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ABSTRACT

NEW TT-ELECTRON DONOR SYSTEMS

BASED ON
MULTI-TETRATHIAFULVALENE DERIVATIVES

Derek Edward John B.A.
University of Durham (September 1999)

A review of organic m-electron donor molecules is given. The focus is on
tetrathiafulvalene (TTF) systems with particular emphasis on dimeric and oligomeric
systems incorporating more than one TTF subunit. Such systems are reviewed based
on the number and mode of linkage of the TTF subunits. A short discussion is given
of the basic chemistry of the TTF system with emphasis on those areas which are

utilised in the synthetic work undertaken.

Various iodine substituted TTF systems have been synthesised, in some cases
requiring the synthesis of previously unknown TTF precursors. The properties of
these compounds as m-electron donors have been investigated and complexation
studies yielded several salts. The structure of an insulating salt with tetracyano-p-
quinodimethane (TCNQ) was elucidated by X-ray analysis. Homocoupling of these
iodine substituted TTFs via an Ullman-type methodology yielded new
bis(tetrathiafulvalenyl) derivatives, two of which have been studied by X-ray
diffraction. Salts of these derivatives have been prepared and the structure of a
perchlorate salt has been studied by X-ray diffraction. The possible effects of the

conformation of these systems on their physical properties is also discussed.

New bisTTF cyclophanes posessing a rare "Edge to Face" double linkage of the two
TTF units have been prepared. The potential for isomerism is discussed and the X-ray
structures of an isomerically pure cyclophane and a model compound have been
obtained. Insulating and semiconducting salts were obtained of these systems with the
structures of a perchlorate and polyiodide salt being elucidated by X-ray.

New macrocyclic derivatives incorporating three TTF units have been synthesised
with the aim of preparing molecular cavities capable of binding suitable guest
molecules. New functionalised TTF derivatives have been synthesised as suitable

precursors to these systems.
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"O Speculator on Things, boast not of knowing the things
that nature ordinarily brings about; but rejoice if you know
the end of those things which you yourself devise."

Leonardo da Vinci

For my parents
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Chapter One

Introduction and Background



1.1 INTRODUCTION

The majority of organic solids are insulators with room temperature
conductivities (Oyy) in the range 1072 to 1020 S cm!. In the last twenty-five years there
has been an explosion of interest in so-called "organic metals”; systems such as charge-
transfer complexes,! polymeric systems,? and organometallic3 complexes, which exhibit
unusual physical properties including: metallic conductivity, superconductivity and
interesting optical and magnetic properties.* The versatility of organic chemistry which
enables subtle changes to be made to the molecular structure, introduces the possibility
of "fine tuning" the properties of these materials to suit a specific task.

The sulfur heterocycle tetrathiafulvalene (TTF) 1 has been one of the main
materials of interest both in organic metals research and in the wider field of materials
science where TTF has found use as a component in Langmuir-Blodgett films,5 as a
redox active transducer for cation sensors,® as a n-electron donor for non-linear optical
systems,’ it has been incorporated into polymeric8 and dendritic® systems, and exploited
as a component for molecular electronic devices.10

This thesis concerns the synthesis of novel donors for charge-transfer complexes
based on tetrathiafulvalene 1, with particular emphasis on new functionalised

derivatives and oligomeric structures.

1.2 ORGANIC METALS; AN HISTORICAL OVERVIEW

Theoretical calculations published in 1911 by McCoy and Moore,!! postulated
that certain materials of non-metallic origin may display metallic behaviour, including
high electrical conductivity. In 1954 these predictions were vindicated by the synthesis
of a bromine complex of the polycyclic arene perylene 2, by Akamatu et al.,!2 which
was found to have a room temperature conductivity of (ot = ca. 1 Scm1). However,
this complex proved to be unstable and lost its conductivity gradually over a number of
days. Several other complexes of perylene and other polycyclic arenes, such as pyrene,
were synthesised by Kommandeur and Hall13 and were shown to be semiconductors.

o s QL2
=3 L =0
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The discovery of the powerful organic electron acceptor 7,7,8,8-tetracyano-p-
quinodimethane (TCNQ) 3 in the early 1960's led to the synthesis of a large number of
stable ion-radical salts which displayed predominantly semiconductive behaviour.1#

In 1970 Wudl er al. 15 published the synthesis of the organosulfur electron donor
tetrathiafulvalene (TTF) 1 which immediately yielded a series of promising cation-
radical salts. They observed that TTF could be oxidised in two, one-electron steps to
yield the radical cation and dication (Figure 1.1).

S\ /S -e” S S -e S\ S
=) —= 51 — O
S S +e S S +e° S S

1 EV2 - 40.34V EV2 = 40.71V

Figure 1.1 The redox chemistry of TTF.

This was elegantly shown by the action of chlorine gas on a carbon tetrachloride
solution of TTF.15 When treated with one equivalent of chlorine an unusually stable
purple radical cation was formed. Addition of excess chlorine yielded the stable yellow
dication. The radical cation chloride salt was found to be a semiconductor with a room
temperature conductivity of (ort = ca. 0.27 Scm™!). The radical cation and dication were
both stable compounds compared to the salts of the polycyclic arenes. This is easily
rationalised by the formation of first one, and then two, six-1 aromatic systems on the
dithiole rings with each successive one-electron oxidation.

These two, successive, one-electron oxidations are clearly observed in the cyclic
voltammogram (CV) at E1/2 = +0.34 and E//2= +0.71V (vs. Ag/AgCl in MeCN) and are
completely reversible (Figure 1.2). '
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Figure 1.2 The CV of TTF.



The first report of metallic conductivity in a purely organic compound was in
the 1:1 charge-transfer complex of TCNQ and TTF, which was reported to have a room
temperature conductivity of 500 Scm! and to display metallic conductivity down to
59K.16.17 Over the next twenty-five years many advances have been made in the field of
conducting charge-transfer and radical-ion salts, the majority of which are based on
modifications to the basic TTF framework. In 1980, the first organic superconductor
was reported based on the electron donor tetramethyltetraselenafulvalene (TMTSeF)!8 4
with a T¢ of 0.9K at 12 Kbar. Currently the highest T for an organic superconductor
belongs to a series of salts of the donor bis(ethylenedithio)TTF (BEDT-TTF) § of the
general formula k-(BEDT-TTF),Cu[N(CN),]X, where X = Br, Cl; (T, = 11.6K at
ambient pressure for X = Br,19 T, = 12.5K at 0.3 kbar for X = C1.)20

I, =T

Me

1.3 THEORY OF ORGANIC METALS
1.3.1 Band Theory

In organic metals the theoretical model for the processes involved in the
conductive properties is known as band theory.!2! In a crystalline solid where a large
number of molecules or atoms are brought close together, the atomic and molecular
orbitals can combine to form bands (a continuum of energy states). In a simple
example, if two atomic p-orbitals on two separate atoms are brought together, a ©—
bonding and a ©* antibonding set of orbitals are created. If two of these molecules are
brought together a further splitting will occur. When an infinite number of molecules
are brought together a quasi continuum of energy states is formed. These are called
bands (Figure 1.3).









non stoichiometric, a partially filled HOMO is formed and conduction may occur. In
TTF-TCNQ the partially filled bands result from incomplete charge transfer

(statistically 0.59 electrons per molecule).23

1.3.2 TTF-TCNQ; The First Organic Metal.

In 1973, Ferraris! er al. mixed TTF and TCNQ to obtain a black crystalline 1:1
charge transfer complex. This proved to be a remarkable compound with a room
temperature conductivity of (Gt = ca. 500 Scm-1) and displaying metallic conductivty
which rose to a maximum of 1 x 104 Scmm™! at 59K when a metal to insulator transition
was observed. The conductivity was found to be highly anisotropic varying in the ratio
of 500:5:1 along the three principal axes of the crystal.

The solution of the crystal structure revealed some of the factors behind its
unusual properties. Segregated stacks of donor and acceptor with a characteristic
"herringbone” pattern were observed. Within the acceptor and donor columns the
molecules are laterally displaced, with the exocyclic carbon-carbon double bond lying
over the ring of the.molecule adjacent to it in the stack (Figure 1.5). The segregation of
molecules into separate stacks leads to strong intrastack interactions giving rise to
delocalised energy bands along a stack arising from regular interaction of the T-orbitals
of the molecules. Both TTF and TCNQ are planar and of comparable size with

extensive m—delocalisation along the stacks.

Figure 1.5 X-ray crystal structure of TTF-TCNQ.




The degree of charge transfer was found to be 0.59 electrons per molecule based
upon diffuse X-ray scattering techniques and infrared spectroscopy.23 This gives rise to
partially filled electron bands which facilitate metallic conductivity within both stacks.
Because charge delocalisation is only possible along a stack, this is the reason
conduction in the TTF-TCNQ salt is highly anisotropic giving rise to the term "one

dimensional metal".

1.3.4 The Peierls Distortion

The behaviour of anisotropic or one-dimensional organic metals was given a
mathematical foundation by the work of Frélich?4 and Peierls.25 They predicted that at
low temperatures a quasi-one-dimensional metal could not support long range order and
would be unstable with respect to lattice distortions. Although TTF-TCNQ does display
metallic conductivity, cooling the complex to liquid helium temperatures revealed three

phase transitions at 53, 47 and 38 K, leading to an insulating state (Figure 1.6).
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Figure 1.6 Temperature conductivity profile of TTF-TCNQ

Conducting one-dimensional charge-transfer complexes can be either single
chain conductors (where the anion is a closed shell species, e.g. Cl", PF¢) or two chain
conductors (e.g. TTF-TCNQ). In each case, the complex contains stacks of open shell
radical moieties capable of one-dimensional conductivity. For radical species, however,
there is always some electronic driving force for dimerization, and at a critical

temperature spin.pairing may occur. In consequence, a band gap will emerge separating






1.4 REMOVING THE PEIERLS DISTORTION: ORGANIC
SUPERCONDUCTORS

In view of the above guidelines researchers have pursued several modifications
to the basic TTF core unit in order to achieve structures which would resist the
formation of a Peierls distortion at low temperatures.

Extending the o—framework of TTF by attaching methyl groups to the TTF
system to furnish the donor tetramethyl TTF 8,28 gave the first CT salts with acceptors
other than TCNQ (viz. tetrahalo-p-benzoquinones) to show metallic behaviour.29

The first major breakthrough in achieving enhanced conductivities from TTF

based systems came with the substitution of sulfur by other chalcogens.

R._X X-_R
LK

4 TMTSeF, X = Se, R =Me
6 TSeF,X=Se,R=H

7 TTeF,X=Te,R=H

8 TMTTF, X =S, R=Me

Tetramethyltetraselenafulvalene (TMTSeF) 4, when oxidised in the presence of
closed shell inorganic counterions formed salts of the general formula (TMTSeF),X
(where X = PF¢-, FSO3, ReO4~, BrO4~ and ClO4") which are known as the Bechgaard
salts.18 It was found that under a hydrostatic pressure of 12 kbar, (TMTSeF),PF;
underwent a transition to a superconducting state at T, = 0.9 K thus becoming the first
superconducting organic material. The other salts were found to undergo
superconducting transitions under similar conditions with the exception of the Cl0,-
salt which is an ambient pressure superconductor at T, = 1.4 K.30 |

The effect of enhanced conductivity by substituting the heavier chalcogens into
the TTF framework appears to be a general one. Both tetraselenafulvalene (TSeF) 6,3!
and tetratellurafulvalene (TTeF) 7,32 exhibit higher conductivity values in their TCNQ
complexes (ca. 800 Scm-! for TSeF-TCNQ; 2200 S cnr! for TTeF-TCNQ) when
compared with TTF-TCNQ (6= 500 S cm-!). The higher conductivities have been
attributed primarily to an enhancement in intrastack m-interactions due to the more
diffuse p and d orbitals of the selenium and tellurium atoms.

10




The X-ray crystal structure of (TMTSeF),BrO433 illustrates the significant
structural features which lead to a suppression of the Peirels distortion and hence the
onset of superconductivity at low temperatures (Figure 1.8). The donor molecules are
essentially planar and are stacked in a ring-over-bond fashion into donor columns where
both inter- and intrastack interactions are based on Se--Se close contacts. These
interstack interactions give rise to an increase in the dimensionality of electrical
conductivity, charge is now effectively delocalised over two dimensions in the crystal
as opposed to the one dimensionality of TTF-TCNQ, with the advantage that the Peierls
distortion is more likely to be suppressed.
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Figure 1.8 X-Ray crystal structure of (TMTSeF),BrO4.
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5 BEDT-TTF,X=S,Y=S
9 BEDSe-TTSeF, X =Se, Y = Se
10 BEDSe-TTF, X =S, Y =Se

The next breakthrough in the field of superconducting organic metals came with
the synthesis of the first superconducting salts of a sulfur containing donor,
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) 5.34 Currently, the organic salts with
the highest critical temperatures all contain this donor unit.

The X-ray structures of the superconducting salts of BEDT-TTF exhibit several
structural differences from the Bechgaard salts.33 The non-planarity of BEDT-TTF

11




together with the large thermal vibration of the peripheral ethylenedithio groups hinders
the formation of good face-to-face m-overlap. Instead, a quasi three-dimensional
network of close S:--S contacts is observed which leads to extensive charge
delocalisation in the salts and suppression of the Peierls distortion.

