is the first group to
report DB-TTF-based thin-film OFET devices exhibiting mobility of 0.06 cm?Vs 3. In the
instances where FETs exhibited poor performance in terms of low mobility, small on/off ratio,
large off-current, and the lack of saturation current, these were reported to may have been a
result of high HOMO levels making their thin films labile to oxygen 7374, To counteract this

effect of poor TTF air stability the following modifications have been undertaken:

() introduction of fused aromatic rings,

(i) further attachment of electron-withdrawing halogen groups to the fused TTF unit 3.
Gao and co-workers reported dinaptho-TTF-based devices constituting of a herringbone-type
crystal structure, which showed high mobility of 0.42 cm?/V's due to the T-expanded structure
benefiting the intermolecular - interactions 7°. According to reports by Gao, TTF based
single-crystal OFETSs fabricated by the drop-casting method showed high performance with
mobility of up to 1.4 cm#Vs 7°. Vacuum deposited TTF-based thin fims OFETs were well

prepared, with some of them even demonstrating high performance in comparison to that of

amorphous silicon, as well as good air-stability.
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CHAPTER 3: Experimental Methodology

3.1. Introduction

This chapter comprises the characterisation and purification procedures, as well as techniques
employed during the synthesis of tetrathiafulvalene intermediates and derivatives. The
relevancy of these specific synthetic approaches shall be further elaborated in the results and

discussion chapter.

3.2. Instruments and techniques

3.2.1. Melting point apparatus

Determination of solid samples’ melting points was carried out through the use and aid of
a Stuart Melting Point 3 (SMP3) apparatus in sealed capillary tubes, wherein the sample was
viewed through a magnifying lens. This specialized scientific instrument was designed for
precise use in measuring the temperature at which transformation of a sample from a solid
state to a liquid state occur. Its operating principle lies in the cautious heating of a pure
compound, wherein it changes from a solid to liquid state over a narrow controlled temperature

range, and the transition temperature is then recorded as the melting point of that compound.

The analysis commenced with sample preparation, wherein a relatively small amount of the
solid sample (crystalline or fine powder) was placed in a small capillary tube. The capillary
tube was then inserted, and heat applied as the apparatus constitutes of a heating element
(electrical coil), with controllable heating rate permitting accurate melting point determination.
Since the apparatus constitutes of a magnifying lens, the transition of the sample in the tube
was visually observed throughout, such as a change in the physical appearance either from
solid to liquid phase, or a change in colour, or disappearance of crystalline structure.
Subsequently, the narrow temperature range at which the sample compound completely
transformed was noted as the substance’s melting point. Lastly, the apparatus was left to cool

down, and capillary tube removed, disposed or cleaned for next analysis.

3.2.2. Thin layer chromatography

TLC (thin layer chromatography) plates from Merck were composed of silica gel embedded
on a thin layer of aluminium, with parameters 60 F254, 20 x 20 cm, layer thickness 0.2 mm
were cut into approximately 2.5 x 5 cm stripes. The plotted spots and bands were observed
under ultraviolet (UV) light of wavelength 254 nm. TLC analysis of most of the intermediates

was carried-out using dichloromethane/hexane as an eluent at varying solvent ratios.
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Furthermore, retention factor (Rr) values associated with TLC analysis were determined
through careful visual analysis and observation of the TLC plates under ultraviolet light of
wavelength 254 nm. The used UV light permitted clear visibility of the spots which appeared
as darker spots under the light due to the stationary TLC phase constituting of a substance

that fluoresces with exposure to ultraviolet light 7.

The silica gel served as the stationary phase, consisting of material that fluoresces under
ultraviolet light, and the solvent system as the mobile phase. To give an overview of the
analysis, upon having carefully cut plates of certain margins, a pencil line was drawn close to
the bottom of the plate. Plots or small drops of a solution with the compound to be analysed
were placed on the plate where the line is, using capillary spotters. Upon drying of the spotted
mixture of intermediates or compounds, the TLC plate was stood upright in a layer of the
appropriate solvent in a covered beaker, ensuring that solvent quantity is below the line with
spots ‘6. The solvent was visually observed traveling up the plate, wherein the spotted
components travelled along at different rates and in that way the mixture was separated into
different coloured spots according to varying polarity 7. Figure 3,1, serves as a schematic

overview of the thin layer chromatography analysis as briefly explained °.

watch glass

¥

thin layer chromatography

plate -4— beaker

After After

5 mins 10 mins|
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\‘

solvent

spot of mixiure

Figure 3.1. Thin layer chromatography analysis schematic illustration.

The retention factor (Rs) was then determined for each of the compounds using the formula:

__ distance travelled by compound

f— distance travelled by solvent

3.2.3. Column chromatography
The purification principle of column chromatography is similar to that of thin layer
chromatography, such that it constitutes of silica as the stationary phase resulting in the

adsorption and separation of compounds dissolved in the liquid mobile phase (eluent) 7’. The
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separation is based on the compound’s chemical properties, such that they get adsorbed and
eluted based on differential adsorption by the silica as an effect of polarity and forces amongst

other factors. Figure 3.2 shows a schematic representation of column chromatography .
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Figure 3.2. Column chromatography schematic representation.

Column chromatography was carried out using silica gel 60 (0.063-0.2 mm). The samples/
compounds to be purified or separated were introduced at the top of the column packed with
silica and appropriate eluent. The compounds were allowed to move with the eluent,
separating based on different polarities as they move through the column at different rates
resulting in their separation. and desorbed with the appropriate solvent polarity. Wherein, the
compound(s) partition themselves between the mobile ‘and stationary phase based on their
relative solubilities and interactions. Such' that, those with higher affinity for the stationary
phase interact with the phase resulting in them moving through the column slowly. Meanwhile
those with lower affinity move through the column faster as they do not have prolonged
interaction with the stationary phase. Upon separation of the components, the appropriate
pure compound was then collected in fractions and concentrated on a rotary evaporator under

low pressure and temperature of approximately 40°C.

3.2.4. Nuclear Magnetic Resonance (NMR) spectroscopy

Simple proton (*H) NMR was used to confirm the availability and purity of the respective
compounds, followed by carbon (**C) NMR 7°. The analysis was carried-out on a Bruker NMR
spectrometers at 300 MH, and 400 MHz for *H and at 75 MHz / 100 MHz for 13C, respectively,
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operating at a 25°C with deuterated chloroform (CDCls) as the solvent. Tetramethylsilane
(TMS) was used as an internal standard. Spectral analysis of the results constituted of the
proton and carbon chemical shifts expressed in parts per million (ppm), with the residual
signal/peak of deuterated chloroform at chemical shifts: & = 7.26 ppm for *H NMR and 77.16
ppm for 3C NMR, respectively, the internal standard TMS peak was set at & = 0 ppm. A water
signal was observed at chemical shift = 1.56 ppm in the proton spectra. Coupling constants
(J) for multiplets peaks were reported in Hz, and the abbreviations s, d t, g as well as m
represent singlet, doublet, triplet, and multiplet, respectively. Some trace impurities were
observed at about dH 1.27 ppm, belonging to the long chain alkane derivatives (grease).

3.2.5. Mass spectroscopy (MS)
Mass spectrometry measurements were carried out using Waters MICROMASS® Q-Tof
micro™ and ThermoFisher Orbitrap Exploris 480 mass-spectrometers in the ESI-(+) mode.

Only previously unreported final products were characterized using HR-MS 0.

3.2.6 Cyclic voltammetry (CV)

The cyclic voltammetry was performed using computer-controlled BAS model 100 B/G
potentiostat. The workstation was interfaced with the usual three-electrode cell setup
consisting of the reference, working, and auxiliary electrodes 8. The reference electrode was
constructed from a silver wire (Ag/AgCl) inserted into a MeCN solution of 0.01 M silver nitrate. The
BAS glassy carbon working electrode with surface area 7 mm? was pre-treated by polishing
on a Buehler microcloth first with 1 ym and then 1/4 um diamond paste. The auxiliary electrode
consisted of a platinum wire. All the measurements were obtained using spectrochemical
grade DCM with the presence of [n-BuyN] [(PFs),] ca. 0.1 M electrolyte solution. The system
was purged with nitrogen before proceeding with any measurement. The concentrations of

the analytes were ca. 1 mM. Ferrocene was used as the internal reference substance.
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Figure 3.3. Schematic illustration of a 3-electrode electrochemical cell for cyclic
voltammetry measurements.

3.2.6. Other purification techniques

Amongst other used techniques was suction filtration, for the separation of a solid component
of a sample from a liquid component as suction or vacuum is applied. Extraction is another
technique that has been extensively used during the study, also referred to as solvent or liquid-
liquid extraction as it has both an agueous and organic phase. Inorganic substances are
dissolved in the aqueous phase, whereas organic substances or product are dissolved in the
organic phase comprised of an organic solvent. The difference in densities is what results in
two separate phases. The collected organic phases were put together and dried over a drying
agent like anhydrous MgSO4 or Na>,SO, to remove residual water prior to concentrating using
a rotary evaporator. Another liquid separation method for a mixture of liquid components used
was distillation. Essentially for purification, to ensure a certain standard of purity in the solvents
for reaction syntheses. Its operating principle was a subject of differences in the boiling points
of each species or component, such that the two liquid components were separated by raising
the temperature to a point where one of the liquids would boil while the other remained a liquid.

Resulting in the collection of the boiled liquid through condensing the resulting vapour.

The concept of distillation is similar to concentration by rotary evaporator, whereby solvents
were rapidly removed at reduced pressures. With the rotary evaporator, the distillation flask
was rotated to increase the rate at which the solvent evaporates by spreading the contents
around the flask’s walls. It has a vapour duct allowing the solvent vapour from the flask to run
through a vacuum seal onto the spiral condenser, condensing the solvent into a separate

receiving flask, resulting in the separation and concentration of a solvent-free compound and
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pure solvent collected in a separate flask. Recrystallization was also used constantly, as one
of the most efficient methods for purifying solids embodying impurities. With the most crucial
part being an appropriate solvent in which the impurities will be soluble, one that dissolve the
compound of interest along with its impurities when it is hot. As it cools down, the impurities
remain soluble in contrast to the compound of interest precipitating. After successfully
dissolving the compound, cooling was done by leaving the flask to cool to room temperature
and submerging the flask into an ice bath for roughly 10 minutes. The resultant crystals were
then filtered and washed with the cold solvent.

3.2.7. Materials, Reagents and Solvents

The majority of the chemicals used in this project were of reagent grade and used as
purchased from Merck and Sigma-Aldrich. Most of the reactions were carried out under inert
gas using dry solvents. TTF intermediates and derivatives were prepared using the published
procedures, with significant adjustments. Other chemical suppliers include Glassworld, CC
Imelmann, or Promark Chemicals. Solvents were also purified through distillation, and

reagents for dry reactions were stored in the vacuum gloves-box.
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3.3. Experimental procedures
3.3.1. The synthesis of bis(tetraethylammonium)bis(1,3-dithiole-2-thione-4,5-
dithiol)zincate (Et4N)2[Zn(DMIT)2], 10 %,

1. Na (s) s s, s S ﬁ
2. ZnClyin NH,OH (25%) N
cs, :ENBrinH0 ~ S#s AN S>=S 2 /\r\(\
s 'S

DMF

10

Dry DMF (48 mL) was degassed by bubbling argon for about 20 minutes, and carbon
disulphide (24 mL, 0.399 mol, 30.4 g.) was added meanwhile the reaction mixture was kept
under argon with cooling to 0°C. Sodium metal (1.45 g, 0.0631 mol, 4 eq.) was weighed in
finely cut pieces under hexane and added gradually into the reaction mixture while
continuously stirring at approximately 0°C. The resulting intense blood red mixture was then
allowed to stir overnight. A solution of zinc chloride (2.13 g, 0.0156 mol, 2 eq.) in concentrated
NH4OH (46 mL) was slowly added while destroying small residues of unreacted sodium, and
after 15 min, a solution of tetraethylammonium bromide (6.62 g, 0.0205 mol, 2 eq.) in H2O (50
mL) was added. The reaction mixture was then again allowed to stir overnight, with the
resultant precipitate collected by suction filtration upon that, and washed with isopropanol and
ether (1:1), affording bis(tetraethylammonium)bis(1,3-dithiole-2-thione-4,5-dithiol) zincate salt
(EtsN)2[Zn(DMIT),] 10 (8.76 g, 0.01219 mol, 76%) in the form of a pure red powder with a
melting point of 205-209°C.

3.3.2. The synthesis of 1,3-dithiole-2-thiones, general procedure, 11 &,

s=<( :( Zn, j: >=s|2 /ENC RGr) j: >=s

CH3CN, reflux

10

The zincate salt (EtsN)2[Zn(DMIT)2] (~1 eq.) and alkyl halide (~5 eq.) were suspended in
acetonitrile and refluxed. The mixture was then cooled to room temperature and solvent was
removed to dryness. If non-volatile alkyl bromides where used, the residue was left under high
vacuum to remove the unreacted alkyl bromide. The residue was dissolved in DCM, precipitate
was filtered off through celite and filtrate was concentrated to approximately 30 mL and treated
with activated charcoal overnight. The solution was filtered once more through a plug of silica

and concentrated under vacuum using a rotary evaporator.

34



3.3.2.1. The synthesis of 4,5-bis(proplythio)-1,3-dithiole-2-thione. (R = Propyl).

s S 8
S_ﬂ/ I Z” IS/ES 2 /hN/\ R-(Br/l) /\/SIS>=S
’ S’ \S ° K \/\S S

CH3CN, reflux

10 R = Propyl 11a

(EtsN)2[Zn(DMIT)] (4.02 g, 5.60 mmol, 1 eq.) was suspended in CH3CN (45 mL) along with
bromo-propane (2.92 mL, 3.95 g, 0.03208 mol, 6 eq.) and the reaction mixture was refluxed
for 3 hours. Purification was carried out by means of filtration through silica, and
concentration under vacuum, resulting in a dark green plus yellow oil of 4,5-bis(proplythio)-
1,3-dithiole-2-thione 11a (3.76 g, 0.01333 mol, 83 %). R; (DCM) = 0.7.

IH NMR (3) (300. MHz, chloroform-d): 2.90 (t, J = 7.6 Hz, 4H, -SCHy-), 1.77-1.68 (m, 4H, -
CHy-), 1.08 (t, J = 7.3 Hz, 6H, -CHa);

13C NMR (8) (75 MHz, Chloroform-d); 136.4, 77.1, 38.7, 23.1, 13.1.

3.3.2.2. The synthesis of 4,5-bis(hexlythio)-1,3-dithiole-2-thione. (R= Hexyl).

S:<SIS\\2n\/,818>:S , /hN/\ R-(Br/l) \/\/\/S S
S S/ \\S S K SIS>:S
P

CH3CN, reflux

10 R = Hexyl 1b

(EtsN)2[Zn(DMIT),] (11.6 g, 15.8 mmol, 1 eq.) was suspended in CH3;CN (45 mL) along with
hexyl bromide (11.14 mL, 13.1 g, 79.4 mmol, 5 eq.) and the reaction mixture was refluxed for
3 hours. Purification was carried out by means of filtration through silica, and concentration
under vacuum resulted in a dark yellow oil of 4,5-bis(hexlythio)-1,3-dithiole-2-thione 11b (9.05
g, 24.7 mmol, 78 %). R; (DCM) = 0.81.

IHNMR (3) (300 MHz, Chloroform-d): 2.88 (t, J = 7.0 Hz, 4H, -SCH-), 1.67 (p, J = 8.2 Hz, 4H,
-CHy-), 1.49-1.38 (m, 4H, -CH,-), 1.34-1.27 (m, 8H, -CHz-), 0.91 (t, J =7.0 Hz, 6H, -CH).

3.3.3. The synthesis of 4,5-bis(cyanoethylthio)-1,3-dithiole-2-thione, 12 24,

S S\‘ ’I’S S /ﬁ PN BrCHchch NC/\/S S
s=X_ [ 20 J p=s|z|- ™ —_— I =S
S s” s S K S

CHaCN, reflux ~ NC~ g
10 12
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To a solution of (EtaN)2[Zn(DMIT)2] (7.413 g, 0.01032 mol, 1 eq.) suspended in CHsCN (130
mL) was added 3-bromopropionitrile (4.3 mL, 6.95 g, 0.05184 mol, 5 eq.) and the reaction
mixture was refluxed for 1 hour. The resulting solution was cooled to room temperature, and
concentrated using rotary evaporator. The resultant brown-yellow solution was re-dissolved in
dichloromethane (130 mL), and washed with water (4x 100 mL), dried using MgSQO. as drying
agent. The solvent was then removed in vacuo. Purification was carried-out through
recrystallization of the product from toluene (bp 110.6°C) resulting in long, well-defined yellow,
needle-like crystals of 4,5-bis(cyanoethylthio)-1,3-dithiole-2-thione 12 (4.74 g, 0.01577 mol,
77%). Mp 86 °C; Rf (DCM) = 0.82.

IHNMR (8) (400 MHz, Chloroform-d): 3.19 (t, J = 6.9 Hz, 4H, -CH,-), 2.83 (t, J = 6.9 Hz, 4H, -
SCHy-);

13C NMR (3) (100 MHz, Chloroform-d): 209.1, 135.8, 117.1, 31.8, 19.1.

3.3.4. The synthesis of 4,5-bis(cyanoethylthio)-1,3-dithiole-2-one, 16 1383,

Nl S Hg(OAc), NGNS\ -8
S S

NC o~ CHCIy/AcOH NC~g
12 16

Under anaerobic conditions, a mixture of 4,5-bis(2’-cyanoethylthio)-1,3-dithiole-2-thione 12
(4.55 g, 0.01515 mol) and mercuric acetate (18.87 g, 0.03634 mol) in a solution made up of
chloroform and acetic acid (3:1) (150 mL), was stirred overnight under nitrogen. The resulting
solution constituting of a whitish precipitate was filtered through celite, and washed with a
fraction of water and NaHCO3 solution. Upon washing, the organic phase was dried with
MgSO, for about 20 minutes, and thereafter, the solvent was evaporated, resulting in light
orange ore-like crystals of4,5-bis(cyanoethylthio)-1,3-dithiole-2-one 16 (4.406 g, 0.01528 mol,
99%). Mp 86 °C; Rs (DCM) = 0.82.

H NMR (©) (400 MHz, Chloroform-d): 3.16 (t, J = 6.9 Hz, 4H, -CH,-), 2.82 (t, J = 6.9 Hz, 4H,
-SCH»-);

13C NMR (8) (100 MHz, Chloroform-d) 187.7, 127.4, 117.3, 31.7, 19.0.

3.3.5 Cross coupling of intermediates

3.3.5.1 The synthesis of 2,3-bis(cyanoethylthio)-6,7-bis(propylthio)tetrathiafulvalene 17
13,32,84
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S SR
RS- NS e POEt); NC~ "N—-S 8
T o 20 e
11 16 17
11a : R = Propyl 17a : R = Propyl
11b : R = Hexyl 17b : R = Hexyl

4,5-bis(2’-cyanoethylthio)-1,3-dithiole-2-one 16 (2.063 g, 7.15 mmol) and 4,5-bis(proplythio)-
1,3-dithiole-2-thione 11a (2.045 g, 6.81 mmol) were suspended in freshly distilled triethyl
phosphite [P(OEt)s] (21 mL) under nitrogen and heated with stirring at ~110°C. A dark orange
precipitate started to from after 10 minutes, and stirring was continued for about 90 minutes.
Thereafter, the mixture was allowed to cool to room temperature, and precipitate filtered. The
resulting precipitate was dissolved and washed with methanol (3 x 30 mL) and dried using
rotary evaporator. The solid was dissolved in DCM (dichloromethane) and purified by column
chromatography constituting of silica gel with DCM and hexane (6:4) as elution solvent
system. Isolation and elution of the middle fraction resulted in the cross-coupled product,
which was dried in vacuo whilst evaporating the elution solvent, thus resulting in the pure
product, in the form of an orange powder, of 2,3-bis(cyanoethylthio)-6,7-
bis(propylthio)tetrathiafulvalene 17a (2.25 g, 4.30 mmol, 60%). Mp ~119 °C; R; (DCM: Hexane,
6:4) = 0.5.

IH NMR (3) (400 MHz, Chloroform-d): 3.11 (t, J = 7.1 Hz, 4H, NC-CHy-), 2.84 (t, J = 7.2 Hz,
4H, -SCHy-), 2.77 (t, J = 7.1 Hz, 4H, -SCH,-), 1.76 — 1.64 (m, 4H, -CH,-), 1.05 (t, J = 7.3 Hz,
6H, -CH).

13C NMR (d) (100 MHz, Chloroform-d) 141.9, 129.5, 118.5, 38.3, 31.3, 23.1, 18.9, 13.2.