This new type of assembly is seen in the single crystal X-ray structure of the salt
k-(BEDT-TTF),Cu[N(CN),]Br.36 This structure shows the formation of orthégonal
BEDT-TTF dimers (called x—packing), with an ordered, conducting network of S-S
close contacts less than the sum of their Van der Waals radii (3.60 A) (Figure 1.9).

FIGURE 1.9 X-Ray crystal structure of k—(BEDT-TTF)gCu[N (CN);]Br.

Other packing motifs are also amenable to superconducting transitions, e.g. the
salt (BEDT-TTF),l; forms four different stoichiometric phases,37 termed a, B, 6, and «,
of which the last three are superconductors.

Other structures which combine x-type structures with superconductivity
include (BMDT-TTF)Au(CN),,38 (MDT-TTF),;Aul, 3% and (DMET),AuBr,,40 derived
from the donors 11, 12 and 13, illustrating that superconductivity does not require
symmetrical donors.
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Surprisingly, no salts of the donors BEDSe-TTSeF 9 and BEDSe-TTF 10
exhibit superconducting properties. Based on the known correlation between high
conductivities and the crystal packing motifs, current emphasis in organic metals
research has been towards the rational design of o, B, 6, and k—phase charge-transfer

salts.

1.5 CRYSTAL ENGINEERING

It has been shown that donor molecules which pack in highly ordered two-, or
three-dimensional arrays can display conductivities in more than one dimension and at
low temperatures can display superconductivity. The suppression of the metal to
insulator transition is ascribed to the more tightly packed and ordered structures of these
salts. Early efforts based on the success of TMTSeF focused on modifying existing
donors by substituting chalcogen atoms such as selenium and tellurium into the
structures.4! Such syntheses were invariably time-consuming and involved the use of
noxious and hazardous reagents such as CSe, or H;,Se.

The emphasis in rational design of organic conductors, therefore, is now
concerned less with modifications to the basic donor unit but with a supramolecular
approach to enhancing interdonor interaction. By such modifications it is hoped that
molecules will pack within a crystal lattice in a prescribed manner; a strategy called
molecular or crystal enginering.42 Three main areas of research have now opened up
based on such approaches: 1) Functionalised TTFs capable of intermolecular
interactions; 2) systems with extended m-electron conjugation; 3) Multi-TTF systems. A
short overview of the first two areas will be given, with a more comprehensive
treatment of the third, as a background to the experimental work undertaken in this

thesis.

1.6 CRYSTAL ENGINEERING IN TTF DERIVATIVES
1.6.1 Functionalised TTFs Displaying Intermolecular Interactions

The rational design of TTF-based donor molecules with appended substituents
capable of effective intermolecular donor---donor and donor---anion interactions is a new
and burgeoning topic.43 Interactions of this type should exert an orientating effect on
the constituent molecules thereby encouraging intermolecular interactions and the

formation of crystal phases of higher dimensionality.

13



14
4-(Hydroxymethyl)ethylenedithio-TTF 14 has been synthesised by Gorgues et
. al.%% The isostructural ClO4- and ReOy4- salts43 (general formula 2:1 donor:anion),
exhibit weak donor--anion hydrogen bonding and the donor molecules pack in a x
fashion similar to that observed in the superconducting salts of BEDT-TTF (Figure
-1.10). Both the ClO4- and ReO4- salts display semiconductive behaviour (6 =3.0 and
0.27 S cml, respectively).

o= e
14

TTF derivative 15 bearing a thioamide substituent has been shown to packin a
x—fashion in the neutral crystal although no highly conducting salts have yet been
obtained.

Recently, the strong and directional halogen--halogen interaction has been used
to synthesise a series of highly conducting sytems based on halogenated TTF systems;
these are discussed in more detail in Chapter 3.

. Figure 1.10 x-phase network of donor molecules in the salt (14),CIO4




1.6.2 Donor Systems With Extended -Conjugation

The concept behind n-extended TTF systems is that a conjugated linker placed
between the two dithiole rings of the TTF systems will lead to delocalisation of charge
and stabilisation of the cation-radical and hence lower the oxidation potential by
reducing the intramolecular coulombic repulsion in the oxidised dication state. The
larger m—electron system should in theory lead to more polarizable systems which
should favour strong infermolecular interactions.

Yoshida et al.47 have synthesised 16 and 17 which are TTFs with extended
vinylogous systems inserted between the two 1,3-dithiole rings. Donor 16 displays a
considerable lowering of the first oxidation potentials with respect to TTF (at E1/2 =
0.20 and E1/2 = 0.36 V, respectively). With further m-extension as in 17 there is no
further reduction in the redox values and the two 1,3-dithiole rings now act

independently of each other and a single, two-electron, wave is observed at EI/2 =

0.22V.
S
S
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Several m-extended systems such as 18 and 19 have been synthesised as
analogues of the successful donors, BEDT-TTF48 and TMTSeF.4® However,
crystallisation of salts of these extended donors is considerably harder than for TTF or
BEDT-TTF. So far, no superconducting complexes have been isolated for these
systems.

An alternative approach to extending m-conjugation has involved the
incorporation of cyclic spacer groups between the two 1,3-dithiafulvenyl rings.
Anthracenediylidene derivatives such as 20 have been widely studied.50 In its cyclic
voltammogram 20 displays a quasi-reversible, two-electron transfer to yield the
dicationic species at E* = 0.28 V. The driving force for complete oxidation is the
formation of the planar aromatic anthracene moiety. Upon complexation with TCNQ,
20 yields a 1:4 charge-transfer complex. The presence of the donor moiety in the
dicationic state means that the room temperature conductivity of 60 S cm-! is due
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entirely to charge percolation through the stacks of partially reduced TCNQ
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1.7 OLIGOMERIC TETRATHIAFULVALENES
1.7.1 The "Multi-TTF" Principle

The formation of partially filled conduction bands in 1:1 donor-acceptor
complexes requires incomplete charge transfer which is achieved in practice by a
careful balancing of the ionization potential of the donor and the electron affinity of the
acceptor. In complexes such as the Bechgaard salts the partly filled bands arise from the
formation of complexes of stoichiometry other than 1:1. While our understanding of the
effects of various substituents on the oxidation potential of TTF is now at a stage where
"fine tuning” of the redox chemistry is possible, the control of stoichiometry is still
serendipitous.

The multi-TTF approach2 involves the synthesis of dimeric TTF molecules and
higher oligomers, in which the TTF units are linked by one or more spacer units. Such
an approach may lead to intramolecular through-bond or through-space interactions
which in turn may allow an opportunity to control the band filling and stoichiometry in
desired complexes.>3 As well as the formation of incompletely filled conduction bands,
high conductivity is generally enhanced by the formation of networks of chalcogen-
chalcogen interactions in more than one dimension. By physically linking the donor
moieties it may be possible to encourage the formation of such networks by the spatial

proximity of the redox centres.

1.7.2 Categories of Oligomeric TTFs

Dimeric TTFs and higher oligomers may be formally divided into the following
generic types: i) a single linkage of type 1; ii) a double-linkage, macrocycle of type 2;
iii) a double-linkage, cyclophane of type 3; and iv) a quadruple-linkage, cyclophane of
type 4 (Figure 1.11).
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TYPE 1 TYPE 3

(= =]

TYPE 2 TYPE 4
Figure 1.11 The four main categories of linkage for multi-TTF systems.

These represent the main geometrical orientations possible for multi-TTF
systems: the mutual juxtaposition of the TTF units and hence the scope for
intramolecular interactions depends greatly on the nature of the spacer groups. The
spacer groups can be divided into two main subcategories: those with a conjugated

linkage and those with a non-conjugated linkage.
1.7.3 Multi-TTFs of Types 1 and 2
1.7.3.1 Systems of Type 1 with non-conjugated linkages
Such systems may in theory favour various conformations; for example, a

folded U-shape (Figure 1.12a), or a more open linear shape (Figure 1.12b), depending
on the conformational flexibility of the linkages.

TTF

G
m

TTF

Figure 1.12 (a) Figure 1.12 (b)
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Such flexibility may lead to the formation of low energy conformers in
complexation reactions, but such flexibility also reduces the control over the
geometrical orientation of the TTF moieties. The flexibility of such non-conjugated
linkages was postulated by Bechgaard ef al.54 to be partly responsible for the complex
electrochemistry of the series of TTF dimers 21 - 23.54,55.56

R’ S — (CHo)rs R

= =

S__S S__S
SIS SIS
= =

R R R R

21 R=R'=Me, (a) n=1, (b) n=2, (c) n=3, (d) n=10
22 R=R'=H, (a) n=3, (b) n=4
23 R=Me, R'=H, (a) n=2, (b) n=3, (c) n=4

Compounds 21a and 21b with short, flexible, alkylenedithio bridges, do not
display the expected two, two-electron redox waves of TTF; instead, a three-stage redox
wave was observed with two, one-electron, transfers followed by one, two-electron
transfer, although this was not observed for 23a. The first oxidation potential is also
considerably lower when compared to the parent monomeric TTF. When longer
linkages are used as in 21¢-21d, 22a-22b and 23a-23c the molecules behave as two
separate TTF moieties and no interaction is observed. The lowering of the first
oxidation potential was explained by postulating a sandwich structure for the
stabilisation of the monocationic species. Removal of the second electron from the
positively charged sandwich species is more difficult because of the resulting
coulombic repulsion between the two charged TTF moieties, hence the first redox wave
is split (Figure 1.13).
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Figure 1.13 The stabilisation of the monocationic state in a TTF-dimer.
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The crystal structures of several salts of non-conjugated TTF dimers have been
published which illustrate the variety of solid state conformations possible due to the
flexible nature of the linking group.

B =] o
RIS sj\/\[ z>=<z]:

24aR =Me

24b R - R = SCH,CH,S

Compounds 24a-b synthesised by Bechgaard et al.57 have given several
crystalline salts. 24a displays a similar three-stage redox behaviour to that of 21a and
21b. Complexation with TCNQ and DMTCNQ,38 gives salts with a donor---acceptor
ratio of 1:1, (i.e. two TTF moieties to one acceptor). Upon oxidation in the presence of
PFq", a semiconducting 1:1 complex is formed. Conducting complexes of 24a have also
been obtained with inorganic cluster anions such as ResS6Clg 3 which exhibited one-
dimensional stacks of dimeric molecules in their crystal structures. 24b displays two,
reversible oxidation waves, and the salt 24b[Au(CN),] is a semiconductor exhibiting a
high room temperature conductivity (6 = 12 S cm™1).

The conformational flexibility of TTF systems with non-conjugated linkers in
salt formation is illustrated by the bisTTF 25 synthesised by Sugawara et al.,50 which
gave two different crystalline polymorphs of its ion radical salts with C1O4".

S.__S S.__-SMe
S
S._S§ S-S
MeS IS>=<S I[sj
25

One polymorph has a 2:1 stoichiometry of donor to acceptor and displayed
semiconductive properties, and an X-ray study revealed that the donor molecules exist
in a twisted U-shaped conformation (Figure 1.14a). The other polymorph is insulating
with the donor molecules existing in an eclipsed U-shaped conformation with the two
TTF moieties interacting closely with an intramolecular separation of 3.09A (Figure
1.14b).




Figure 1.14 X-ray crystal structure of a) (25)(ClO4); b) (25)(Cl04)0 5
1.7.3.2 Systems of Type 2 with non-conjugated linkages

The first report of a TTF dimer of type 2 was a low yielding synthésis of a
polyglycol linked derivative by Otsubo®!: no CV data or salt formation was reported.

Sugawara et al.62 synthesised a double-bridged TTF dimer 26 posessing a
flexible cavity between the two TTF moieties which can complex molecules as diverse
as the planar DDQ and the spherical Cgg. This is discussed in more detail in Chapter 4.
26 forms a cation radical salt with ClO4-, which has a conductivity of 5 S cm-l,
showing metallic behaviour down to 130 K63 with the donor molecule displaying a V-
shaped conformation.

S-S, S~Sneg
[SISHSIéwS:[inIzJ
26

Becher et al.%% have synthesised an analogue of 26 with larger flexible
polyglycol spacers. No inclusion complexes have been reported, but an insulating salt
with linear polyiodide has been characterised. The synthesis of higher cyclic oligomers
of compounds of this type by Becher et al. will be discussed in more detail in Chapter
4. .

A series of bisTTFs with rigid benzylic 27, and biphenylbenzylic 28, spacer
groups was synthesised by Becherer al.6% The cyclic voltammograms displayed two,
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two-electron oxidations with the first oxidation wave coming at a slightly lower

potential than the acyclic parent compounds indicating a stabilizing effect on the first
oxidation by the neighboring TTF.
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An isolated example of a non-conjugated linkage which nontheless displays a
rigid conformation is bisTTF 29a-b% in which the linkage is a spirocyclic system
which fixes the TTF units rigidly orthogonal to each other. 29a displayed a four stage
reversible redox wave where each stage corresponded to a one-electron transfer.