3.3.5.2 The synthesis of 2,3-bis(cyanoethylthio)-6,7-bis(hexyllthio)tetrathiafulvalene,
17b.

4,5-bis(2’-cyanoethylthio)-1,3-dithiole-2-one 16 (R = hexyl) (2.063 g, 7.15 mmol) and 4,5-
bis(hexylthio)-1,3-dithiole-2-thione 11b (2.045 g, 5.58 mmol) were suspended in freshly
distilled triethyl phosphite [P(OEt)s] (21 mL) under nitrogen and heated with stirring at ~120°C.
A dark orange precipitate started to from after 10 minutes, and stirring was continued for about
90 minutes. Thereafter, the mixture was allowed to cool to room temperature, and precipitate
was filtered. The resulting precipitate was dissolved and washed with methanol (3 x 30 mL)
and dried using rotary evaporator. The solid was dissolved in DCM and purified by column
chromatography constituting of silica gel with DCM and hexane (7:3) as elution solvent

system. Isolation and elution of the appropriate fraction, which was dried in vacuo resulted in
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the pure product, in the form of a rich-orange powder, of 2,3-bis(cyanoethylthio)-6,7-
bis(hexylthio)tetrathiafulvalene 17b (2.03 g, 3.34 mmol, 46%). Mp ~119 °C; R; (DCM: Hexane,
7:3) =0.63

IH NMR () (400 MHz, Chloroform-d): 3.11 (t, J = 7.1 Hz, 4H, NC-CHy-), 2.85 (t, J = 7.1, 4H,
-SCHy-), 2.77 (t, J = 7.1 Hz, 4H, -SCH,-), 1.72 — 1.60 (m, 4H, -CH>-), 1.50 — 1.40 (m, 4H, -
CHy-), 1.38 — 1.21 (m, 8H, -CH2-CH,-), 0.92 (t, J = 3.8, 6H, -CH).

13C NMR (8) (100 MHz, Chloroform-d) 128.1, 127.9, 117.4, 114.8, 36.4, 31.3, 30.9, 29.7, 28.2,
22.6,18.9, 14.1.

3.3.6 Self coupling of intermediates

3.3.6.1 The synthesis of 2,3,6,7-Tetrakis(2’-cyanoethylthio)tetrathiafulvalene, 18 13,

NC/\/S S P(OEt); /toluene NC/\/S S o S S\/\CN
(=0 s =]
S S S

NC\/\S NC\/\S S/\/CN
16 18

4,5-bis(cyanoethylthio)-1,3-dithiole-2-one 16 (1.00 g, 3.47 mmol) was suspended in toluene
(34.61 mL) and refluxed with stirring, as freshly distilled triethyl phosphite [P(OEt)3] (3.46 mL)
was added along. After approximately 15 minutes, a dark red-orange precipitate started to
form, and the red solution was allowed to stir in reflux for an extra 30 minutes. Upon that, the
precipitate containing solution was allowed to cool to room temperature, and the solution was
filtered by suction filtration, resulting in pure compound 18 as intense red-orange well-defined
crystals; (0.52 g, 0.99 mmol, 55%). Mp ~212-214 °C; R (DCM: Hexane, 6:4) = 0.91.

IH NMR (3) (400 MHz, Chloroform-d): 3.13 (t, J = 7.0 Hz, 8H, NC-CHy-), 2.78 (t, J = 7.0 Hz,
8H, -SCH,-).

13C NMR (d) (100 MHz, Chloroform-d) 187.7, 127.4, 117.3, 31.7, 19.1.

3.3.7. Deprotection and realkylation of TTF derivatives/ intermediates
3.3.7.1 The synthesis of 4,5-bis(3’-chloropropylthio)-6,7-bis(propylthio)-

tetrathiafulvalene, 20a 3132,

KO-Bu-t

NCNSNS S SSS  BrcHel NS S>_<S N
I 7= I DMF | |
NOag™8 8 g o "7 TS ST TN

17a 20a
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To a solution of 17a (1 g, 1.92 mmol) in anhydrous degassed DMF (33 mL) was quickly added
in excess of potassium tert-butoxide (0.8 g, 7.13 mmol) in one portion. Upon starring for
roughly 20 minutes in an ice bath under inert atmosphere, 1-bromo-3-chloropropane (0.90 mL,
1.43 g, 9.10 mmol) was added quickly in one portion. The reaction mixture was then stirred at
room temperature for 1 hour, upon that the solvent was removed in vacuo using a rotary
evaporator. The resultant dark brown residue was re-dissolved in DCM (~25 mL) and filtered
through a plug of celite. Extraction / washing was then done using brine (3 x 25 mL), and
organic phase was dried over MgSO4. The compound dissolved in DCM was concentrated by
evaporating the solvent in vacuo. Thereafter, the resulting compound was purified by column
chromatography on silica gel with DCM and hexane in the ratio 6:4 as the solvent system,
giving the product 4,5-bis(3’-chloropropylthio)-6,7-bis(propylthio)tetrathiafulvalene 20a as
brown sticky syrup (0.50 g, 0.88 mmol, 49%). R: (DCM: Hexane, 6:4) = 0.63.

IH NMR (&) (400 MHz, Chloroform-d): 3.71 (t, J = 6.2 Hz, 4H, CI-CH,-), 3.01 (t, J = 6.9 Hz,
4H, -SCHy-), 2.82 (t, J = 7.6, 6.9 Hz, 4H, -SCH,-), 2.17 — 2.06 (m, 4H, -CH>-), 1.76 — 1.63 (m,
4H, -CH,-), 1.04 (t, J = 7.3 Hz, 6H, -CHs).

13C NMR (3) (100 MHz, Chloroform-d) 144.5, 128.0, 42.9, 38.3, 33.2, 32.1, 23.2, 13.2.

3.3.7.2 The synthesis of 4,5-bis(3’-chloropropylthio)-6,7-

bis(hexylthio)tetrathiafulvalene, 20b 3132,

s s KOBut o S s
NG SN NN Br(CH,);Cl NN S S NN
o Lo~ T T~
~ g7 S ST NN DMF o > "g” S ST NN
17b 20b

To a solution of 17b (0.9 g, 1.48 mmol) in anhydrous degassed DMF (30 mL) was quickly
added in slight excess potassium tert-butoxide (0.72 g, 6.42 mmol) in one portion. Upon
stirring for roughly 20 minutes in an ice bath under inert atmosphere, 1-bromo-3-
chloropropane (0.81 mL, 1.29 g, 8.19 mmol) was added quickly in one portion. The reaction
mixture was then stirred at room temperature for 1 hour, upon that the solvent was removed
in vacuo using a rotary evaporator. The resultant dark brown residue was re-dissolved in DCM
(=25 mL) and filtered through a plug of celite. Extraction / washing was then done using brine
water (3x 25 mL), and organic phase was dried over MgSO4. The compound dissolved in DCM
was concentrated by evaporating the solvent in vacuo. Thereafter, the resulting compound
was purified by column chromatography on silica gel with DCM and hexane in the ratio 6:4 as

the solvent system, giving the product 4,5-bis(3’-chloropropylthio)-6,7-
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bis(hexylthio)tetrathiafulvalene 20b as brown sticky syrup; (0.62 g, 0.95 mmol, 59%). R (DCM:
Hexane, 6:4) = 0.73.

IH NMR (8) (400 MHz, Chloroform-d): 3.70 (t, J = 6.2 Hz, 4H, CI-CH,-), 3.01 (t, J = 6.9 Hz,
4H, -SCHy-), 2.84 (t, J = 6.8 Hz, 4H, -SCH,-), 2.20 — 1.99 (m, 4H, -CH,-), 1.73 — 1.59 (m, 4H,
-CH2-), 1.49 — 1.21 (m, 12H, -CH2-CH,-CHy-), 0.92 (t, J = 6.7 Hz, 6H,-CHa).

13C NMR (d) (100 MHz, Chloroform-d) 128.0, 127.8, 36.7, 36.3, 32.8, 31.3, 29.7, 28.2, 22.6,
14.1

3.3.7.3 The synthesis of 2,3,6,7-Tetrakis(3-Chloropropylthio)tetrathiafulvalene, 31 332,

KO-Bu-t
S S
N I%_(SI ~"cN _Br(CH,)Cl_ CI\/\/SI IS\/\/CI
NC CN : :
\/\S 188 S S/\/ DMF CI/\/\S S/\/\CI

To a solution of 18 (0.18 g, 0.33 mmol) in anhydrous degassed DMF (7.46 mL) was quickly
added in slight excess potassium tert-butoxide (0.19 g, 1.69 mmol) in one portion. Upon
starring for roughly 20 minutes in an ice bath under inert atmosphere, 1-bromo-3-
chloropropane (0.8 mL, 1.27 g, 8.09 mmol) was added quickly in one portion. The reaction
mixture was then stirred at room temperature for 1 hour, upon that the solvent was removed
in vacuo using a rotary evaporator. The resultant dark brown residue was re-dissolved in DCM
(~25 mL) and filtered through a plug of celite. Extraction / washing was then done using brine
water (3x 25 mL), and organic phase was dried over MgSO4. The compound dissolved in DCM
was concentrated by evaporating the solvent in vacuo. Thereafter, the resulting compound
was purified by column chromatography on silica gel with DCM and hexane in the ratio 6:4
as the solvent system, giving the product 2,3,6,7-tetrakis(3-chloropropylthio)tetrathiafulvalene
31 as brown sticky syrup (0.12 g, 0.19 mmol, 65%). R; (DCM: Hexane, 6:4) = 0.77.

IH NMR (8) (400 MHz, Chloroform-d): 3.73 (t, J = 6.1 Hz, 8H, CI-CH,-), 3.59 (t, J = 6.2 Hz,
8H, -SCHy-), 2.38 — 2.25 (m, 8H, -CHy-).

13C NMR (®) (150.95 MHz, Chloroform-d) 128.0, 110.5, 42.9, 33.2, 32.1.

3.3.8 Halogen substitution
3.3.8.1. The synthesis of 4,5-bis(3’-iodopropylthio)-6,7-

bis(propylthio)tetrathiafulvalene, 32a 3132,
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4,5-bis(3’-chloropropylthio)-6,7-bis(propylthio)tetrathiafulvalene 20a (0.078 g, 0.14 mmol) and
sodium iodide (0.37 g, 2.45 mmol) were dissolved in degassed anhydrous acetone (3 mL) and
refluxed at ~60°C for 4 days. The solvent was left to evaporate as the reaction mixture was
cooled down, and the residue was redissolved in DCM (25 mL). Water (25 mL) was then used
to wash the residue, followed by subsequent drying over MgSQ4, and concentration in vacuo.
The resulting brown oil was purified by column chromatography on silica gel with DCM and
hexane (6:4) as the solvent system, resulting in 4,5-bis(3’-iodopropylthio)-6,7-
bis(propylthio)tetrathiafulvalene 32a as brown oil; (0.09 g, 0.19 mmol, 88%). R: (DCM:
Hexane, 6:4) = 0.57.

IH NMR (&) (400 MHz, Chloroform-d): 3.34 (t, J = 6.7 Hz, 4H, I-CH.-), 2.95 (t, J = 6.8 Hz, 4H,
SCHy-), 2.82 (t, J= 6.7, 4H, -SCH>-), 2.25 — 2.05 (m, 4H, -CHy-), 1.76 — 1.60 (m, 4H, -CHy-),
1.04 (t, J = 7.3 Hz, 6H, -CHa).

13C NMR (8) (100 MHz, Chloroform-d) 128.0, 127.8, 111.9, 108.8, 38.3, 36.7, 32.8, 23.2, 13.2.

3.3.8.2. The synthesis of 4,5-bis(3’-iodopropylthio)-6,7-bis(hexylthio)tetrathiafulvalene,
32b 3132,

Chho~_-S s s SN Nal NP s s S
T~ TRt T~
I ™>"g” TS ST Acetone PN Ng” S ST NG NN
20b 32b

4,5-bis(3’-chloropropylthio)-6, 7-bis(hexylthio)tetrathiafulvalene 20b (0.05 g, 0.077 mmol) and
sodium iodide (0.47 g, 3.14 mmol) were dissolved in degassed anhydrous acetone (2.45 mL)
and refluxed at ~60°C for 4 days. The solvent was left to evaporate as the reaction mixture
was cooled down, and the residue was redissolved in DCM (25 mL). Water (25 mL) was then
used to wash the residue, followed by subsequent drying over MgSO., and concentration in
vacuo. The resulting brown oil was purified by column chromatography on silica gel with DCM
(CH2Cly) and hexane (6:4) as the solvent system, resulting in 4,5-bis(3’-iodopropylthio)-6,7-
bis(hexylthio)tetrathiafulvalene 32b as brown oil; (0.1 g, 0.12 mmol, 76%). R; (DCM: Hexane,
6:4) = 0.75.
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IH NMR (&) (400 MHz, Chloroform-d): 3.70 (t, J = 10.0, 6.2 Hz, 4H, -I-CH,-), 3.01 (t, J = 6.9
Hz, 4H, -SCH,-), 2.84 (1, J = 6.8 Hz, 4H, -SCHy-), 2.17 — 2.03 (m, 4H, -CH-), 1.71 — 1.61 (m,
4H, -CHy-), 1.49 — 1.23 (M, 6H, -CH2-CH,-CHy-), 0.92 (t, J = 6.7 Hz, 6H, -CHa).

13C NMR (d) (100 MHz, Chloroform-d) 128.0, 127.8, 36.7, 36.3, 32.8, 31.3, 29.7, 28.2, 22.6,
14.1.

3.3.8.3 The synthesis of 2,3,6,7-Tetrakis(3-lodopropylthio)tetrathiafulvalene, 33 3132,
ChiS s S SN AC NaI
T~ I = I
CI/\/\S S S S/\/\C| Acetone
31

2,3,6,7-Tetrakis(3-chloropropylthio)tetrathiafulvalene 31 (0.1 g, 0.16 mmol) and sodium iodide
(Nal) (0.95 g, 6.3 mmol) were dissolved in degassed anhydrous acetone (4.926 mL) and
refluxed at ~60°C for 4 days. The solvent was left to evaporate as the reaction mixture was
cooled down, and the residue was redissolved in DCM (25 mL). Water (25 mL) was then used
to wash the residue, followed by subsequent drying over MgSO4, and concentration in vacuo.
The resulting brown oil was purified by column chromatography on silica gel with DCM
(CH2Cl;) and hexane (6:4) as the solvent system, resulting in 2,3,6,7-tetrakis(3-
iodopropylthio)tetrathiafulvalene 33 as a brown oil; (0.15 g, 0.15 mmol, 90%). R: (DCM:
Hexane, 6:4) = 0.75.

IH NMR (3) (400 MHz, Chloroform-d): 3.71 (t, J = 6.2 Hz, 8H, I-CH2-), 3.01 (t, J = 6.8 Hz, 8H,
-SCHy-), 2.17 — 2.02 (m, 8H, -CH2-).

13C NMR (d) (100 MHz, Chloroform-d) 128.0, 110.5, 42.9, 33.2, 32.1.

3.3.9 Functionalisation by 1-methyl-imidazole

3.3.9.1 The synthesis of 4,5-bis(1-methylimidazole-3-propylthio)-6,7-
bis(propylthio)tetrathiafulvalene, 4a.

j: : : :E 1- methyllmldazole —N N\/\/Sj: :[
Acetone N/\+/\/\S : :

—

To a solution of 1-methyl-imidazole (0.45 mL, 0.47 g, 5.68 mmol) in anhydrous degassed
acetone (5 mL) was added 4,5-bis(3’-iodopropylthio)-6,7-bis(propylthio)tetrathiafulvalene 32a

(0.0937 g, 0.13 mmol). The reaction was then left to stir overnight under nitrogen at room
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temperature. Upon evaporation of the solvent, the brown residue was recrystallized from DCM
and stored in a desiccator connected to a pump for further drying and removal of residual
solvents, giving rise to 4,5-bis(1-methylimidazole-3-propylthio)-6,7-
bis(propylthio)tetrathiafulvalene 4a as brown slow crystallizing oil (0.39 g, 0.59 mmol, 94%).
R: (DCM: EtOACc, 8:2) = 0.47.

IH NMR (&) (400 MHz, Chloroform-d): 7.58 (s, 2H, N-CH-N), 7.09 (s, 2H, N-CH), 6.91 (s, 2H,
N-CH), 4.73 (t, J = 7.2 Hz, 4H, N-CHy-), 4.03 (s, 6H, N-CHs), 3.02 (t, J = 6.7 Hz, 4H, -CHa-),
2.84 (t, J = 7.3 Hz, 4H, -CHy-), 2.31 — 2.39 (m, 4H, -CH>-), 1.60 — 1.75 (m, 4H, -CH,-), 1.04 (t,
J =7.3 Hz, 6H, -CHa-).

FT-MS (ESI): m/z = 335.0424 (M+); calcd for CosHasN4Ss2*, 331.0431 (M+).

3.3.9.2 The synthesis of 4,5-bis(1-methylimidazole-3-propylthio)-6,7-
bis(hexylthio)tetrathiafulvalene, 4b.

S\/\/\/1 -methylimidazole —N N\/\/S
> . Voo Ny I ~ 1000
AN

Acetone \N/%ltl

To a solution of 1-methyl-imidazole (2 mL, 2.06 g, 0.012 mol) in anhydrous degassed acetone
(14 mL) was added 4,5-bis(3’-iodopropylthio)-6,7-bis(hexyllthio)tetrathiafulvalene 32b (0.05 g,
0.060 mmol). The reaction was then left to stir overnight under nitrogen at room temperature.
Upon evaporation of the solvent, the residue in the form of brown oil was stored in a desiccator
connected to a pump for further drying and removal of solvent residues, giving rise to 4,5-
bis(1-methylimidazole-3-propylthio)-6,7-bis(hexyllthio)tetrathiafulvalene 4b as brown olil
(0.062 g, 0.083 mmol, 70%). R: (DCM: EtOAc, 8:2) = 0.48.

3.3.9.3. The synthesis of 2,3,6,7-Tetrakis[3-(1-
methylimidazole)propylthio]tetrathiafulvalene, 34.
S N/=\N
I : : I ~ 1-methylimidazole /N I I X
Acetone /§+ N /\N/
\—/

To a solution of 1-methyl-imidazole (0.13 mL, 0.13 g, 1.58 mmol) in anhydrous degassed
acetone (10 mL) was added 2,3,6,7-tetrakis[3-iodopropylthio]tetrathiafulvalene 33 (0.05 g,
0.050 mmol). The reaction was then left to stir overnight under nitrogen at room temperature.

Upon evaporation of the solvent, the residue in the form of brown oil was stored in a desiccator
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connected to a pump for further drying and removal of solvent residues, giving rise to brown
oily 2,3,6,7-tetrakis[3-(1-methylimidazole)propylthio]tetrathiafulvalene 34 (0.0261 g, 0.083
mmol, 70%). Rt (DCM: EtOAc, 8:2) = 0.51.
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CHAPTER 4: Results and Discussion

4.1 Introduction

As noted throughout the contents of this mini-dissertation, my contribution to this project was
limited to the responsibility of solely proving the ability to successfully prepare
tetrathiafulvalene derivatives following various series of synthetic methods, which required
and involved a couple of minor, significant adjustments resulting in successful synthesis.
Initially, the scope of the project involved the preparation and characterisation of only
components 4 and 5, resulting from the cyano-ethyl protected intermediate 3. In this chapter,
results following the successful and unsuccessful preparation of these components, along with
their intermediates are discussed. Supported by characterisation results as stipulated in

aforementioned chapter, all attainable and significant spectra attached in the appendices.

Therefore, an insight into the outcomes of our research on these TTF compounds, modified
to exhibit amphiphilic properties shall be given. Our investigation is aimed at understanding
their properties, structural features, as well as potential utility, as they hold promise for
applications in soft materials. By so doing, we at least hoping to address and tackle challenges
encountered during TTF synthesis and characterization process. In the same breath, we
hoping to propose avenues for further research, such that additional derivatives can be

explored.
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4.2 Synthesis and Characterization of the Compounds

4.2.1. Preparation of the key TTF intermediates.
Re-Ss s. SR
L o—=X
RS S S s R
3
R\/S S S S'--./R
T =0 + s=<I
R7>s7 S S s R
12 \LJ/ 11
Se s
AN
@IS>=S + R Br
S

DMIT Alkyl halide

Figure 4.1. Retrosynthetic of TTF derivative 3.

The key synthetic intermediate is the bis-cyanoethyl protected TTF derivative 3, resulting from
cross-coupling reactions between 4.5-bis(alkylthiol)-1.3-dithiole-2-thione and 4.5-bis(2-
cyanoethylthio)-1.3-dithiole-2-one with triethyl phosphite (Figure 4.1). The synthesis of the
intermediate compound 3 was carried out via a series of steps involving firstly the preparation
of the nucleophilic zincate salt 10. This is because the key TTF synthesis intermediate, 1.3-
dithiole-2-thione (DMIT)’s inability to be isolated in its protonated neutral form, as well as it

being unstable in acidic media 828°,

Figure 4.2. Structure of 1,3-dithiole-2-thione-4,5-dithiolate (DMIT).
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Scheme 4.1 shows the mechanism for the formation of the zincate complex, a shelf-stable
synthon of dithiolate (DMIT) 10g.

S
Ss_S
s S 5%
DMF -
2CS,+2Na ———>» 2-(’_ — I oNat —C52 n/\s
S SRS s s 2 Nat
10a 10b _
s“ s
10c

1) 58-S
s. S SE$-s cs j: Vs
2 Nat IS>=S + j\s S S: 3 - g7T"s 2 Na*
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S s S__S
S S__S
10g 10f [ 4 \Sf
5SS
ZnCl, 10d
NH,OH, S
Et,N*Br 10e
2-
S< S, S~.S
s= I zn I S N
10

Scheme 4.1. Mechanism for the formation of 10.