R

=X

29b R - R = SCH,CH,S

R

29aR=H

1.7.3.3 Heteroatomic linkages

A special class of multi-TTF systems are those in which the TTFs are linked via
a heteroatom. The linkage of multi TTFs of type 1 and 2 by main group elements offers
an alternative to rigid systems such as 29.
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30(a) X =S, (b)X=Se

31 (a) X=Te, (b) X = Te,

32 (a) X = SiMe,, (b) X = PPh;, (c) X = Hg

A number of heteroatoms such as sulfur 30a,7 selenium 30b,67 tellurium 31a-
b,68 silicon 32a,%9 phosphorus 32b,59.70 and mercury 32¢,59 have been used to link
dimeric and trimeric TTFs. In the case of the chalcogen linked derivatives, the
possibility of intermolecular chalcogen-chalcogen interactions may lead to higher
dimensionality of conduction in their ion-radical salts. Such molecules display a non-
planar "butterfly” structure. In the case of 31b the TTF units are nearly perpendicular as
in 29. A few conductive complexes have been reported: 31b gave TCNQ salts of 1:1
and 1:2 stoichiometry, with room temperature conductivities of 6y = 0.3 S cm™! and o

= 8.4 S cml, respectively.

Bess@sad

33(@X=S;R=R'=H,
(b) X=S;R=R'=SMe

34 (a) X =Te; R=R'=Me,
(b)) X=Te; R=R'=SMe

More rigid systems linked with two heteroatom bridges’! (X = S and Te)
analogous to type 2 are known. Compounds 34a and 34b have been shown to display
networks of close chalcogen-chalcogen interactions in their crystal structures.
Compounds 33a and 33b also display three-stage redox waves in their cyclic
voltammograms similar to those of 21a and 21b. In this case, rigidity precludes the
formation of the sandwich structure postulated by Bechgaard, and theoretical
calculations have shown that through-bond interactions are negligible,5 therefore, the
dominant interaction is postulated to be coulombic in character. Conductivities of salts
of these systems have tended to be low with the exception of 33b and 34a which
formed complexes with TCNQ (6,;=6 S cm™!) or DMTCNQ (6;=6 S cm™!).
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A novel system 35 linked with double trisulfide linkers in which the TTF units
are in a parallel orientation has been synthesised by Kobayashi et al.72 This gave an

insulating salt with ClO4".
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1.7.4 Conjugated TTF systems.
1.7.4.1 Systems of Type 1 with conjugated linkages

Multi-TTF assemblies in which the TTF units are linked by conjugated systems
offer the same possibilities for charge delocalisation and reduced on site coulombic
repulsion as the extended TTF derivatives discussed above. Compounds such as 36 and
37 are red shifted in their electronic spectra indicative of an extensively conjugated m—
system.”3

For systems such as 36 and 37 the two TTF units do not seem to behave
independently in complexation reactions, with 1:1 complexes with TCNQF4 and
DMTCNQ being formed.

Multi-TTF systems linked via an aromatic system were among the first to be
synthesised. The first example of a bisTTF derivative 38 was synthesised by Wudl et
al.7 in 1977.
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38 formed a 1:1 complex with TCNQ with a conductivity roughly an order of
magnitude less than that of TTF-TCNQ. The group of Iyoda et al.75 has synthesised a
series of such compounds with different aryl linkers. For example, 39a-c and 40 have
been synthesised from 4-trimethylstannylTTF or 4-tributylstannylTTF and the
corresponding iodoaromatics via a Stille coupling.

=T =7 f

CV measurements indicated that the donors posessed similar oxidation
chemistry to TTF. The conductivities of the TCNQ salts were of the order of oy = 1
Scm! with (40)(TCNQ); giving a conductivity of 6y =30 S cm™!.

The directly-linked TTF dimer bis(tetrathiafulvalenyl) 41 was first claimed to
have been synthesised in 1982,76 with a detailed synthesis and X-ray structure being
published by Becker et al.77 in 1995. The contradictory reports on this interesting class
of multi-TTF compounds are discussed in more detail in Chapter 2.

[s>=<s I S
S S | S>=<z ]
41
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1.7.4.2 Systems of Type 2 with conjugated linkages

A series of benzo-fused bisTTFs of type 2 have been synthesised by Miillen et
al.7® Such bis - and trisTTF systems provide rigid, planar donors whose solubility in
common organic solvents is low unless suitable lipophilic sidechains are appended, but
large substituents tended to hamper close packing in the solid state and resulted in low
conductivity values in salt formation. 42a can be oxidised in four sequential one-
electron steps to the tetracation. On complexation with DDQ 42b gives a charge-
transfer salt of stoichiometry 1:2, (i.e. each TTF subunit interacts with one molecule of
DDQ) with a room temperature conductivity of 6y = 1 x 10-2 S cnr!. 43 gave a
complex with DDQ with a conductivity of 6y = 10-1 S cm"1.

CL~ =0

42 (a) R= OC6H13

(b) R = OC,H;
OCgH13 OCgH13
S S S S S S
OCgH13 OCgH13

The TTF donor 44 fused to a selenophene ring has been synthesised by Becker
et al.”® in a one-pot procedure from 4,5-dimethylTTF. This molecule displayed four,
successive, one-electron oxidations, similar to 42a and gave a complex with TCNQ

which displayed a room temperature conductivity of 6y =32 S cml.
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Derivatives of bisfused TTF 4580 have been synthesised but characterisation and
salt formation have been hindered by their limited solubility in organic media.
Substituted derviatives have yielded more soluble materials which have yielded several
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salts which remained metallic down to low temperatures and displayed a B-type, two-
dimensional network of interactions. The cyclic voltammograms of these bisfused
donors display four sequential, one-electron oxidations. Recently, a hybrid of bisfused
TTF 45 with extended conjugation, 46 synthesised by Misaki et al.8! has yielded

superconducting salts.
S S S S
(=L~
S S S S

45
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46

1.7.5 Double bridged tetrathiafulvaleneophanes
1.7.5.1 Systems of Type 3 with non-conjugated linkages

No such systems with rigid aromatic spacers have been reported.
Staab et al.82 reported the synthesis of the first tetrathiafulvaleneophanes in 1980. The
synthesis of [2.2]tetrathiafulvaleneophanes 47 was accomplished as shown (Scheme
1.1).
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Scheme 1.1 The first synthesis of a [2.2]tetrathiafulvaleneophane.
Reagents and conditions: i) HBF 4, (CH3CO)3; ii) NEt3, MeCN.

Such compounds represent a considerable synthetic problem due to the ability of
unsymmetrically substituted TTFs to undergo cis/trans isomerisation83 catalysed by
trace acid in solution. Therefore, for structures such as 47 several isomers are possible.
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The group of Otsubo ez al.84 have investigated such systems in great detail. For
example 48 was synthesised as a mixture of all four possible stereoisomers of which
three of these could be isolated pure after repeated fractional crystallisation (Scheme
1.2).

MeO2C<__g
[SIS*O =1,
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48

MeO,C

Scheme 1.2 Reagents and conditions : i) P(OMe)s3; ii) LiBr, HMPA.

Compound 48 exhibited a similar cyclic voltammogram to the non-conjugated
dimeric TTFs 21a-b indicating the formation of a similar sandwich structure in the
monocationic state with transannular charge delocalisation. A salt with ClO4~ gave a
room temperature conductivity of oy = 0.16 S cm’l. The analogous
tetraselenafulvaleneophanes®> have also been synthesised. The cyclophanes linked by a
two-carbon thioalkyl chain displayed multi-stage redox processes indicative of a strong
interaction between the TSeF moieties while the three-carbon analogue displayed only
two broad, two-electron waves. The perchlorate salt of the TSeF analogue of 48 gave a
room temperature conductivity of oy = 3.5 S cm™!, which is an order of magnitude
greater than its sulfur counterpart.
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BisTTFs 49a-b and 50-51 were synthesised by Becher et al.65 For 49a and 49b
three oxidation steps were reported, consistent with the close interaction of the TTF
moieties. With longer linkers as in 50 and 51, no such interaction was observed.

An example of a higher oligomer of this type is the #risTTF 52 synthesised by
Otsubo et al.86 No salts were reported, but upon recrystallisation the cis isomer was
obtained exclusively. The CV showed three redox waves, [E;1/2 (2e) = 0.50, E;1/2 (1e)
= 0.63, and E3!/2 (3e) = 0.80 V). The first, two-electron wave was assigned to the
oxidation of the two outer TTF units, the second, one-electron wave to the oxidation of
the inner TTF, and the third three-electron wave from the simultaneous second
oxidations of all the TTFs.
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1.7.6 Quadruple bridged tetrathiafulvaleneophanes

1.7.6.2 Systems of Type 4 with non-conjugated linkages

Figure 1.16 Parallel and criss-cross TTF-dimers

By using a quadruple linkage as opposed to a double linkage a much more rigid
TTF 'sandwich' system could be envisaged with the TTF units either parallel or
perpendicular to each other. One of the first such systems to be isolated was 53 by
Miillen et al.,87 which was isolated as the product of an electrochemical dimerization of
the strained parent cyclophane.
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An X-ray structure showed that the sandwich structure was indeed replicated in
the solid state and due to the rigid nature of the linkers no cis/trans isomerisation to
give a mobius type structure was possible. This compound gave complexes with I;~ and
PF¢~ which had low conductivities of 6y = 10-3 and oy = 104 S cm! respectively.

Otsubo et al.38 have synthesised a similar system with flexible thioalky! linkages
which formed semiconductive complexes with TCNQF,4, DDQ and iodine.

A series of criss-cross tetrathiafulvaleneophanes have been synthesised by
Otsubo89 54a-d, Sugawara®® 54b and Becher®! 55, via intramolecular coupling
reactions. Such a criss-cross overlap has been reported for the trimeric structures of the
TTF units in the semiconductive salts (TTF);Wg019 and (TTF)3MogO19.92

i CHZ)\S KC z)i
(CHz)n :( /Hz

(@n=2;(b)n=3
©)n=4;(d)n=5

The cyclic voltammograms of such compounds are complex, indicating
significant coulombic effects. It was suggested that the most flexible homologues could
twist to adopt the sandwich conformation postulated by Bechgaard># for stabilisation of
the monocationic state.

The salts of such compounds exhibited low conductivities, with the exception of
54d-Br, which had a room temperature conductivity of 6y =1 x 102 S cm-! and
exhibited semiconducting behaviour. These results indicated that the criss-cross motif
was not generally suitable for electrical conduction. It was suggested that the cavities
formed within the macrocycles may show some inclusion ability for suitable guest

molecules; this topic is dealt with in more detail in Chapter four.
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The polyglycol linked analogue 55 synthesised by Becher et al.9! was flexible

enough to adopt a Mobius type conformation due to cis/frans isomerism in solution.

55

Although no conducting salts were reported, an inclusion complex with the
redox active tetracationic cyclophane, cyclobis(paraquat-p-phenylene) was obtained.

1.8 THE CHEMISTRY OF TTF*3

The two main strategies towards functionalised TTF systems involve
either a) direct functionalisation of the TTF ring system or b) formation of the TTF

system by a coupling reaction of suitably functionalised 1,3-dithiole precursors.

1.8.1 Direct Functionalisation of the TTF Ring System.

TTF is now readily available in multigram quantities from several published
syntheses.?* The ring protons have a theoretical pK, value of ~4895 and can be lithiated
by the addition of 1-4 equivalents of a suitable alkyllithium reagent to give mono, di, tri
and tetralithiated species. N-butyllithium (BuLi) and lithium diisopropylamide (LDA)
have emerged as the reagents of choice for this reaction.

The first monofunctionalised TTF derivatives prepared directly from 4-
lithiotetrathiafulvalene 56 were reported by Green%, who showed that formation of the
TTF anion could be accomplished via the action of butyllithium or LDA in ether at
-78°C and trapped with a range of electrophiles to give monofunctionalised derviatives

in a one-pot procedure (Scheme 1.3).
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Scheme 1.3 Selected reactions of 4-lithioTTF.

Disproportionation of the monolithiated species occurs readily at temperatures
above -78°C to give multilithiated and hence multisubstituted products, so strict
temperature control is necessary at all times. If other substituents are present it has been
found that electron-donating substituents direct a second lithiation and therefore
substitution onto the other ring, while electron-withdrawing substituents increase the

acidity of the adjacent proton, hence favouring lithiation on the same ring (Scheme 1.4).

[S: :S]/C‘)?Et i) LDA, ether, -78°C [S SI
s s ii) CICO,Et b

S S™ “Co,Et

COoEt

58 64 (33%)
S s -Me i) LDA, ether, -78°C s s._Me
b :, (
[ S> %j i) CICO,Et Etozo—-.\s>=<sj
61 65 (35%)

Scheme 1.4 Effect of substituents on lithiation reactions of TTF.

Such substituted TTFs, especially the aldehyde 57, ester 58, and carboxylic acid

59 derivatives are capable of undergoing further functional group transformations to

build up more complex Systems.97
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Chalcogenated TTF systems such as BEDT-TTF § are of great interest. The
introduction of chalcogen atoms such as sulfur, selenium or tellurium onto the TTF
backbone can be achieved by reaction of lithiated species with the elemental
chalcogen3-98; the resulting TTF chalcogenate anion 66 can then be alkylated with a
suitable electrophile. Thioester derivative 69 is a useful shelf stable reagent in this

respect; a deprotection with base regenerates the thiolate 66 (Scheme 1.5).
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Scheme 1.5 Selected reactions of TTF thiolate.
1.8.2 TTFs from Functionalised 1,3-Dithioles

The other main synthetic route to functionalised TTFs involves formation of the
TTF system by the self- or cross-coupling of suitable 1,3-dithiole derivatives. The
chemistry of the 1,3-dithiole system has been extensively studied this century and
several routes to substituted derivatives have been developed.942.99

A key reaction is the chemical reduction of carbon disulfide by sodium metal,100
to generate in high yield the sodium dithiolate 71 (the exact reaction mechanism
remains open to speculation). By chelation to zinc and precipitation as its
tetraethylammonium salt it is possible to isolate 72 in a pure form (Scheme 1.6).
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Scheme 1.6 Synthesis of zincate salt 72. Reagents and Conditions: i) ZnCly; ii)
(NEt)4Br.

Zincate salt 72 is a shelf stable source of dithiolate 71 and may be alkylated or
acylated in good yields. The group of Becher have developed the chemistry of the
biscyanoethyl derivative 73191 (Scheme 1.7), which can be deprotected with two
equivalents of base to give the dithiolate 71, usually as its more reactive sodium
derivative. 73 can also be selectively and sequentially mono-deprotected by the addition
of one equivalent of cesium hydroxide to give the mono-thiolate which can be alkylated
to give species such as 74.101b Conversion of 73 to the oxo derivative 76 is achieved by
the action of mercuric acetate!02 in chloroform/acetic acid.
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Scheme 1.7 Reactions of protected 1,3-dithiole dithiolate 73

A common method for the synthesis of symmetrical TTF systems from 1,3-
dithiole-2-thione or 1,3-dithiole-2-iminium salts is shown below (Schemes 1.8,
1.9).24a,103 The common intermediate is the 1,3-dithiolium cation 82 which is
deprotonated by the action of a weak base such as triethylamine to generate the carbene

which spontaneously self-couples to form the TTF.
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Scheme 1.8 Reagénts and conditions: i) Mel; ii) NaBHy; iii) HBF4; iv) NEts.

S i S O .. st
[ >:N+ ;)> [ ><N _L» [ \>_H
S C s” H s’
PFB'
83 84 85

iii)

(=
1

Scheme 1.9 Reagents and conditions : i) NaBHy; ii) HPFg, Nal; iii) NEt3.

It is possible to react a mixture of two different dithiolium salts to afford an
unsymmetrically substituted TTF,104 but the mixture of self- and cross-coupled products
is often difficult to purify unless the substituents differ greatly in polarity, this method
was used by Wudl et al.74 to synthesise the first known bisTTF derivative 38 (Scheme

1.10).
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Scheme 1.10 Reagents and Conditions: i) NaBH4/MeOH; ii) HBF4/AcOH; iii)
NEt3/sulpholane.

Unsymmetrical TTF systems may also be prepared by a pseudo-Wittig reaction
of the ylide generated from phosphinate derivatives of 1,3-dithiole with 1,3-dithiolium
cations*65105 but the reaction is limited to substituents which are inert with respect to
the generated ylide (Scheme 1.11).
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Scheme 1.11 Reagents and Conditions: i) NEt;, MeCN.

A variation of this reaction involving the reaction of phosphonate derivatives of
1,3-dithioles with 1,3-dithiole-2-iminium salts,1% has proved a reliable method for the
synthesis of unsymmetrical TTFs with the same restriction on substituents as above.
(Scheme 1.12).



MeS Me. S MeS S ) Me

H i)
I >=N L I ><P(O)(0Et) - :[ =< I
BF4 Me” S 2 Me” S S$7 "Me

88 89 90

Me

Scheme 1.12 Reagents and conditions : 1) t-BuOK, -78°C; ii) AcOH.

The most commonly used method for the synthesis of both symmetrical and
unsymmetrical TTF derivatives is the reaction of 1,3-dithiole-2-thiones, 1,3-dithiole-2-
ones and 1,3-dithiole-2-selones with trialkyl phosphines and phosphites.197 The
postulated mechanism for the phosphite induced coupling involves two successive
dechalcogenation reactions to give the central fulvalenic double bond.

In general, it is found when applying this reaction that 1,3-dithiole-2-ones
couple in greater yields than their thione analogues. It has been noted that for
unsymmetrical coupling reactions, the greatest yields of the required cross-coupled
product are obtained if the dithiole with the most electron withdrawing substituents is
used as its oxo analogue and the other as its thione derivative.18 These phosphite
mediated couplings are tolerant of a variety of functional groups and in conjunction
with the protecting group strategy developed by Becher, can be used to build up TTF
systems of increasing complexity (Schemes 1.13, 1.14). For example, self-coupling of
oxone 76 gives 91 which is a protected form of TTFtetrathiolate 92;199 similarly, 76 can
be cross-coupled to give species such as 94 which can be further functionalised by

electrophilic reactions at the thiolate anion.!10
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Scheme 1.13 Reagents and Conditions: i) P(OEt)3, toluene, reflux; ii) Na, EtOH; iii)
Mel.
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Scheme 1.14 Reagents and Conditions: i) P(OEt)3;, 100°C.

Coupling and dechalcogenation can also be achieved by the use of certain
transition metal complexes. Thus, treatment of 1,3-dithiole-2-thiones with dicobalt
octacarbonyl in refluxing benzene or toluene solutions affords tetrathiafulvalenes
directly in modest yields.!11



Chapter Two

lodoTTFs as Synthetic Precursors to
BisTTF Systems



2.1 INTRODUCTION: HALOGENATED TTFS

In Chapter one it was established that the physical properties of molecular
conductors are closely related to their crystal structures; variations of which can have
profound effects upon the dimensionality of the conductive process. Designing and
achieving new crystal architectures suitable for this purpose is an important goal of the
materials chemist.

Several approaches to this problem have already been outlined; these may be
broken down into two main classifications: one approach being modifications to the
intrinsic properties of the donor molecule itself; the second being a supramolecular
approach in which intermolecular interactions based on classical supramolecular
synthons, such as the hydrogen bond, have been used to induce novel variations in the
crystal structures of both neutral and oxidised donor species. The establishment of
networks of intermolecular close contacts of both donor-donor and donor-anion types
has been recognised as a prerequisite for increasing the dimensionality of conduction.43

Of the many supramolecular synthons available!12 comparatively few have been
applied to the field of molecular conductors. Intermolecular hydogen bonded networks
have been applied with some success#® but due to the flexibility of this interaction it is
not always possible to predict the direction of the interaction with any certainty.

Strong and directional halogen-halogen interactions which have been observed
in several organic crystal structures,!13 were first postulated as a potential tool for the
crystal engineering of molecular conductors by Bechgaard in 1989.114 The synthesis of
tetrachloro- 98, and tetrabromoTTF 99 was undertaken as a rational extension of the
series of superconducting donors based on TMTSeF 4. The rationale behind this
approach being the similarity between the Van der Waals radii of a methyl group
(2.0A), chiorine (1.80A), and bromine atoms (1.95A), which should exhibit similar
spacefilling and crystal packing properties as TMTTF 8 and TMTSeF 4, but with
enhanced intermolecular interactions. However, the electronegativities of both chlorine
and bromine significantly raise the oxidation potential of the TTF core and reduce its
donor ability (Table 2.1). No salts of either tetrachloro- or tetrabromoTTFs were
reported but crystal structures of semiconducting salts of a 4,5-dichloroTTF!!5 and a
4,5-dibromoTTF!16 have been published. Iodine, with a similar electronegativity to
carbon was a more attractive candidate, but the synthesis of tetraiodoTTF 99 proved
elusive until finally achieved by Gompper et al.!17 in 1995; an insulating salt with I-
was obtained. Syntheses of 4-iodoTTF, 4,5- and 4,5'-diiodoTTF were achieved
independently by several groups,!18.73 who found that substituting with iodine also
raised the oxidation potential, but not excessively so as to preclude formation of salts
(Table 2.1).
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Compounds R1 R2 R3 R4 E:/Z E}?
1 H H H H 0.34 0.78
94 Cl H H H 0.56 . 0.78
95 Br H H H 0.55 0.76
96 I H H H 0.55 0.80
97 Br Br Br Br 0.79 1.13
98 Cl Cl Cl Cl 0.83 1.12
99 I I I I 0.71 1.03

Table 2.1 Half-wave potentials of halogenated TTF derivatives,!!7:118bplatinum

electrode, vs Ag/AgCl, electrolyte: n-BugNClQy, (0.01 M), CH,Cl5, 20°C.

I---X (X= CN, halogen or S) nonbonded interactions. The classical example of this
supramolecular synthon is the crystal structure of p-iodobenzonitrile!20 which exhibits a
one-dimensional chain structure along the axis of the strong intramolecular I--CN
interactions. This interaction is associated with an unoccupied p-orbital on the iodine

and the lone pair on the cyano group (Figure 2.1).

In 1995 Kato et al.119 explored alternatives based on the strong and directional

s e  SE g S

Figure 2.1 One-dimensional chain structure of p-iodobenzonitrile

The iodine substituted BEDT-TTF derivatives

electrocrystallised with several counterions and X-ray structures were obtained of the

salts (100),Ag(CN); and (100),Br.

100 and 101 were
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These structures illustrated the powerful effect these nonbonded interactions
could bring to bear on the crystal packing. In the crystal structure of (100),Ag(CN); the
I---N distance between the donor molecule and the Ag(CN), anion (2.88 A) is almost
20% shorter than the sum of their Van der Waals radii. In the case of the bromide salt, a
similar close interaction (3.21 A) is seen between the two halogen atoms; this distance
1s again almost 20% shorter than the sum of their Van der Waals radii (3.83 A) (Figure
2.2).

Figure 2.2 Crystal structure of (100),-Br

Both these complexes are room temperature semiconductors, but these results
provided the impetus for further research in this area. Several iodinated TTF derivatives
are now known which exhibit high room temperature conductivities and which remain
metallic down to liquid helium temperatures (Table 2.2). In 1997 Bryce et al.12!
obtained the first structures of salts of the parent system 4-iodoTTF 96 which proved to

be insulating.
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102 X=S, Y=0,RI=R2=1
103 X=S, Y=S, R!=], R2=H
104 X=Se, Y=S,R1=R2=1

Donor Acceptor D:A ort/Sem-1
102122 TCNQ 1:1 152
102 ClOy4 2:1 68
102 PFg 3:1 200
103123 Pd(dmit), 1:1 metallic to 4.2K
104124 Pt(CNy) 4:1 metallic to 80K
104125 FeBry 2:1 metallic to 4.2K

Table 2.2 Some examples of salts of halogenated TTF's displaying high conductivities.

2.2 HALOGENATED TTF'S AS SYNTHETIC INTERMEDIATES

The only reliable method for direct introduction of functional groups onto the
TTF core is its metallation at -78°C with alkyllithium reagents.%6 Various alternatives
have been proposed including silyl,126 and organomagnesium!!82 derivatives of TTF
but none has found favour mostly due to the low yields reported.

The use of halogenated TTFs as synthetic intermediates was first investgated in
1986 by Nakayama et al.127 They synthesised the first halogenated TTF derivatives via
lithiation and quenching with a source of electrophilic halogen. A series of mono-, di-
and tri- substituted, chloro- and bromoTTFs were obtained in low yield. The basic
chemistry of these species was explored: addition of strong base such as LDA or
potassium #-butoxide to 4-bromoTTF 95, lead to a deprotonation-transbromination
scrambling reaction and a mixture of isomeric di- and tribromoTTFs were formed.
More importantly, it was shown that by treating 4-bromoTTF with butyllithium the
bromine-lithium exchange reaction was obtained exclusively thus giving a means to
ensure selective lithiation of the TTF ring. An attempt was also made to obtain the
alkynic species 4,5-dehydrotetrathiafulvalene from 4-bromoTTF by treatment with
strong base and elimination of HBr but this was unsuccessful.

In 1992 Iyoda et al.75 applied catalytic coupling reactions such as those
developed by Stille,128:129 Negishi,!30 and Suzukil3! to TTF chemistry. Stannylated
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TTF derivative 105 was found to undergo palladium(0) catalysed coupling reactions
with various aryl halides to give TTF derivatives which were previously unavailable or
required lengthy and low yielding synthetic routes. For example, compare Iyoda's
synthesis of 38 with that of Wudl?# in 1977 (Chapter 1, Scheme 1.10). The use of this
reaction to synthesise previously unknown multi-TTF derivatives was explored and led

to the synthesis of several complex systems. (Scheme 2.1).

S S SnBuj
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38

Scheme 2.1 Reagents and conditions: i) Pd(PPh3)4 (0.2 equiv), toluene, reflux, 61%
yield.

Otsubo’3 and Yamamoto®d were the first to show that halogenated TTFs could
participate as the aryl halide component in many of these coupling reactions. For
instance, 4-iodoTTF 62 can participate in a Sonogashira reaction with
trimethylsilylacetylene to give 106. Bryce et al.132 have also shown that 4-iodoTTF
participates in the Suzuki coupling of aryl boronic acids to give 107 (Scheme 2.2).