Carbon disulphide is reduced with alkaline metal in dimethylformamide (DMF) 8, producing
1.3-dithiole-2-thione4.5-dithiolate (DMIT), which stands to be isolated as zinc complex through
the addition of zinc chloride (ZnCl,) and tetraethyl ammonium bromide (EtsNBr) 2. The
dithiolate intermediate 10b reacts with one equivalent of carbon disulphide and the resultant
product undergoes intramolecular cyclisation, resulting in dithiolate 10c, which upon
intramolecular cyclisation could yield isomer 10d. A reaction between the latter 10d and one
equivalent of carbon disulphide then results in dithiolate intermediate 10e. Fragmentation of
10e then gives rise to the target 1,3-dithiole-2-thione-4,5-dithiolate 10g, as well as the neutral
C,Ss fragment 10f. Regeneration of CS, and sulphur can occur, as a result of the
decomposition of the neutral C,Ss 278587 Lastly, the zinc complex 10, arising from a reaction
of dithiolate (DMIT) 10g and ZnCl, and Et4sNBr is produced.
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The reaction was carried out readily under conditions of inert atmosphere, low temperatures,
and carefully dried DMF and CS.. The bis(tetraethylammonium)bis(1,3-dithiole-2-thione-4,5-
dithiol) zincate salt (EtaN)[Zn(DMIT);] 10 was isolated as a pure, intensely red powder, with a
significantly high yield and the melting point matching reports in literature 2’. The DMIT’s zinc
complex precipitates from the reaction mixture as the main product, meanwhile the side or by-
product, the neutral C,Ss fragment 10f may further decompose into a trithiocarbonate
intermediate and a CS,. Upon collection of the precipitate by filtration, a residue filtrate of an
unpleasant odour was collected and disposed of, the odour lessens one’s interest in isolating
any of the by-products. Nonetheless, an important standout observation as reported by
literature was noted and confirmed that is how stable the zinc complex is, with literally zero
degradation over a very long period at room temperature. Additionally, the DMIT chelates

made up of other metals such as sodium, potassium and lithium 26:87,

Another observation was how exothermic the reaction was, particularly as the metal (sodium)
was added, requiring it to be added in fine portions cautiously to the mixture of CS; and dried
DMF. Amid the alkali metal added in portions, the flask was submerged in ice cold water bath
with stirring, aiming to safely control the reaction with extreme caution and keep the
temperature within a certain range. Otherwise, as reported, the reaction can proceed violently,

such that it can result to an explosion .

The alkylation of C3Ss?™ gives rise to alkylthio-l,3-dithiol-2-thiones. Therefore, the prepared
DMIT and its resultant alkylation products enable and give rise to a collection of substituted
1,3-dithiole-2-thiones. The highly nucleophilic DMIT was successfully alkylated in a reaction
with the electrophilic bromo-alkane (alkane= R= propane or hexane) in MeCN, resulting in a
combination of dark green plus yellow oil, as 4,5-bis(proplythio)-1,3-dithiole-2-thione 11, and
as well as the 4,5-bis(hexlythio)-1,3-dithiole-2-thione 11 in the form of a dark yellow oil, upon
purification through a plug of silica. These compounds appear to be quite stable, though
oxidizable on air. Therefore, it required tight sealing and packaging and storage in a cool
environment 8. Comparison of the 'H spectra of the alkylated products shows definite

similarities, with the two (S-CH>-) groups appearing as a triplet peak at about ~2.90 ppm.

Alkylation was also carried-out using 3-bromopropinitrile as the electrophilic species.
Purification was carried-out by recrystallization using toluene, resulting in long, well-defined
yellow, needle-like crystals; as 4,5-bis(cyanoethylthio)-1,3-dithiole-2-thione 12. These crystals
appeared to be far more stable at any condition, even with exposure to air and solution. A shift

to higher chemical shift of 3.19 ppm is observed in the proton NMR of the product.

The reaction contents were refluxed in a solvent, acetonitrile just as in alkylation with an alkyl

halide. Generally, in most synthesis procedures, alkylation of DMIT is carried-out in
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acetonitrile, and as a result give rise to clean products in good yields, in contrast to the
reactions carried out in acetone 2. Thus, the alkylated thiones were successfully prepared
and in high expected yields. Both H and **C NMR analysis results complement the ones found
in literature as per reference in the previous methodology chapter. As observed in the attached
spectra (appendices), the compounds appear to be clean. Table shows summarised results
as per different substituent upon alkylation of the DMIT.

Table 4.1. Bis(alkylthio)-1.3-dithiol-2-thione.

R H (CDCl)/ppm R¢ (DCM) Yield (%)

-CH2-CHa-CHj 2.90 t (SCHy-), 1.77-1.68 m (- 0.70 83%
CHa-), 1.08 t (-CHs).

-CH-CH,-CN 3.19 t (-CH2CN), 2.83 t (- 0.82 77%
SCHy-).

-CH-CH,-CH,-CH,-  2.88t (SCH2), 1.67 p (-CHz-), 0.81 78%

CH,-CHs 1.49-1.38 m (-CHz), 1.34-

1.27 m (-CHy-), 0.91 t (-CHa).

DMIT synthons salts are extremely powerful nucleophiles, with the ability to react with
practically any primary or secondary alkyl halide in a suitable solvent of choice at very mild
conditions (Scheme 4.2). It is a typical Sn2 substitution reaction. The efficiency of the reaction

depends on the electrophile’s nature, such as its electrophilicity and steric hindrance 2.

electrophile (2eq)

/_R'/\r;r leaving group
© R R
S §' Br S S Br® S S«
S=< | —_— S=< | —_— S=< |
S S S PN
s ke TR

A

R™ "Br

nucleophile (DMIT) R= propyl

R= hexyl
R= cyanoethyl

Scheme 4.2. Mechanism of the formation of 4,5-bis(alkylthio)-1,3-dithiole-2-thione.

Conversion of the thiocarbonyl group in 4,5-bis(alkylthio)-1,3-dithiole-2-thione into a carbonyl

group, 4,5-bis(alkylthio)-1,3-dithiole-2-one was done by a reaction with mercury(ll) acetate.
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This reaction proceeds with very good yields because of the affinity of mercury to sulphur and
extremely low solubility of mercury disulphide, HgS, thus replacing the carbonyl group with a
thiocarbonyl group 8%%. The reaction proceeds through the formation of an intermediate
mercurinium ion. The desulfurization of the thioester was carried out on the cyanoethyl
protected intermediate, 4,5-bis(2’-cyanoethylthio)-1,3-dithiole-2-thione 12 in a mixture of
chloroform/ acetic acid (3:1), and mercury(ll) acetate at room temperature, giving rise to the
corresponding ketone, 4,5-bis(cyanoethylthio)-1,3-dithiole-2-one 16 in the form of light yellow
ore-like crystals, of a very high yield of 99%, mp 86 °C. The NMR spectra (see experimental
chapter, & appendices) is in accord with the proposed structure, with the *H NMR
corresponding to that of 4,5-bis(2’-cyanoethylthio)-1,3-dithiole-2-thione 12. The same is
observed in ¥C NMR, however the thiocarbonyl carbon peak appears to be at a higher
chemical shift than the carbonyl peak.

>_L/\ o
(0]
NC/\/S NC/\/SISQJ( NC/\/SIS>_
_ 4 /Q_Hg/o_<o > . =0

NC\/\S NC s NC s
12a 16

+ HgS + (CH,C0),0

Figure 4.3. Desulfurization 4,5-bis(2’-cyanoethylthio)-1,3-dithiole-2-thione 12 to 4,5-
bis(cyanoethylthio)-1,3-dithiole-2-one 16 by mercury(ll) acetate.

Both the 1,3-dithiole-2-ones and 1,3-dithiole-2-thiones are essential intermediates for the
preparation of the TTF derivatives using the phosphite-mediated coupling reaction.

4.2.2 Synthesis of 2,3-bis(cyanoethylthio)-6,7-bis(R-thio)tetrathiafulvalene 3
intermediates by coupling.

As stipulated, cyanoethyl protected TTF derivatives 17, a product of the cross-coupling
reaction between 4.5-bis(alkylthiol)-1.3-dithiole-2-thione 11 and 4.5-bis(2-cyanoethylthio)-1.3-
dithiole-2-one 16, is the common TTF intermediate used for the synthesis of other TTF
derivatives, along with 2,3,6,7-tetrakis(2’-cyanoethylthio)tetrathiafulvalene 18, resulting from
the homo-coupling of 4.5-bis(2-cyanoethylthio)-1.3-dithiole-2-one 16. These compounds

serve as the backbone of the synthesis of TTF derivatives in our study.
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Figure 4.4. Homo and hetero-coupling using triethylphosphite.

As observed in Figure 4.4, the products arising from coupling are cyanoethyl-protected
derivatives, on either positions 2- and 3-, or at all four positions possible for substitution. It
permits TTF to have two (compound 17) or four (compound 18) available thiolate groups for
alkylation later on, thus, serving as building blocks for the incorporation of TTF into large
molecules. Making the synthesis of various TTF derivatives feasible. On the other end of the
TTF intermediate 17, are two alkyl chain (R= propyl, or R=hexyl group). Based on the amount
of base equivalents added to remove the cyanoethyl protective groups, either one, two or four
(in the case of compound 18) groups can be substituted simultaneously. The strategy allows
one to have control over selective stepwise incorporation of different alkylthio substituents in
the two positions, making the resultant compound even more diverse °1-92, Therefore, triethyl
phosphite mediated homo' and cross-coupling is a strategy employed to prepare both

symmetric and asymmetric tetrathiafulvalene derivatives with substituents of different natures.

Two asymmetric compounds, 17a and 17b with R = propyl and R = hexyl substituents on 6-
and 7- positions of the TTF backbone were respectively prepared, the variety in substituents
permit unique modification of TTF moieties. These intermediates were prepared under the
same conditions from compounds 11 and 16 in neat, freshly distilled triethyl phosphite. TTF
products were separated and purified as stipulated in the methodology chapter by column
chromatography. The polarity of the cyano-ethyl groups has an effect on the successful
purification of the compounds by interaction and affinity with the phases making up the column.
As of effect, the cross-coupling between thione 11 and dithiolone 16 led to a reasonable yields
of the target compounds (60%, R= propyl) and (46%, R-hexyl), which complements reports in
literature 2193, Furthermore, self-coupling of intermediate 16 in neat triethyl phophite and

refluxing toluene gave rise to 2,3,6,7-tetrakis(2’-cyanoethylthio)tetrathiafulvalene 18 in 55%
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yield 13, This compound did not require chromatographic purification, as it precipitated well-

defined, analytically pure and richly orange crystals.