The group of Becker showed that classical reactions of aryl halides could also be
applied to halogenated TTFs.77 The reaction of 4-iodoTTF 62 with copper powder in
refluxing chlorobenzene gave 4-bis(tetrathiafulvalenyl) 41 (TTF-TTF) as the product of
a postulated Ullmann-type reaction.

Becker et al.!18 have shown that 4-iodoTTF 62 may be deiodinated in high
yield by reduction with sodium borohydride. It was found by Bechgaard et al.114 that
tetrabromoTTF 97 could be sequentially dehalogenated by the addition of 1-4
equivalents of sodium borohydride, raising the possibility of using halogens as potential
masking or protecting groups for various positions on the TTF ring.
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Scheme 2.2 Reagents and conditions: a) Cul, PhsP, Pd(PhCN),Cl,, EiN,
trimethylsilylacetylene, 60-90°C, 2-3h; b) Pd(PPh3)4, Ba(OH)3, monoglyme-H,0, 1:1,
thiophene-3-boronic acid, 80°C, 24h; ¢) Cu, PhCl, reflux, 3h.

2.3 IODO TTFS AS SYNTHETIC PRECURSORS TO BISTTF
SYSTEMS

2.3.1 THE MYSTERY OF BISTTF

The use of 4-iodoTTF by Becker et al.”’ to synthesise TTF-TTF 41 opened up a
pathway to a previously ignored series of multi-TTF compounds. Previous reports of
TTE-TTF date back to 1982 where its synthesis was reported in a perfunctory
conference abstract’6 with no physical or experimental data. TTE-TTF was later
claimed to have been synthesised by Neilands et al.!182 in 1989 via a complicated
multistep sequence from di(butoxycarbonyl TTF).

A melting point of 158-160°C (with decomposition) and three reversible redox
waves at 0.45, 0.65 and 0.97V (vs. Ag/AgCl, in benzonitrile on a Pt electrode)
corresponding to two, one-electron, and one, two-electron oxidations were reported by
Neilands. Full characterisation was given including IR, UV, melting point, 'H nmr and
an unsatisfactory elemental analysis. Surprisingly, TTE-TTF appeared to be soluble in
common organic solvents such as benzene and acetone. Iyoda et al.72 reported in a
communication the synthesis of TTF-TTF via the homocoupling of tributylstannyl- 63
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and trimethylstannylTTF 105, catalysed by PdCly(CH3CN)3, in 25 and 62% yields,
respectively. However, these authors reported a much higher melting point of 225-
226°C and observed only two redox waves at 0.43 and 0.84V (vs. Ag/AgCl, in
benzonitrile on a Pt electrode).

Becker er al.77 showed that refluxing 4-iodoTTF 62 with copper powder in
chlorobenzene followed by column chromatography with CS, yielded several products
including TTF-TTF 41, which was isolated in 22% yield. A TTF trimer was isolated in
3% yield as a by-product but was not further investigated. A 1H nmr and mass spectrum
were obtained which were consistent with the formation of TTE-TTF. The solubility
and melting point (202-203°C) of Becker's TTF-TTF was significantly different from
that reported by Iyoda and Neilands. The structure of TTE-TTE was confirmed by a
single crystal X-ray study’’ (Figure 2.3a) which showed that the entire molecule is
nearly planar and the crystal structure comprises face-to-face dimers arranged in a
similar manner to kappa packing. Becker found TTE-TTF to be insoluble in most
common solvents except CS and was able to obtain a CV only at elevated temperatures
in acetonitrile (vs. Ag/AgCl, on a Pt electrode). This CV supported that of Neilands in
that the first electron wave was split, but in Becker's case this splitting was also
observed for the second oxidation wave. In all, four reversible sequential redox waves

were claimed. (Figure 2.3b).

Ci

Figure 2.3a X-ray crystal structure of TTF-TTF.
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Figure 2.3b The CVs of TTF-TTF 41 () and TTF 1 (----- ) reproduced from
reference 77 (vs. Ag/AgCl, MeCN, 70°C, Pt electrode, 0.1 M BugNCl1Oy4, 100 mVs-1).

2.3.2 OTHER BISTTF SYSTEMS

Besides the contradictory reports in the literature over the synthesis and
properties of TTF-TTF, there are several examples of substituted derivatives of the
parent system which rely on more traditional TTF chemistry. Tatemitsu et al.133
synthesised bisTTF 109 by the synthetic route shown (Scheme 2.3) in 15% yield,
amongst other products.

O;/s | ] S;/SISMe
<+
| S>':O S™ " sMe
108 7

e

MeS.__s S ‘
=T
S S > am
109

Scheme 2.3 Reagents and conditions: i) P(OEt)s, 15% yield.
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A melting point of 172-173°C and three reversible redox waves at 0.50, 0.59 and
0.85 V (vs. SCE, in DCM on a glassy carbon electrode) were reported for 109. The
compound did not form any complexes with TCNQ but did form a complex with DDQ
which showed a room temperature conductivity of 5.78 x 10-3 S cm-1. By a similar
methodology were synthesised the hexyl 111 and butyl 112 analogues!34 which also
showed three reversible redox waves (Table 2.3) and gave semiconductive complexes
with DDQ and I5~.

RiS<_$S S
I = SR
S S SR,

110 R1= R2= Me

111 R;= Ry= hexyl

112 Ry= Ry= butyl

113 R;= hexyl, R,= butyl

Compound E\%IV E)?IV E;%/V

1102 0.50 0.59 0.85
111b _ 0.30 0.47 0.76
112b 0.28 0.45 0.74
113> 0.28 0.44 0.72

Table 2.3 Half-wave potentials of bisTTF derivatives!33.134, (a) glassy carbon
electrode, vs. SCE, electrolyte: n-BugNClOy4, (0.1 M), CH,Cl,, 20°C; (b) platinum
electrode, vs. Ag/AgCl, electrolyte: n-BugNCIOy, (0.1 M), CH,Cl,, 20°C.

The bisTTF 114 synthesised by Bechgaard er al.57 exhibited two, close-lying
one-electron waves followed by a two-electron oxidation wave: no other synthetic data

:ES>=<S]\[
Tox
114

After completion of the work in this thesis, a further series of bisTTF donors and

were reported.

their salts were published by Iyoda et al.135 Based on the homo-coupling of
trimethylstannylTTF derivatives, bisTTF 109, was resynthesised as well as two new
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derivatives: 115, and 116. CV studies of these compound revealed a similar redox
chemistry to that observed by Tatemitsu for his series, namely, two, one-electron waves
followed by one, two-electron wave (Table 2.4).

per

115X =S
116 X=0
Compound E{?/V E)*/V EV* IV
109 0.48 0.59 0.87
115 0.48 0.58 0.86
116 0.42 0.52 0.87

Table 2.4 Half-wave potentials of bisTTF derivatives,!35 (no conditions given).

Only 116 formed a complex with TCNQ, 109 and 115 both formed complexes
with DDQ; all of which were semiconductors. Electrocrystallisation with a number of
counterions proved successful, the I3-, Auly~, and Brl- salts of 115 exhibited high
conductivities (125, 778, and 80 S cm-1) with metallic behaviour down to 20, 285 and
240 K respectively, below which a metal/semiconductor transition occurred, the I3- salt
of 116 displayed a conductivity of 8.0 S cm-! which remained metallic down to 135 K.
The rest of the salts displayed semiconductive behaviour (Table 2.5), of these the
structure of the 1:1 salt, 116-ClO4 was determined by X-ray crystallography.

The cation radical of 116 forms a conducting sheet, in the ac plane to make a
segregated column. The bisTTF molecules are stacked face-to-face to form a dimeric
structure and the dimers are arranged in a so-called P-type structure to form a
conducting sheet. The interdimer interactions which form this two-dimensional system
are labelled I-IV on the figure (Figure 2.4).
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Figure 2.4 X-ray crystal structure of 116-Cl04

Donor Acceptor D:A ort/S cm-l
109 ClOg4 11 9.4 x 102
115 DDQ 2:1 8.4 x 10!
115 I3 2:1 125(metallic)
115 Aulp ' I:1 778(metallic)
115 Brl, I:1 80(metallic)
116 TCNQ 3:1 3.6
116 ClOg4 1:1 6.9
116 I3 3:1 8.0(metallic)

Table 2.5 Electrical conductivities of CT-complexes and radical ion salts of bisTTFs.

The attraction of bisTTF compounds as donors for organic metals is
obvious. If the planar structure of the TTF-TTF molecule can be reproduced in the
structures of its salts and the molecules associate in the traditional segregated stacks of
conducting TTF compounds, then, we have, in effect, two TTF arrays physically linked
by a covalent bond instead of the weak chalcogen-chalcogen interaction which is



responsible for extended conjugation in multidimensional conductors. This close
linkage will hopefully encourage an increase in the dimensionality of conduction. The
possibility of other structures mirroring the pseudo-kappa phase of neutral TTF-TTF
offer alternatives for increased dimensionality. The complexes so far obtained have
been non-stoichiometric which is a prerequisite for highly conducting species, the
control of stoichiometry in charge-transfer complexes is one of the main goals of
organic metals research. The main theoretical point of interest of bisTTF systems with
regard to salt formation is, whether they behave as two independent TTF moieties or
whether in effect a new donor system has been created with delocalisation occurring

across the two TTF moieties upon oxidation.

2.4 SYNTHESIS OF BISTTFS
2.4.1 AIMS AND OBJECTIVES

The work of Becker identified iodo-TTFs as suitable precursors for bisTTF
systems- via a classical Ullmann coupling reaction with activated copper. By
synthesising a range of novel iodoTTFs we hoped not only to synthesise a new family
of bisTTF compounds with enhanced solubility over the parent compound but also to
explore the possibility of using these precursor iodoTTFs as donors for organic metals
in their own right.

Initial attempts to isolate the literature compounds 109 and 114 by coupling the
iodoTTFs 117 and 118136 in either refluxing chlorobenzene or DMF with activated
copper powder proved unsuccessful; with only small amounts of the desired products

being isolated from complex reaction mixtures after tedious chromatography.

MeS__s s S s/ S S
T=T  T=T =T
Mes” S S s s s 57N
117 118 119

However, reaction of iodotrimethylTTF (TRIM-I)!37 119 with copper powder in
refluxing DMF yielded the bisTTF 120 cleanly in 60% yield without chromatography.

S>=<S
S ix
120
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We note that in the synthetic route of Becker et al.,’” as well as the self-coupled
product, higher oligomers were also obtained, so some scrambling was occuring at the
elevated temperatures needed to sustain the reaction. By removing all possible reaction
sites by using trisubstituted iodoTTFs such as TRIM-I 119 these side reactions were
suppressed.

Our synthetic efforts were, therefore, directed towards novel trisubstituted iodo-

TTFs which in some cases necessitated the synthesis of new TTF precursors.

2.4.2 SYNTHESIS AND HOMOCOUPLING OF IODOTTFS

Literature precedents for the iodination of lithiated TTF include the use of
ICI'19, tosyl iodide!18b, dijodoethane’ and perfluorohexyliodide!!8¢ as the source of
electrophilic iodine. Perfluorohexyliodide has now emerged as the reagent of choice due
to the high yields obtained and ease of work up. The main synthetic problem is the

propensity of lithiated TTFs to disproportionate to give multilithiated species, and in -

these cases a mixture of iodinated products is obtained which are often difficult to
separate chromatographically. Another approach which avoids this problem is to use
halogenated 1,3-dithiole-2-thione prepared by the lithiation of vinylene trithiocarbonate.
Both the mono- and di-halogenated half units have been cross coupled with a variety of
other 1,3-dithiole-2-thiones to give iodinated TTF systems.!22.138 The first preparation
of tetraiodo-TTF!17 99 was via the self coupling of 4,5-diiodo-1,3-dithiole-2-one 123; a
route involving the tetralithiation of TTF had proved to be capricious (Scheme 2.4).

S i) S ' i) S '
<] —— s=<SII — D o=(8]:'
123
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Scheme 2.4 Reagents and conditions: i) LDA, THF, -78°C, 3h, tosyl iodide, -78°C; ii)
Hg(OAc),, CHCl3-AcOH; iii) P(OEt)3, toluene, 110°C, 16h.

TTF systems 124 and 125 were synthesised according to the route shown!39
(Scheme 2.5). Lithiation with LDA and quenching with perfluorohexyliodide yielded
derivatives 126 and 127 in 65 and 45% yields respectively. While iodoTTF 126 was
soluble in a wide range of organic solvents, 127 was sparingly soluble in most common
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organic solvents and was finally purified by recrystallisation from boiling benzonitrile.
Self coupling under the standard Ullmann conditions proceeded cleanly to give bisTTF
systems 128 and 129 in 62 and 60 % yield respectively. Compound 128 was isolated as
a red oil but precipitated as yellow crystals from a DCM/hexane mixture after several
days in the freezer. Compound 129 was isolated as orange plates after recrystallisation
from boiling toluene but displayed a low solubility in most common organic solvents.

S i) S+ i)
| =8 ———— I H—sMe ——— >(-SMe
s

S SO4CFy"

i) S+ iv) s 9
— [ > — :[ DP(OMe),
S’ BF, S'H

RS Q S V) S S
(O e)g + *N=
oghow: + (O 2 =T

124 R =SMe

125 R - R =SCH,CH,S

= = ST

126 R = SMe 128 R =SMe

127 R - R = SCH,CH,S 129 R - R = SCH,CH,S

Scheme 2.5 Reagents and conditions. i) Eth)O, MeSO,CFj3; ii) IPA, NaBHy; iii) Ac,0,
Et;0, HBFy; iv) Nal, P(OMe)3; v) t-BuOK, -78°C to rt.; vi) AcOH; vii) LDA, -78°C,

CF3(CF»)sl; viii) Cu, DMF, reflux.
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Replacing the methyl goup of 128 and 129 with an alkylthio group was a logical
modification of our bisTTF series, which required the synthesis of the hitherto
uncharacterised TTF derivative 134.140 The key synthetic component is the remarkably
stable thiol 13056.141 which may be isolated as a red solid from the cyclisation reaction
shown (Scheme 2.6).

S
I

" 1
MeO™ + CS, + Br-(|_3|—C-OMe _ MeO-C-S—ﬁ-C-OMe
2 2

COgMe COoMe

SH

i) S i) S
— > s=<( | — > s=( |
SI S:‘/LSMe

130 131

Scheme 2.6 Reagents and conditions. i) CS;, t-BuONa, DMF; ii) HCI; iii)
MeONa/MeOH, Mel.

Becher has generated the caesium salt of the thiol 130 as a stable solid which
was alkylated with 3-bromopropionitrile to serve as a protected thiolate.!192 Cava et
al.>6 have also shown that the sodium salt of 130 may be alkylated in good yields.

The methylthio analogue 131 was synthesised in a one-pot procedure by direct
alkylation of the cyclisation mixture with methyl iodide. Cross-coupling of this with
4,5-bis(2'-cyanoethylthio)-1,3-dithiole-2-one 76 gave TTF 132 in 59% yield after
chromatography. Deprotection of 132 with sodium methoxide in methanol/THF mixture
(1:1, v/v) and subsequent alkylation with methyl iodide gave TTFester 133 in 81%
yield.

De-esterification was accomplished by heating 133 with LiBr in DMF.!42 The
use of DMF for these de-esterification reactions is preferable to the highly toxic HMPA
which is ubiquitous throughout the TTF literature. No decrease in yield or unwanted
side products was observed by using DMF. Compound 134 was isolated as a red oil
which resisted all attempts at crystallisation. Lithiation and iodination proceeded
smoothly to give 135 as an orange powder in 91% yield.

Instead of using elemental copper to self-couple 135, a variation involving
copper(I)thiophene-2-carboxylate in N-methylpyrrolidinone was used to achieve this
coupling in 72% yield to give 136 as an orange powder (Scheme 2.7). This reaction is
described in more detail in the following section.
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Scheme 2.7 Reagents and conditions. i) P(OEt)3, toluene reflux; ii) MeOH/THF,
MeONa, Mel, iii) LiBr, DMF; iv) LDA, -78°C, CF3(CF3)sl; v) CuTC, NMP.

2.4.3 ROOM TEMPERATURE ULLMANN COUPLING

During the course of this work a new modification of the Ullmann reaction was
published by Liebeskind et al.,143 who observed that copper(I)thiophene-2-carboxylate
(CuTC) induced the reductive coupling of substituted aromatic iodides and bromides, 2-
iodoheteroaromatics, and the stereospecific reductive coupling of alkenyl iodides
effectively and in many cases rapidly at room temperature. The coupling reaction
proved to be mild and tolerant of a variety of functional groups. The use of a polar
coordinating solvent such as N-methylpyrrolidinone (NMP) was required in order for
the reaction to proceed. Iodo-TTFs seemed to be ideal substrates for this reagent.

Thus, treatment of TRIM-I 119 with CuTC gave bisTTF 120 in 75% yield.
Similarly, both 126 and 127 coupled to give bisTTFs 128 and 129 in 80% and 72%
yields respectively. These are the highest reported yields for a homocoupling of two
. TTF's, and the mildness and relative rapidity of reaction should tolerate a number of
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substituents which would otherwise perish under the harsher conditions of the classical
Ullmann reaction.

We returned to 117 and 118 in the hope that these milder coupling conditions
would avoid the formation of numerous side products observed at the elevated
temperatures used previously. However, these iodoTTFs still gave complicated reaction
mixtures even using this protocol. The difference in reactivity in the Ullmann reaction
between trisustituted TTF 119 and disubstituted TTF 118 was remarkable, the only
point of difference being the presence of a proton o to the iodine which may be
involved in some as yet undetermined side reactions. It appeared therefore, that the site
adjacent to the iodine substituent needed to be blocked with a group which could be
removed after the coupling had taken place. The methyl ester group is easily cleaved
from the TTF ring using LiBr in DMF or HMPA, and it was decided to use 140 as the
intermediate for this synthesis. The use of the intermediate in the synthesis of the
compound 109 previously synthesised by Tatemitsu et al.26 is outlined below (Scheme
2.8).
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Scheme 2.8 Reagents and conditions: i) P(OMe)s, toluene, reflux; ii) LiBr, DMF,
110°C; iii) LDA, THF, -78°C, CF3(CF,)sl; iv) CuTC, NMP; v) LiBr, DMF, 140°C.

Cross coupling of 137 and 77 proceeded to give 138144a-b in 55% yield from
readily available starting materials. Mono de-esterification to yield 139144c in 91% yield
was achieved by heating 138 at 110°C in DMF for 20 minutes. The formation of
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i0doTTF 140 via the lithiation and iodination of TTFester 139 proved to be capricious
with 140 being obtained in a maximum yield of 24%. The presence of the ester group
next to the proton seemed to be affecting the usually straightforward
lithiation/iodination sequence.

IodoTTF 140 couples in good yield (65%) using CuTC to give bisTTF 141. De-
esterification using LiBr in DMF gave bisTTF 109 in 59% yield which had an identical
melting point and 'H NMR to that reported by Tatemitsu.133

In conclusion, a range of novel bisTTF compounds have been synthesised with
various sustituents by both the classical Ullmann coupling and the new Liebeskind
variation thereof, from a series of novel iodoTTFs. The versatility of these halogenated
TTFs and the growing number of reactions in which they may be utilised shows that
their potential as building blocks for complex TTF systems has yet to be fully explored.

2.5 SINGLE CRYSTAL X-RAY ANALYSIS OF 120 AND 136

Single crystals of 120 and 136 were grown by slow diffusion of hexane into a
CS; solution of the donor. Molecule 120 is situated on a crystallographic twofold axis,
passing through the midpoint of the C(2)-C(2") bond (Figure 2.5). The TTF moiety in
120 as in TTF-TTF 41 shows insignificant puckering, its atoms deviating from the
mean plane by <0.07 A. However, steric hindrance from the methyl groups induces a
large (54°) twistA around the C(2)-C(2") bond, which makes effective molecular stacking
impossible, whereas in TTF-TTF the entire molecule is nearly planar and the crystal
structure comprises face-to-face dimers arranged in a similar manner to kappa packing.
The C(2)-C(2") distance of 1.471A is the same as in TTF; the only intermolecular S---S
contact shorter than 3.8 A is the S(1)--S(3) distance of 3.68 A (cf. the Van der Waals
radius of sulfur, 1.81 - 1.84 A).

The X-ray crystal structure of 136 shows that the molecule posesses no
crystallographic symmetry. The thiomethyl substituent S(5)C(8)H3 is disordered over A
and B, with occupancies of 62 and 38%, respectively. The conformations of the two
TTF moieties are significantly different. One adopts a boat conformation, folding along
the S(11)--S(12) and S(13)---S(14) vectors by 21° and 25°, respectively. The other is
folded along the S(3)--S(4) vector by 9°. The torsion angle around the central C(2)-
C(12) bond is increased to 89°, due to the bulky thiomethyl substituents, all of which
adopt out of plane orientations, with torsion angles in the range 100-164°.
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Figure 2.5 X-ray structure of 120 (axis 2 passes thfough the midpoint of the C(2)-C(2")
bond.

Cl8A)
A ,!"‘)
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Figure 2.6 X-ray structure of 136.




2.6 ELECTROCHEMISTRY OF BISTTF SYSTEMS

The electrochemistry of bisTTF systems 120,128, 129, and 136 was
investigated by cyclic voltammetry (CV) and differential pulse voltammetry (DPV).
The data obtained were consistent with that reported by previous workers in that the
first oxidation wave is split into two, single-electron redox waves with a clear peak
separation ranging from 67 to 87 mV, and the first oxidation is slightly anodically
shifted when compared with monomeric TTFs such as 142145 (Figure 2.7).

Me s S - Me
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142 7

Current,uA

; B L l B g , ;
0] +0.15 +0.30 +045 +0.60 +0.75 +0.90

Potential,V
) and 142 (0000)

Figure 2.7 Cyclic voltammograms of 120 (

The third oxidation process for compounds 120, 128, 129, and 136 gives rise to
a broadened two-electron wave in the CV. In the case of TTF-TTF 41, a clear splitting
into two separate one-electron redox couples was observed for this process. For
compdunds 120 and 129 this second wave can be resolved into two, closely overlapping
waves in the DPV with E9x-E,%* values of 39 mv and 30 mv respectively, which is a
smaller splitting than the first electron wave. The values of the oxidation potentials of
compounds 120, 128, 129, and 136 as measured by DPV are collated in Table 2.6.
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compound E:)x E;)x E;)x E:)x E;)x . E?x E:)x j Eg)x
120 380 456 750 780 76 30
128 466 540 770(2¢e7) - 74 -

129 446 549 770(2e") - 87 -

136 529 596 770(2¢7) - 67 -

Table 2.6 DPV of bisTTF donors, platinum electrode, electrolyte: n-BugNClOy4, (0.01
M), CH;Cly, 20°C, values measured in volts relative to Ag/AgCl, and corrected to
MejgFc.

The similarity of the electrochemistry of compounds such as TRIM-TRIM 120
with TTF-TTF 41 is surprising. Consideration of the CV and DPV measurements
demonstrates that coplanarity of the two TTF rings in solution which would be likely
for TTF-TTF and analogues such as 109133.134_ but sterically demanding for 120, 128
and 129, is not the main factor in determining the splitting of the redox waves. The
most reasonable process for electrochemical oxidation is shown below, with sequential
formation of the cation radical, the dication diradical, the trication radical, and the

tetracation (Figure 2.8).
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Figure 2.8 Oxidation of bisTTF systems.

Both Becker’? and Tatemitsu!33.134 assume coplanarity of the donors in solution
and the formation of stable cation radicals which are delocalised over the whole
molecule. However, we would expect the first wave to split regardless of any through
bond interactions because of a through space coulombic interaction which would
disfavour the formation of the dication diradical due to a mutual repulsion of the two
positive centres. The assumption of planarity in solution by extrapolation from the solid
state structure of TTF-TTF by Becker cannot be justified. Whether the splitting we see



is due to either of these factors alone or a combination of both is unclear. The smaller
splitting of the second oxidation wave is also difficult to rationalise if the same criteria
which were applied to the splitting of the first oxidation wave are used.

If the two TTFs are interacting through the m—orbitals as postulated by Becker
and Tatemitsu the UV spectra should display a considerable bathochromic shift
indicating the formation of an extended chromophore (Table 2.7). Upon comparison
with similarly substituted monomeric TTFs such as 93, 124, 125, 142 and TTF itself 1,
the UV spectra of the dimers 120, 128, 129, 109, 111, and TTF-TTF 41 do display a
slight red shift of one or more of their absorptions with the greatest shifts being in the
longer wavelength absorption (typically of the order of 20-30 nm). Such results would
suggest that the dimers possess a more delocalised T-system but this would lead us to
expect them to display a lower first oxidation potential than the monomeric TTFs due to
charge delocalisation, whereas we have seen they are in fact harder to oxidise.

Compound A/nm A/nm A/nm A/nm A/nm
log(e) log(e) log(€) log(¢e) log(c)
125b - 312 (5.14) 334 (5.04) 368 (4.47) -
1292 - 316 (4.99) 340 (4.90) 386 (4.30) -
124b 272(5.14)  302(5.21)  324(5.21) 378(4.60) 450 (3.90)
128b 250(5.14) 314 (5.24) 336(5.26) 392(4.70) 494 (3.47)
109b 264 (4.26)  312(4.29) 328 (4.28) 412(3.99) -
136b 264 (5.34)  312(5.35) 334(5.32) 412 (4.71) -
93b 260 (5.36)  312(5.33)  334(5.33) 380 (4.75) -
1114, 134 - 316 (4.45) 330 (4.47) 415 (4.00) -
120¢ , 230 (4.41) 326 (4.80) 334 (4.65) 390 (4.08) 473 (3.38)
142¢€, 145 222(3.88)  297(4.25) 307(4.23) 322(4.20) 467 (3.25)
41¢, 77 - 320% - 412 -
1€, 23cd 308 (4.08) 316(4.09) 357 (sh) 446 (2.42) -

Table 2.7 UV data for bisTTFs, and selected monomeric TTFs for comparison.

a) In 1,1,2-trichloroethane, b) in DCM, ¢) in MeCN, d) in chloroform, €) in toluene.
$no value for e given.