Figure 4.5 shows the proposed mechanism for cross coupling TTF-forming reaction %. The
reaction commences with the thiophilic addition of triethyl phosphite onto compound 11's
atom, localized on the second position. Wherein, the triethyl phosphite acts as a nucleophile
and attacks the thiocarbonyl carbon centre and forms a bond with the sulphur atom %°. The
then electron rich carbon centre attacks the carbonyl or ketone carbon centre, at the same
time, a lone pair on the ketone’s oxygen attacks the electro-deficient triethyl phosphite,
followed by the subsequent elimination of a chalcogeno phosphite. Another equivalent amount
of the nucleophilic triethyl phosphite reacts with the latter TTF intermediate resulting in the
elimination of another chalcogeno phosphite, thus, leading to the expected TTF as a final
product 17. The nature of the substituents located in the 4- and 5-positions of the final TTF
unit influence the efficiency of the reaction, with electron-withdrawing groups, such as
cyanoethyl, facilitating the reaction 9 .

RS _s¢") RS___s A RS S(S\!P(OE%
I g _— | ><S-P(OEt); —> I |
=

1 NCN-S S s s
e
CN
-PS(OEt);
thermal
elimination
(EtO);P5O nucleophilic
RSIS ( S S\/\CN attack RS IS(O SI S\/\CN
Bt | — I XX
RS S S s \_-CN RS S ‘>S s”\_-CN
-PO(OEt), ‘P(OEt)3

RS S S S "CN
To=CI(
rRs” S ST N s\ CN
17
Figure 4.5. Proposed mechanism of the P(OEt)s-mediated cross-coupling.
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Therefore, coupling of oxo intermediate compound 16 with either thione 11, or its self-coupling
leads to reasonable yields of the corresponding TTFs 17 and 18, respectively. Both *H and
13C NMR spectra, melting point and Ry values were in accord with the characterization details
reported in literature.

4.2.3 Deprotection and re-alkylation of tetrathiafulvalene intermediates.

The intermediates 17 and 18 can be deprotected under basic conditions and then re-alkylated
with different alkylating agents containing functional groups. These functional groups can be
further converted into the polar groups rendering the desired amphiphilic TTF derivatives.
Figure 4.6 sums up and give an overview of the successful and unsuccessful TTF preparation
series giving rise to functionalised TTF derivatives.

—

//V' -_-_N\,__JI

NG%SIS 5 SR —
=1
NC
~sT S SR % Ha04PO S
3 A0 L I :[
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Figure 4.6. Overview of thie successful and unsuccessful syntheses of amphiphilic TTF
derivatives.

4.2.3.1 Deprotection of TTF intermediates 17 and 18.

TTF derivatives 17 and 18 can be fully deprotected under the basic conditions using slightly
more than 2 and 4 equivalents of CsOH in MeOH, respectively. However, after several
attempts this deprotection appeared to be unsuccessful. Though CsOH in MeOH is a
recommended base, it didn’t work in our case 13. A different base, also discovered from
literature: potassium tert-butoxide (KOt-Bu) was used in excess and yielded positive results

and successful deprotection 2°,
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Figure 4.7. Potassium tert-butoxide mediated deprotection of cyanoethyl protected
intermediates.

Potassium tert-butoxide (KOt-Bu) and caesium hydroxide (CsOH) are both strong bases, but
have different properties and reactivity. The choice between KOt-Bu and CsOH depended on
the specific requirements of the reaction, its conditions, solvent as well as the overall synthetic
strategy. Since it was essentially about cleaving off the protecting group, steric hindrance and
nucleophilicity weren't critical factors °7. However, it is important that KOt-Bu is more basic, in
particular because it is added without protic MeOH, and, thus, the enhanced reactivity %8. This
explains its ability to remove the cyanoethyl group successfully. Despite being a poor
nucleophile, the bulky structure of KOt-Bu makes it perform exceptionally well in cleaving and
elimination reactions 9. Successful deprotection with the formation of thiolates is crucial for
successful alkylation that follows. Figure 4.8 embodies the proposed deprotection mechanism

by the strong base, potassium tert-butoxide.
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Figure 4.8. Deprotection of cyanoethyl protected compound mechanism by potassium
tert-butoxide.

4.2.3.2 Re-alkylation of TTF intermediates 17 and 18.

The subsequent re-alkylation of the thiolates allows the synthesis of new functionalised TTF
systems of diverse structures 190, Re-alkylation as a method of functionalisation of the DMIT
unit in the 4- and 5- positions, follows nucleophilic substitution reaction using an alkyl halide
101 ‘Wherein, alkyl groups are introduced onto the TTF intermediates’ thiol group. The sulphur
atom of the TTF intermediate acts as the nucleophile, attacking the alkyl halide’s electrophilic
centre by bimolecular nucleophilic substitution Snx2 reaction, see Figure 4.9.

S) S)
OCS B S LEBF ChaoS s s— SR
e T G JL =
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©
-:Br
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Figure 4.9. Nucleophilic substitution mechanism between TTF and alkyl halide.
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The extent of the nucleophilic substitution depends on the amount of the alkyl halide. In our
case it was always best to use an excess of most of the alkyl halide. As we used bis-alkyl
halides with bromo- and chloro-substituents and, thus, two electrophilic centres. An excess of
a reagent serves as a method of controlling the region-selectivity of the alkylation 1°2, Since
the TTF unit contains multiple nucleophilic sites (thiolates), an excess ensures that all the
thiolates react with the more electrophilic bromide side of the electrophile. Therefore,
circumvents formation of cyclic products, which could rise due to a reaction with the second
thiolate group with a chloride substituent. Several other factors determining the outcome of
nucleophilic substitution include reaction conditions; such as the base used during de-

protection, choice of solvent and temperature 103,
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Scheme 4.3. Synthesis route by de-protection and re-alkylation of TTF intermediates
of different functionalities.

The thiolate generated in situ was re-alkylated with an excess of the appropriate alkyl halide,
1-bromo-3-chloropropane (Scheme 4.3), giving rise to a variety of TTF derivatives based on
different substituents or functionalities, in quite reasonable yields of 49-65 %. The inability to

achieve exceptionally high yields could presumably be due to the competing cyclization

56



reaction as a subject of selectivity and region-selectivity amongst other factors. As of effect,
these compounds had to be purified upon alkylation by column chromatography to isolate the
desired product. These resultant products 20a, b and 31 were in the form of highly viscous

oils upon concentration.

In the next step, the alkyl substituted intermediates (20a, b and 31) were reacted with an
excess of sodium iodide for halogen exchange 22194, This substitution reaction was carried
out with the aim of obtaining a more reactive iodo analogue 1%. The starting material was
refluxed in acetone with an excess of the reagent sodium iodide for approximately 4 days
under inert atmosphere 2°. The reaction was monitored by TLC, along with the formation of a
white precipitate, NaCl serving as an indicator of successful substitution and completion. The
reaction gave rise to iodinated intermediates 32a, b and 33 in relatively high yields 88%, 76%
and 90%, respectively, upon purification by column chromatography. These TTF products
were all viscous brown oils. Nonetheless, the compounds were characterised by *H and *3C
NMR, with data consistent with assigned structures. The identity of compound 32a was also
proved by mass spectrometry, with m/z (%) = 751.8065 (M+), calculated for CisHul,Ss,
751.7890, and the isotopic pattern similar to the modelled one.

4.2.3.3. Substitution of TTF intermediates resulting in final product 4,5-bis(1-
methylimidazole-3-propylthio)-6,7-bis(alkylthio)tetrathiafulvalene 4.

1-Methyl-imidazole is a five-membered nitrogen-containing heterocyclic compound. It is
known for its wide range of chemical and biological properties, amongst those, it is an
important synthon in the development of new drugs 1%. Due to its amphoteric nature, the 1,3-
diazole ring is susceptible to both electrophilic and . nucleophilic attacks 7. The non-
substituted nitrogen atom has unshared pairs of electrons and, therefore, demonstrates
nucleophilic nature %8, 1-Methyl-imidazole is often used in the preparation of imiddazolium-

based ionic liquids.

1-Methyl-imidazole was reacted with 4,5-bis(3’-iodopropylthio)-6,7-
bis(alkylthio)tetrathiafulvalene 32 or 2,3,6,7-tetrakis(3-iodopropylthio)tetrathiafulvalene 33 in
anhydrous, degassed acetone. The reaction was left to stir overnight under nitrogen at room
temperature. In the first successful attempt, the product was purified by column
chromatography, but decomposed or remained stuck on silica. This effect could be due to the
extreme polarity of the compounds, such that they may bind too strongly to the silica, and

decompose or just not elute 109110,
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After several attempts, compound 4a was successfully synthesized and characterized,
meanwhile the synthesis of compounds 4b and 34 could not be finalized due to the lack of
time. Final purification of 4a was a challenge, different solvent recrystallization methods were
attempted with little to no success. The compounds were in the form of viscous brown oil which
formed crystals very slowly as the solvent evaporated with time, but the crystals were of purity
not sufficient for X-ray analysis. However, successful preparation of the highly polar derivative,
4,5-bis(1-methylimidazole-3-propylthio)-6,7-bis(propylthio)tetrathiafulvalene 4a is confirmed
by MS results as both NMR and MS results concur. The mass spectrum of the compound is
attached in the appendix, which definitely demonstrates its double charge (peaks with
fractional x.5 masses), permanent charge (ionized without protonation.), and its isotope
pattern well corresponds to the expected structure.

As shown in Figure 4.6, the scope was also inclusive of the unsuccessful preparation of
compound 5, a phosphate group containing TTF derivatives. Compounds 4 and 5 were the
main objectives of the study, however, due to the limited time and size of the study, only one

of the proposed was successfully prepared.

4.3. Characterisation of TTF intermediates and derivatives
Characterisation, as observed throughout the study, was carried-out using a variety of analysis
tools. Notations for the successfully prepared compounds are included in the experimental

chapter, and the NMR spectra in the appendices.

An interest and part of the study’s aim was to carry-out electrochemical studies by cyclic
voltammetry to observe how the charged TTF derivatives .may behave. However, the
amphiphilic nature of the compound posed challenges from the side of solvent selection and
solubility, in particular the oxidized species, with net charges of 3+ and 4+. Electrochemical
studies were carried out following the literature procedures for the similar TTF derivatives 9899,
Using the standard three electrode cell setup with two Pt electrodes (working and auxiliary)
and non-aqueous (MeCN) Ag+ reference electrode at 25°C with 0.1 M BusNBF, electrolyte in
MeCN under inert atmosphere. However, poorly defined product oxidation waves were
observed. An expected possible outcome was a cyclic voltammogram showing possibly two
single-electron, reversible redox processes 1!, At potentials slightly more positive (i.e.,
E,idation= 0 gV & E,dation= —1 00V) than those of the parent TTF unit 112113, The potentials
are usually said to be raised by the attached alkyl-thio substituents, due to destabilisation of

the di-cation and radical di-cation entities, caused by the electron-withdrawing effect of the
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sulphur atoms 191, The potentials are expected to be higher than in the parent TTF unit, due

to the presence of the four thio-alkyl substituents attached to the TTF unit frame 114,

It was concluded by assumption that the material either quickly and irreversibly degrades upon
oxidation or as it was deposited on the electrodes. Another factor to the unsuccessful
electrochemical studies could be the level of purity or impurity surrounding the compound. As
well as choice of the most compatible solvent. Unfortunately, multiple experiments in different
solvents were not possible due to the reduced quantity of the remaining material. Therefore,

the studies revealed that the TTF derivative does not interact to any significant extent 112,
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CHAPTER 5: Conclusions and future-work

The preparation of several redox-active tetrathiafulvalene derivatives has been explored, with
some of the intermediates and derivatives being susceptible to diverse use in modern
materials science and supramolecular chemistry. Our study has managed to cover a range of
potential functionalised symmetrical and unsymmetrical TTF derivatives with different
substituents, from alkyl-halides bearing TTF derivatives to the 1-methyl-imidazolium units
bound to the TTF frameworks. For feasibility of the amphiphilic character, it was crucial to
prepare entities with long alkyl chains on one side and polar groups on another side of the
TTF backbone, enabling these compounds to act as building blocks for incorporation into

diverse and new classes of redox-active materials.

In summary, upon successful synthesis of cyanoethyl-protected TTFs, their deprotection in
basic conditions was followed by re-alkylation. The subsequent re-alkylation involved the use
of different alkyl halides and was a subject of carefully designing reaction conditions, with
consideration of selectivity. The reactions produced products, separated and purified by
column chromatography coupled with analysis by NMR and mass spectrometry. Thus, we
obtained several new target amphiphilic functionalised TTF derivatives. Analysis mostly by
NMR revealed qualitatively that some of the desired compounds were produced successfully.
The study has therefore clearly demonstrated that the key intermediates can be used to
prepare symmetric and un-symmetric TTFs. The ultimate goal of the project was to evaluate
the possibility of synthesis of amphiphilic cationic / anionic TTF derivatives 4 and 5, and the

pathway for the preparation of the cationic derivatives was investigated with certain success.

For future-work would be an attempt to fully characterise the TTF material with the aims of
observing any degradation from what was observed in the study. That is, in particular
electrochemical studies, along with the addition of more characterisation techniques to
comprehend the nature of these TTF derivatives. Lastly, application studies on the resultant

TTF products should follow.
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H NMR and 3C NMR spectra

(wdd) 14

00 g0 0T g1 0z £Z 0E gE 0F cF 0'g g'g 09 5'g 0 5/ ]
1 1 _”u... 1 .—v 1 1 ..,._ 1 L 1 1 1 1 1 1 1 1 ]
als _ d - T Y
S m/\\\/u.mI
s=_ |
g £
g\ _-H
(wdd) 11
0T 1 T €T v g1 o1 o1 BT 6T 0z 184 7T £ bZ £Z 9Z Vi 8z 6T
i | | i I | L i " i | i I | i N i N | | N i L | i "
& e W
T o 2
[ _,j:_: rf_ﬂ.
mm_: b 062
(1) EHxz (w) zHD (1) zHOS

(€MD ¥ HO TH L =7 1 801 ( -THD- ¥ 'O ™)

8071 -LLT (-THDOS- T Hr ZH 'L = V) 06T © (p-umogeIod ZHIN 00€) (2) WAN H;

H NMR (300 MHz, Chloroform-d) spectrum of 4,5-bis(propylthio)-1,3-dithiole-2-thione 11

74



(wdd) 1

0 0T ng ne ot ns 09 0L ne ne oot 0Tt 0T 0ET 0FT 0ST 0ot 0LT 08T net noe 0T
# 1 1 | I i i 1 i 1 1 | | I I i [ 1 I I | 1
° H
S £
s\ _-H
(wdd) 14
ot cT 0e ce oE GE o L7 o8 GET 0FT
i L i L i . i i i ) i L i [ i
L}[]\Ja.]l-l.l.l}\lllf..ll e ety

S — | e—— _!i

"0T°€T “H0°ET "09°8€ "60°LL “EHOET  (P-umogolo[) ZEIN 001) (9) WMINN Dy,

13C NMR (100 MHz, Chloroform-d) spectrum of 4,5-bis(propylthio)-1,3-dithiole-2-thione 11
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bis(hexylthio)tetrathiafulvalene 17b



ot

0s 09 0L

08

(wdd) 1y

06 oot 01t 0et

OET 0rT 0ST 0ot 04T 0BT 06T noe 0Te

FT 8T 6T

1 b i

N_N _ m_w ﬂ

62

(wdd) 14
0E 1€
1

|
|

9t 90T STT LIT LET :TAS
1 1 1 i A

2 | ri |

b

Mo i
|

%3 _,%E_ the ,_f%_

g,

i, ot el i ,,g__,ﬁ%i ol 4l Al

|

FOFT "T68T "SSTT 0T8T 69°6T 6 0E

67

1€ 6€°0€ €8 FTT €4 L1T "L8LTT T0°8TT ¢ (P-umofoso[) ZHIN 00T) MWAN Dy

13C NMR (100 MHz, Chloroform-d) spectrum of 2,3-bis(cyanoethylthio)-6,7-

bis(hexylthio)tetrathiafulvalene 17b

84



0o S0 0T ST 0 Se e g€ 't 8% 0's 'S 0a 59

s s
zu\\,/.\ s - s /\}/uz
ND _ V A _ N

/fc\./...m S S m\.//\

(wdd) 14
0'a 08¢ GE8¢ 09¢ G9'¢ 0f¢ &L 08% 68¢ 06 S6'C 00f SO°E O0T€ STE 0€¢ GL'€ O0ECt GEE OpE SPE 0GE GS'E 09E G9E
L L I M 1 L | " | L Il M 1 L | M | L | M | L 1 M 1 L M | L X I L M I L X | " 1 M I " M | L

of 2,3,6,7-

spectrum

85

—ooa
5]

Chloroform-d)

(+¥[-THOS- 1 HS ZTH O L =1
18T ¥[-THI-ONI HS ZHOL =/ ) £1°¢ ¢ (p-usojoioq) ZHN 00F) AN H,

NMR (300 MHz,

Tetrakis(2’cyanoethylthio)tetrathiafulvalene 18

'H



(wdd) 14
0 01 0z 0g oF 01T 0zt 0ET 0FT 0ST 097 0LT 08T 067 002 012
.\\\_ L 1 1 1 | | | | | | | | | 1 | |
(wdd) 1)
16°81 09°£8T

sl 4 1

00°eT
i |

1

nT6T
1 i

7

D9 TESS'TE 0L TE S TE 0B°TE
1 1 i 1 i | 1

o

STATT
i 1

CTATAN
1 i

SEYLTT SFLTT
i 1 | i

| LA

DE/ET 1} A
1 i |

08 /ZT
1

L2l

0£7481
| i

0es81
i 1

f

| |
__ __

N

\[
I
____

et

T

\

\wu
_ﬁ

|

e —— r1|.rI|]i/J_ .\llllrll|l|11f.\

V

P06 OLTE STLIT ¥ LTT "L97L8T Q (P-Waojosofy) ZHIN 001) MNN D¢y

of 2,3,6,7-

spectrum

Chloroform-d)

NMR (100 MHz,

13C

Tetrakis(2’cyanoethylthio)tetrathiafulvalene 18

86



0T 0 OED 0 S0 90 L0 80 6
| 1 | | 1 1 1 | 1 |

D oT TT T £T #T &1
| 1 1 1 |

Lt i

=
FEREM 3

TORE

_ J

12

qu.\;/_(\ H H
NG OGN
(wdd) 1

£T MH mH _um e Nm mN vm mm mm nm mm mm 0e Hm Nm mm ¢m mm mm LB mm mm

&

1
[
o
]

TRRE

F_
o
o

- [TEFE[

ok

L
|

I ——
[ 4_5; 5_ _j ___ T [
bOIT 69'T e 787 T£E
(1) -go 7 (W) -zHD- (W) -zHo- (1) -ZHDS- (1) zH>- 1
T0°E
(1) -ZHDS-

(Cx-eHD T HY ZH ¢ L =r D 07 (T ¥[-tH-] ‘H w) €91 — 901 (7 x[-tHD-] ‘HY
W e T— L1 T (Z¥[-THIS- I HF ZH 699 L =r N 787 (T ¥[-THOS- 1 HF ZTH 69 =
1w x-m 10] B TH 7o =) 1L0°¢ ¢ (p-waogolo[) ZHN 00F) WAN H;

4,5-bis(3’-chloropropylthio)-6,7-

Chloroform-d) spectrum  of

(300 MHz,

'H NMR

bis(propylthio)tetrathiafulvalene 20a

87



(wdd) 7
0 0T 0 DE ot 0s 09 0L 08 06 oot 01T DeT DET 0+T 0sT 0ot 04T (139 o6t noe 01e
1 l 1 1 1 1 1 1 1 1 1 1

4,5-bis(3’-chloropropylthio)-6,7-

spectrum  of

88

(wdd)
._”.,m._” [ m._” £ m._” N mN H.mN c mN £Ee & Hm m.._”m D.Nm TZE N.Nm _u_.mm ._”.._Wm N._mm ._”.,mm N.me m._mm va m.Nv D mN._” T mNm Nv._” cr Nv._” N Nv._”
__f_ N | N TR
| A A\ :._: 1 P | ? Ay \f
_f f,d___( _?x, ff____ __{ __.__. _L ___ }\ f ___,__=_.__ ____ _<_>_ ‘_ _c.__x _______L_J ____/_ _f..__,f_ ,_L : _E_ _J 3 W __ __.__ _____ _____, \5 _/__ ; _ __L ,__,
_ / i f | __ I __ A T
__ \ f My, || I |

| _ ___.__ 7 l _ _

__ _ | _ i __ \
| | | 7
| | |

| | | |
LTET

CTET TITE BT°EE LTIE 68T 0°8TT Sk T @ (P-wd0oIo[y) ZHIN 00T) MNN D

Chloroform-d)

(100 MHz,
bis(propylthio)tetrathiafulvalene 20a

13C NMR



(wdd) 7
Y0 €0 ¥0 90 80 OT T ¥T1 m.H BT 0¢ &€ ¥¢ 9¢ 8¢ 0E CE ¥E 9F BE 0OF C% #+ 9% 8% 0SS €6 S 95 8S 09 €9 +#9 99 B9 0%
l 1 1 1 1 1 1 1