To achieve such extended m-systems across the two TTF moieties would, of
course, require a coplanar arrangement to maximise orbital overlap as seen in the crystal
structure of TTF-TTF 41. Such bisTTFs as 109 and 111 which are also unsubstituted in
the positions o to the junction should have similar conformational preferences. Any
orbital delocalisation would be expected to occur through the ring junction and should
be disrupted if the two TTFs cannot achieve coplanarity as we would expect for 120,
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128, 129, and 136 due to the bulky substituents o to the junction. A representative
comparison may be made between compound 109 which similar to TTF-TTF, may
achieve coplanarity, and compound 136 which, due to the bulky thiomethyl sustituents
is in a twisted conformation. The UV spectra display virtually identical absorption
maxima which suggests that any interaction through the ring junction is negligible and
hence any charge delocalisation as postulated by Becker and Tatemitsu in this manner is
unlikely.

A full theoretical MO calculation is needed in order to further probe the possible
effects of planarity or non-planarity on these systems and whether the complex redox
chemistry is the result of conformational changes upon oxidation in solution, or subtle

inter or intra molecular coulombic interactions.

2.8 SALTS OF NEW BISTTFs

A solution of 129 in 1,1,2-trichloroethane was electrolysed at a constant current
of 2.5UA using tetrabutylammonium perchlorate as the supporting electrolyte. Black
crystals were seen to form on the anode after 3-7 days. X-ray studies proved these to be
the 1:1 perchlorate salt of 129. The cation (Figure 2.9a) is located on a twofold axis,
passing through the midpoint of the C(2)-C(2') bond. The twist around this bond is 77°,
compared to 54° in 120 and virtually nil in the unsubstituted TTE-TTF. Each TTF
moiety in 129 adopts a slight boat-like folding, by ca. 9° along the S(1):--S(2) and
S(3)++8(4) vectors. The ethylenedithio bridges adopt an envelope conformation, folding
by 57° along the S(5)--C(9) vector. In the anion (Figure 2.7b), the O(1) atom lies on a
twofold axis, while every other atom is disordered over two positions, related by this
axis. The precision of the structure is insufficient to discuss bond distances. Atomic
displacement parameters and large residual electron density may be indicative of some
disorder in the cation as well.

Crystal packing of 129.C104" (Figure 2.9¢) is characterised by puckered layers,
parallel to the (001) plane, of cations contacting via their sulfur atoms; these S-S
contacts (3.57-3.66A) are close to twice the Van der Waals radius of sulfur (3.62-
3.68A). The anions occupy infinite channels, parallel to the z-axis and running through
the cation motif. The conductivity was measured by a two-probe compresed pellet
method and was shown to be ca. 1.6 x 10-3 S cm™l.

60




61

Figure 2.9a Cation (a) and anion (b) in the structure of 129.C104~. Primed atoms are
symmetry related via axis 2.

Figure 2.9b Crystal packing of 129.Cl04", perspective view on the (001) plane
showing the S-S contacts of <3.7 A.



The new bisTTF donors formed complexes with organic acceptors such as
TCNQ, BrpTCNQ and F4TCNQ, whose conductivities as measured by the two-probe
compressed pellet method, are tabulated below. None of these complexes formed
crystals which were suitable for X-ray analysis (Table 2.8).

Donor Acceptor D:A ort/Sem-1
120 TCNQ 1:1 1.2x 102
120 Br,TCNQ 11 9x 103
120 F4TCNQ 1:1 1.4x 103
120 ClOoy4 uncertain 3.2x 106
129 ClOy4 1:1 1.6 x 1073
129 Br,TCNQ 1:1 8.7x 104
128 BryTCNQ uncertain 8.5x 104

Table 2.8 Salts of bisTTF systems.

Most of the new bisTTFs do not form complexes with TCNQ with the exception
of 120, which possibly reflects the increase in oxidation potential observed over the
monomeric precursors, hence a more powerful electron acceptor such as BroTCNQ is
required. The relatively high conductivity values are notable considering that the
opportunities for effective molecular stacking of the donor are greatly reduced by the
twisted conformation adopted in the solid state. An interesting result is the apparent
preference of these bisTTF systems for a 1:1 donor- acceptor/counterion stoichiometry,
this is, in effect, a 2:1 ratio if we consider the two TTF moieties to be independent. In
the introduction it was observed that the stoichiometry most favoured for highly
conducting complexes such as the Bechgaard salts was in the ratio 2:1 donor/anion. If,
as in the case of 129-ClOy", this is a general principle, then we may have achieved some
rudimentary form of stoichiometry control in the formation of salts of these systems.

2.9 PROPERTIES OF NEW IODOTTFS

The new i10doTTFs synthesised as precursors to our bis TTF systems were fully
characterised and their electrochemistry investigated by cyclic voltammetry. The results
are tabulated below (Table 2.9). As expected, the presence of the iodine substituent
raises the oxidation potential in comparison with their parent TTF, but this did not

preclude a number of them forming charge transfer salts.
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compound E/*Iv E}?/V
119 0.34 0.68
126 0.46 0.72
127 0.44 0.78
135 0.50 0.73
140 0.57 0.82

Table 2.9 Cyclic voltammetry of iodoTTFs, platinum electrode, electrolyte: n-
BuyNClOy, (0.01 M), CH;Cly, 20°C, values measured in volts relative to Ag/AgCl, and
corrected to MegFc .

IodoTTF 126 when mixed with TCNQ in hot acetonitrile gives long black
needles of the 1:1 charge transfer complex on cooling, the structure of which was
elucidated by X-ray analysis (Figure 2.10).

The complex 126-TCNQ has one donor and one TCNQ molecule in the
asymmetric unit. The donor molecule 126 is disordered over two orientations, differing
by a 180° rotation around the axis through the midpoints of the C(12)-C(13) and C(15)-
C(16) bonds. Thus the iodine atom and the C(9) methyl group are distributed between
positions I at C(12) and I' at C(13) with the probabilities of 53.7% and 46.3%
respectively. The TCNQ molecule is planar, but for a small twist around the C(1)-C(7)
and C(2)-C(8) bonds of 2.4 and 4.7°, respectively. In the TTF moiety the dithiole ring
carrying the SMe substituents is folded along the S(3)--:S(4) vector by 9°, while the
folding of the other dithiole ring and the twist around the central C(11)-C(14) bond is
insignificant (3%). The two SMe substituents adopt different conformations: one of them
lies close to the TTF plane, while the other is nearly normal to this plane. The torsion
angles S(3)C(15)S(5)C(17) and S(4)C(16)S(6)C(18) are 16.8 and 95.3° respectively.
The donor and acceptor molecules form mixed stacks, parallel to the crystallographic
axis with mean interplanar separations of ca. 3.4 and 3.5A. The degree of charge-
transfer can be estimated from bond lengths in the TCNQ moiety!46 which differ
slightly from those in the neutral molecule,!47 indicating a negative charge of -0.2+ 0.1.
The structure displays interstack S-S contacts of 3.66 and 3.73 A. The structure also
contains interstack N---I contacts of 3.14 A (for the iodine position I) and 3.18 A (for I,
well below the sum of the van der Waals radii (3.67 in the spherical model,!48 3.36 A in
the anisotropic model).14? Such distances are more characteristic for weak donation of
the N atom lone pairs into the vacant orbitals of the iodine atom, and the nearly linear
N--1-C disposition is typical for such donation.!50 The conductivity of this complex
(two-probe compressed pellet technique) was 6=1.9 x 10-8 Scm1. This low value is

expected from the mixed stacking motif of the crystal structure.
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Figure 2.10 Crystal structure of 126 TCNQ.

Figure 2.11 Crystal packing of 126-TCNQ.
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2.10 CONCLUSIONS

A series of novel iodoTTFs has been synthesised and these have been shown to
be suitable for use as precursors to new bisTTF systems. Such directly linked multi-
TTF systems have given salts with reproducible and predictable stoichiometries similar
to those of the highly conducting and superconducting derivatives of TTF. No such
highly conducting salts have yet been obtained for these systems, but further
electrocrystallisation experiments should prove fruitful.
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Chapter Three

Novel Bis(Tetrathiafulvalene)
Cyclophanes



3.1 INTRODUCTION: TTF CYCLOPHANES

The multi-TTF principle is based on the supposition that physically linking the
TTF moieties may enforce a closer interaction in the solid state and hence an increase in
dimensionality of conduction in any charge-transfer salts formed. We have discussed
the three main types of linkage which may be envisaged: heteroatomic, conjugated and
non-conjugated linkages, and their relative advantages and disadvantages. The use of
flexible non-conjugated linkages, especially in the light of the advances in TTF thiolate
chemistry achieved by Becher et al.101.110 js a most promising area of research.
However, a potential disadvantage of this approach is the relative conformational
flexibility of the TTF units; this is illustrated by the bisTTF 25 synthesised by Sugawara
et al.%0 which displayed two polymorphic crystal structures in its radical cation salt with
ClO4" due to its ability to adopt different conformations in the oxidised state. (Chapter
1; figure 1.14a-b).

S s._-SMe
I::IS>=<S IS -~
S S
=13
25

While such flexibility may indeed lead to the serendipitous formation of
unpredicted novel structures, in order to achieve more control over the geometrical
orientation of the TTF moieties yet still retaining enough flexibility to adopt low energy
conformations in the solid state, a new class of compounds were proposed by Staab in
1978 which he termed tetrathiafulvaleneophanes82 (Scheme 3.1).

S. SMe S S
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Scheme 3.1 The first synthesis of a [2.2]tetrathiafulvaleneophane by Staab.
Reagents and conditions: i) HBF4, (MeCO)»; ii) NEt3, MeCN.
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In such compounds as 47 we can see that by utilising a cyclophane type
structure, the TTF units are conformationally flexible but have limited geometrical
freedom, thus allowing some control over the mutual orientation of the TTF moieties in

the neutral and oxidised states.

3.2 TETRATHIAFULVALENOPHANES AND PARACYCLOPHANES

Cyclophanes are fundamentally important compounds in many aspects of
macrocyclic and supramolecular chemistry.13! The incorporation of TTF into
cylcophane structures was proposed by Staab to be a possible route to interesting
electroactive macrocycles either incorporating simple aromatic spacers such as 144, or
another TTF unit such as 47. A recent development has been the incorporation of
acceptor species such as TCNQ and bipyridinium!52 into TTF cyclophanes giving rise
to networks of inter and intramolecular donor-acceptor interactions, but such systems
are outside the scope of this chapter.

Most tetrathiafulvaleneophanes and tetrathiafulvaleneparacyclophanes described
in the literature were prepared by a coupling reaction in which the central TTF moiety
was formed in the final cyclisation step. For example, from bis1,3-dithiolium salt 143,
Staab et al.153 prepared the [3]tetrathiafulvalene[3]paracyclophane 144 in 29% yield as

a mixture of cis and trans isomers (Scheme 3.2).

143 144
Scheme 3.2 Reagents and conditions. i) NEt3, MeCN.

An alternative route is via a trialkylphosphite mediated coupling of 1,3-dithiole-
2-ones, for example in the synthesis of 48 by Otsubo.84
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Scheme 3.3 Reagents and conditions : i) P(OMe)s; ii) LiBr, HMPA

Such cyclisations can in theory proceed inter or intra molecularly to give either
the tetrathiafulvalenophanes or a cyclophane type bridged TTF. A general rule is that
very short linkers such as ethyl (as in 47 or 48), or propyl (as in 148)!54 lead to
intermolecular coupling as opposed to the formation of the highly strained
intramolecular coupling product, although it has been shown that intramolecular
coupling can be favoured by using longer chain lengths such as Cj3, Cyg, and Cg in
145, 146 and 147, or by performing the reaction under dilute conditions, as in the
synthesis of 150.155

R.__s S R
RHS (CHz)nSH ) IS):(S ]:
X

S._S S °
x
H” OEt H™ OEt
(CH2)n

145n=12,R=Me
i) 146 n=10,R=Me

147 n =6, R = p-MePh

148 R = p-ClPh

Scheme 3.4 Intra vs. inter molecular coupling. Reagents and Conditions: i) C13CCO,H,
PhMe, Al;O3.
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Scheme 3.5 Reagents and conditions: i) P(OEt)3, toluene, reflux.

Recent advances in TTF thiolate chemistry and the use of high dilution
conditions have made it possible to prepare a series of TTF cyclophane structures such
as 152 and 155156 via the nucleophilic displacement of a suitable leaving group by a
TTF-thiolate. These compounds were made with the primary aim of being incorporated
into self-assembled structures such as rotaxanes and catenanes (Schemes 3.6 and 3.7).
Such large macrocyclic structures as 155 are always obtained as mixtures of cis/trans

isomers due to the acid catalysed isomerisation of TTF in solution.
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Scheme 3.6 Reagents and conditions: i) CsOH, 151, High dilution.
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155 cis/trans

Scheme 3.7 Reagents and conditions: i) CsOH, 154, High dilution.