— BE'#

1 1

m_._o _u
mIo\.//.\)/r\)/mH Hm\//\)/u

€ ¥e ST 9%¢ B¢ 62 0'E TE & EE #£ GE 9F ['E BE 6FE 0%
| P I IR N 1 1 1 1 1 1 1 I 1 b, 1 1 1

i

(wdd) 14
D_“_ HD N_“_ ma v_u_ mn_ ma h._“_ ma m_“_ 0T ._”._” N._” m._” v._” OT LT BT 6T 02T
F ool v 1 5 11

=

] -] =1 in o
= @ ] =] =] =]

Y ig_ﬁ\IJ _,?ﬁxx Jx{]ﬁj% j,];lj_ﬂ.ﬁ _

| ; ﬁ ;_ ___ﬁ

[
Emm 10- :M

—ISLT

HD-ZHD- (W) -zH2- (1) -zhos- (1) -zHD- 1D

__l_lq_m_

So'1 S._m
(W) -zHo- (1) -zHOS-

(Zx[gHDTHO ‘ZH 29 =r D 260 (Z Xx[-ZHDZHD

“ZHD] Hel ‘w) 1z — 6L (2 xl-gHD-] ‘HY ‘w) 651 — g2 (2 x[eHD ] Hy w)
66'L—0z2¢ (2 x[-ZHDS 1 HF ZH 89 =r "V +8¢ (x[-ZHDS1 ‘Hy ZHE 9= ")
10g (2 X[-2HD2] 'HF 'ZH 29 = r ‘1) 0L°¢ @ (p-uwuojouolyd “ZHIM 00F) HINM H,

4,5-bis(3’-chloropropylthio)-6,7-

spectrum  of

89

Chloroform-d)

(300 MHz,
bis(hexylthio)tetrathiafulvalene 20b

'H NMR



01 0z ]

3 o+ 0s 09 0L 08 06

# 1 i 1 1 1 1 1 L 1 1 i 1

(wdd) 14
OIT  0ZT  0ET  OPT  OST 09T 0L 08T 06T  00Z  OTC
1 1 | 1 | s 1 1 s | 1 | 1

IET 0+ S¥T

cee 0°8e c8e i S'6E

(wdd) 14
Sne 0°TE S'TE 0"ze CEE 0°EE 0"9g cog S /el reeT
1 1

v 1 A

ity itk E_J__J__ \%?J%?%_{f %ﬁ%&?ﬁé \%é_j_%éi " ___}%é Wy
| _

1_57 !1},__11

o _12_,_;. Begfey
|

| |

'90°F1 ‘9522 ‘T¢'8E ‘£ 6T
‘ZEIE 'BLZE FEOE L9°OE 08°/2) 9672} 0 (p-uuojouolyd ‘ZHIN 001) HINN D;,

4,5-bis(3’-chloropropylthio)-6,7-

spectrum  of

Chloroform-d)

(100  MHz,

13C NMR

bis(hexylthio)tetrathiafulvalene 20b

90



(wdd) 1

(g x[-gHD-] ‘18
65 (2 X[-2HD12] ‘H8 'ZH 19

HEU
=r

0o co 0T ST oz L4 0e G'E o+ L 4 oS gS 9 (] 0L
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
g I
N Ly
— o —— T Ty L
12 s s 12
//\\)//\\w Hw WH /\\\/\\
12 12
(wdd) 13
LT 8T 6T oz Te [ £T ¥T "y 9z LT 8T T e TE (3 £E ¥E CE o€ LE gE
1 1 | 1 | | | | 1 | 1 1 1 [ 1 | 1 | | 1 1 1
i P
b i | . 1
ey = —
| ||
TEC BSlE
(W) -zHD- (1) -zHos-
EL'E
(1) zHoD

cge—8c¢ (ex[-eHDS 1 'H8 ZHZ9=r ")
1 €4°€ Q (p-uuojoiolyd ‘ZHW 00F) HINN H,

2,3,6,7-Tetrakis(3-

of

spectrum

Chloroform-d)

NMR (300 MHz,

Chloropropylthio)tetrathiafulvalene 31

H

91



(wdd) 14
08 06 0ot 011 0ZT DET 0¥ 0sT 09t 04T 08T 06T ooe 01e
1 1 [ 1 1 1 1 1 1 | | |

Co'TE OO0EE SO°EE OT'EE STEE 0L7Ee S'CE 0T'EE STEE 0Z'EE GT'EE OE'BEEv
l 1 1 1 1 l 1 l L l 1 i L 1

(wdd) 14

ceiy Se'Ly 0F 01T oeort C6°LET CO"8ET CT8IT
1 1 1 1 1 1 1 1

l\\.l(\lr:.[\
1\.(,,I|\.|/4}|

T
|
|

gmp———— — e — — e
[ N[ Vv \[

‘ZV'ZE TTEE 682k TG 0L $0°8Z) Q (P-WuojoloyD “ZHI 001) HIN Os,

2,3,6,7-Tetrakis(3-

of

spectrum

Chloroform-d)

NMR (100  MHz

lSC

Chloropropylthio)tetrathiafulvalene 31

92



(wdd) 14

0o co 0T g1 0e gt 0E CE o+ 't s cs 09 g9 0L
\\—. | 1 | | 1 1 | | 1 1 |
= = [ w
(=] £ =] (= o
s w - s
1

| I

|

sl
~

P mHm mHm/\f;\
HOL m“ ”m NN

4,5-bis(3’-iodopropylthio)-6,7-

of

\\LJ\-. |

]

(wdd) 14
00 T0 OE0 PO S0 90 L0 80 60 0T TT TINT LT 8T 6T 0T TT TT £T ¥ ST 9T LT 87 67 0F TE T €F v€ CF O L€ 8F 6€ 0%
M 1 " 1 i 1 i 1 i 1 i 1 " 1 L 1 i 1 i 1 ¥ H_V. 1 L 1 L 1 i 1 “V_ i 1 L 1 i 1 i 1 i 1 i __.,._. 1 ...V_ 1 1 1 1 i 1 ..,_._ 1 " 1 1 1 1 1 1 1 i 1 " 1
g & T3 2
_ _ | N ey
J,_%_ J_,_‘., JLA;l! *
69'T £1'Z T pelE
(W) -zHD- (W) -zHD- (1) -zHos- (1) -zHD
56T
(1) -zHos-

..\|.A_|ﬂ|.

—

0
¥ g

HD

(z ¥[gHD] 'Ha

ZHE L =r V0L (ZX-2HD T Hy ‘W) 0L — 9L (2 x[-2HD-] ‘HY ‘W) 502
-6zz (gx-zHoS 1 ‘HY ZH L9 =r 1) g8z (Zx[-gHDS] ‘Hr ‘ZH89=r")
66¢ (g X[-gHD] ‘Hy ZH L9 =r 1) ¥£€ 0 (p-uuojoiolyd ZHW 00F) HINM H,

spectrum

Chloroform-d)

(300 MHz,

'H NMR

bis(propylthio)tetrathiafulvalene 32a

93



(wdd) 14

0L 08 06 oot 0Tt 0ET 0ET 0+T 0sT 0ot 0LT 08T 0eT ooe 0TE
i i i L i 1 i 1 | | | | | 1 1 1 1

B°€T O°ET £°ET #7ET O'ET
1 | 1 1 |

B¢ 0'EE T'EL ¥'EL 9EL  p'EE 9L B'EE 0'EE L'EE £70E $'OE O°0FE B'OE OLE @°BE $'8E 9'BE O'BOTEBOT BITT g LET
1 | 1 1 | 1 1 | L 1 | 1 1 1 1 1

TR A T, AR I jii%iig i Al LAWY e

(wdd) 14
41
1

| 1 | 1 1 A 1 1

ed

TN T

|

|

¥

T
|

cifa cifa el C ¥

Ty T ey
: |
7 |

n n H n n A ,nmr.mm ‘Z8'ZE ‘TL 9
6Z'8C €880L L& LLL 18 /2L /67/2) Q (p-uluojolo|yD ZHIN 001) HINN Dy,

4,5-bis(3’-iodopropylthio)-6,7-

of

spectrum

Chloroform-d)

(100  MHz,

13C  NMR

bis(propylthio)tetrathiafulvalene 32a

94



oo €0 +0 90 80 0T T ¥I
1 | | | | | -

TE ¥ 97 8%
1 1 | 1

(wdd) 14
0E € ¥E 9E ®E O0F ZF ¥v OF B¢ 0C TS $C OC 8BS 09 9 +¥9 99 /9 0%
1 1 1 1 1 1 1 i 1 1 1 1 i 1 1 1 i 1 1 1 1 i 1 1 1

— GE'E
— E5'E

= PEE

) \ T
( | ;\,{% =ﬁ| _
I
fu./,\)/\.,/\mHm S N N
=X
P NP - 5 5 VN
(wdd) 14
80 60 0T TT T €1 ¥1 ST 91 w_.ﬂ 07 TT TT €7 ¥T ST 9T [T 8T 6T 0€ TE TE € ¥E SE € [f §F
I S ! L R
R N T N Y
lrJ_ i_ ,_¢ \ [ Qf_ D,__;__;a\l _.,_____;ﬁ_ __3_ﬂ= J__ 2_ JJJ:;
\ [ 7 It {
7 | f,__ r: :‘_ _E __
__f | :
ENM mu. (w) -z xﬂNHIU.N HO- Emwﬁ_.o- EHMN_.O. () ¢w _.wm. () DMIW I
(| e
(1) -zHDS-

(Zx[EHD1'H9 ‘ZH 29 =r D 2670 (2 X[-ZHD-2HD-ZHD

1'He ‘W) €271 - 6L (2 XgHo ] 'HY ‘W) L — 1L (2 ¥FgHD] HY ‘W) go'E
-1y (gxgHos ' Hy ‘zHg9=r 1D vag (2 x[2HDS ] 'HF ZH69 = 1 L0°E
(gx-gHD-H'HY ‘ZHE 9001 = 1) 02°€ Q (P-LLI010I0IYD “ZHIN 00F) HINN H,

4,5-bis(3’-iodopropylthio)-6,7-
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'H NMR

bis(hexylthio)tetrathiafulvalene 32b
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!H NMR (300 MHz, Chloroform-d) spectrum of 4,5-bis(1-methylimidazole-3-propylthio)-6,7-
bis(propylthio)tetrathiafulvalene 4a, with trace of impurities. However, successful preparation

of the highly polar derivative is confirmed by MS results.
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Previous and current spectra: High resolution mass spectrum of 4,5-bis(1-methylimidazole-3-

propylthio)-6,7-bis(propylthio)tetrathiafulvalene 4a.

FT-MS (ESI): m/z = 335.0424 (M+); calcd. for CagHasNaSg2*, 331.0431 (M+).
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Low resolution mass spectrum of 4,5-bis(3’-iodopropylthio)-6,7-
bis(propylthio)tetrathiafulvalene 32a, of MS (TOF ESI+): m/z (%) = 751.8065 (M+).
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