3.3 NEW TTF CYCLOPHANES

We proposed the synthesis of macrocyclic TTF-phanes of the generic types 156-160

(Figure 3.1).

156 S/_\S = S(CHQ)QS
157 = S(CHp)sS
MeS
158 = S(CH2)20(CHy)2S
MeS
159 = S[(CH2)20lx(CHz)2S
S
160 = S/ < >—

Figure 3.1 Proposed novel TTF cyclophanes.

f\H
LH

This series was attractive for the same reasons as the crisscross TTFs of Otsubo

and Sugawara, in that they mimic certain motifs observed in the crystal structures of

conducting salts of TTF. In this case the dimeric and orthogonal TTFs mimic certain

facets of the highly conducting kappa phases in which the TTF units associate in



orthogonal dimer pairs. These molecules should be incapable of forming the segregated
stacks of one-dimensional conductors by the virtue of the inherent orientation of the
TTF moieties and their close intramolecular association. Therefore, other novel
structures are predicted if both TTF units are able to interact both intra and
intermolecularly when oxidised and possibly give rise to conducting states of higher

dimensionality.

3.3.1 SYNTHESIS

Two disconnections for our novel tetrathiafulvalenophanes were proposed based
on the literature precedents (Figure 3.2). The first disconnection A involves the more
traditional route of forming the central double bond of the bridging TTF in the final step
from the precursor 1,3-dithiole-2-one via an intramolecular trialkylphosphite mediated
coupling. The participating dithioles do not need to be closely oriented in the precursor
molecule, this has been demonstrated in the synthesis of molecules such as 559! where
the dithioles are widely separated through space.
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Figure 3.2 Proposed disconnections for novel TTFphanes.

72



73

R e
\,o s_s oJ 1% ss_ss o-)
Lo/ o U U

161 55
Scheme 3.8 Reagents and conditions: i) P(OEt)3, toluene, 120°C.
Disconnection B is based on the chemistry of Becher and involves a high

dilution cyclisation of a bisalkylating TTF with a bisthiolate derived from 153. The
synthetic scheme for the first disconnection A is outlined below (Scheme 3.9).

. SM
S=<SIS\/\CN i) S=<SI ©
S S/\/CN S S/\/CN
73 74
i)
S-_-SMe ii) s_ _SMe
I
S S(CHy),0Ms 8~ ™ 8(CH,),OH
164n=2 162n=2
165n=3 ) 163n=3
S SMe
=T
S™ “S(CHy)yl
166 n=2
167n=3

Scheme 3.9 Reagents and conditions. i) CsOH(1 equiv), Mel, ii) NaOEt, EtOH, 2-
chloroethanol or 3-bromopropanol; iii) NEt3, DCM, MsCl; iv) Nal, acetone, reflux.



Compound 74 was synthesised either by the literature route shown,!1% or via a
modification to give a one pot process by sequential addition of the required
stoichiometric amounts of methyl iodide and 3-bromopropionitrile to zincate salt 72,
followed by chromatography on silica. Deprotection with sodium ethoxide in ethanol
followed by alkylation with either 2-chloroethanol or 3-bromopropanol gave 162 and
163 in 78 and 68% yields, respectively. Treatment of the alcohols with
methanesulfonylchloride gave the mesylates 164 and 165, which were refluxed with
sodium iodide in acetone to give the iodides 166 and 167.

To a solution of bisprotected TTF 94 in THF/MeOH (1:1 v/v) was added NaH,
followed by the iodo compounds 166 or 167 which upon work up gave compounds 168
and 169 in 65 and 72% yield, respectively (Scheme 3.10). In order to obtain the more
reactive 1,3-dithiole-2-one derivatives, both 168 and 169 were treated with Hg(OAc),
in AcOH/CHCIs.

MeS___s S S
N
s= | I ' T=I 5
S(CHa)q Mes” S ST
166n=2 94
167n=3
i)
MeS s
I )=s
MeSIS IS (CH2)n S
S(CHo)n
)=s
MeS
168n=2
169n=3

Scheme 3.10 Reagents and conditions. i) THF/MeOH, NaH, 166 or 167.

However, both products of this reaction were contaminated with an unknown
impurity which proved impossible to remove chromatographically and so it was decided
to abandon this reaction sequence and move on to the second proposed disconnection B,
involving a high dilution cyclisation of a bisTTF thiolate with a bisalkylating TTF

derivative.
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To a sodium ethoxide solution of 94 was added either 2-chloroethanol or 3-
bromopropanol to give bisalcohols 170 and 171 in 67 and 66% yield, respectively.
Mesylation and displacement with iodide gave diiodo compounds 176 and 177. While
this work was in progress, Becher et al.}37 published the synthesis of 177 via the
tosylate with comparable yields. Diiodo compound 176 proved to be unstable at room
temperature but was stable when stored at -10°C under argon. This compound was best
prepared and used immediately in the next reaction in order to minimise decomposition
(Scheme 3.11).
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Scheme 3.11 Reagents and conditions: i) NaOEt, EtOH, [2-chloroethanol, 3-
bromopropanol, or 2-(2-chloroethoxy)ethanol]; ii) NEt3, MsCl, DCM, 0°C; iii) Nal,
acetone, reflux.

Bisprotected TTF 153 was obtained as a mixture of cis and trans isomers.10!
Deprotection of a DMF solution of 153 followed by high dilution mixing of the
bisthiolate generated with either of the diiodoTTFs 176 and 177 gave, after work up,
bisTTFs 156 and 157 in 60 and 54% yields respectively.
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Compound 156 was isolated as red prisms after recrystallisation from
DCM/hexane. Based on a sharp melting point and H and 13C NMR spectroscopic data,
it was postulated that only the symmetrical cis isomer had been obtained. This was later
confirmed by a single crystal X-ray study which showed the conformation of the
bridging TTF to be cis with a highly bent structure (Figure 3.3). For 157 it was not
possible to obtain X-ray quality crystals and so no definitive statement about the
stereochemistry could be made; however, both 'H and 13C NMR evidence supported

the formation of the cis isomer exclusively.

MeS S ) S
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156 157

Other variations on the linking groups were attempted. The glycol analogue 158
was synthesised by reaction of 94 with 2-(2-chloroethoxy)ethanol followed by
mesylation and replacement with iodide to give diiodoTTF 178. This was reacted under
high dilution conditions to give bisTTF 158 as a red oil in 65% yield. The presence of
158 as a mixture of cis/trans isomers was unequivocally shown by the multiple
resonances for the thiomethyl groups in the !H NMR, and by TLC evidence which
showed that compound 158 was composed of two very close running spots which were

not separable by standard column chromatography.
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The bisTTF 160 with benzylic linkers was synthesised by the coupling of 179 to
the thiolate generated from 153 over 16h using high dilution conditions to give 160 in
52% yield as a mixture of cis/trans isomers. The dibenzyldichloride substituted TTF
179 was synthesised in 46% yield by the addition of a large excess of o, a-dichloro-p-
Xylene to a solution containing the bisthiolate generated from 94 .

=T . I Nesad 0
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After this work had been completed, Becher er al.156 published a synthesis of an
analogue of this series of bisTTF phanes with a longer diethylene glycol ether chain
159, primarily for incorporation into new catenane structures. The synthetic route also
involved the reaction of 153 with a bisalkylating TTF derivative under high dilution
conditions. As expected, with large linkers a mixture of inseparable cis/trans isomers
was obtained.

In order to obtain more information about the solid state structures of these
compounds and especially since it was not possible to obtain X-ray quality crystals of
157 which we predicted to be the pure cis stereoisomer on the basis of NMR evidence,
the synthesis of the model compound 183 was undertaken. Similar compounds had been
synthesised by Becher!3¢ and Otsubo86 by variations on a high dilution cyclisation of a
dithiolate with a bisalkylating TTF; but no crystal structure data had been reported. The
diiodo substituted 1,3-dithole-2-thione derivative 182 was synthesised from zincate salt
72 using our mesylation, iodination sequence. Coupling of this with 153 under high
dilution conditions gave 183 in 24% yield as a mixture of cis and trans isomers as
observed by 1H NMR spectroscopy (Scheme 3.12).
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Scheme 3.12 Reagents and Conditions: i) MeCN, 3-bromopropanol; ii) MsCl, pyridine,
DCM,; iii) Nal, acetone, reflux; iv) 153, CsOH, DMF, high dilution.

Recrystallisation from DCM/hexane gave a red crystalline solid which was
calculated to be >95% cis isomer as observed by 1H NMR in CDCl3 which had been
stored over NaHCO3 in order to suppress isomerisation in solution by trace acid. An X-
ray study of a well-formed crystal revealed it to be the cis isomer (Figure 3.4).

3.4 X-RAY CRYSTAL STRUCTURES OF 156 AND 183

Crystals of 156 suitable for X-ray structure determination were grown by
diffusion of hexane into a CS; solution of the compound (Figure 3.3). In the neutral
molecule both TTF moieties are folded along the S-S vectors in a boat conformation;
the dihedral angle (0) between the outer SCCS parts is 33° in moiety A and 65° in
moiety B. Molecules in the crystal assemble in pairs, so that each molecule's B moiety
fits into the cavity of another molecule, while moiety A of each molecule contacts face-
to-face with that of another dimer (with two short S-S contacts of 3.614).
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Figure 3.3 Crystal structure of 156.

Compound 183 was also characterised by an X-ray structural study. The TTF
moiety adopts a boat-like conformation, folding along the S(1)--S(2) and S(3)--S(4)
vectors by 29.6" and 21.0°, respectively (figure 3.4a). This distortion is not necessarily
due to the bridge, since a similar folding (by 26.5 and 23.6°) was observed in the
monoclinic polymorph of tetrathiomethyl-TTF 93158 (although the latter molecule is
planar in its triclinic poliymorph).159 The C,S3 system is planar, with S(9) and S(10)
déviating from its plane by ca. 0.1 A in opposite directions. The molecular
conformation is fairly compact, with the transannular contacts S(9)---C(1) (3.54A) and
S(9)--C(4) (3.60 A) characteristic of close packing.!48 In the crystal, the TTF moieies
contact each other face-to-face, in a continuous herringbone motif (figure 3.4b), each
moiety participating in four intermolecular S--S contacts of 3.55 A, and four of 3.65 A
(cf. the standard van der Waals contact of 3.62 - 3.68 A). Notably, the C;S3 system

forms no such contacts closer than 3.77 A.
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Figure 3.4b Crystal packing of 183 (H atoms omitted).
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3.5 SALTS OF 156

None of the new donors 157-160 gave any complexes when mixed with either
TCNQ or Br2TCNQ. Electrochemical oxidation of 156 in a two compartment cell
(current 1.5UA, elecrolyte NBuyClO4 in DCM) for 2 weeks at 20°C in the dark, resulted
in partial evaporation of the solvent and the formation of shiny black needles of the 2:1
perchlorate salt (156),-ClO4~ (i.e. 4 TTF units to each perchlorate anion). An X-ray
crystallographic analysis (Figure 3.5) revealed that the unit cell of (156,)*-ClO4-
comprises of two molecules of 156 with similar geometry and one perchlorate anion,
which shows strong libration or disorder. The TTF moiety B retains the folding (mean 6
= 57°) and bond lengths it had in the neutral form, while moiety A is almost flattened (9
= 5°). These latter moieties of the two independent molecules of 156 are essentially
parallel and form an infinite stack (along the Y-axis of the lattice) with uniform
interplanar separations of ca. 3.46 A. The non-oxidised TTF moieties of adjacent
molecules contact face-to-face and form infinite chains of short S---S contacts (3.42-
3.48A, ¢f. van der Waals radius of sulfur, 1.81 - 1.84 A),148 parallel to the stacking
direction y. There is also a chain of very short intrastack S-S contacts (3.36 A) in the x
direction.

An 1odide salt of 156 (stoichiometry 1:8 as judged by elemental analysis) was
obtained by slow diffusion of iodine vapour into a solution of compound 156 in DCM at
room temperature.

In the crystal of 156%*-Ig- (Figure 3.6), the cation radical of 156 lies on a
crystallographic mirror plane (m). The geometry of the B moiety remains the same (8 =
60°), while A adopts a slight chair-like folding (by 8 and 6° along the S-S vectors).
Bond distances in the latter are consistent with the +1 oxidation state.160 Both SMe
substituents at moiety A, which adopt an out of plane conformation in 156, switch in
156%Ig", (as in (156),+-ClOy4") to the conjugated in-plane orientation. There are eight
iodine atoms per cation consisting of an isolated linear I3~ moiety lying astride the
mirror plane, and five other iodine atoms situated inside the cation cavity which
although heavily disordered may be modelled as a possible infinite chain of neutral I,
molecules, i.e. the true formula is 156-13-2.5(I5).

Single crystal conductivity measurements (two probe data) on the salts
(156),%-C104™ and 156+-I3"; established that the perchlorate salt is a semiconductor (ot
= 1072 Scm™1) whereas the iodide salt has a considerably lower conductivity (ot = ca.
10 Scm-1). These data are consistent with the uniform partially oxidised stack
structure of the perchlorate salt, and the lack of close stacking in the iodide salt.
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Figure 3.5a Crystal structure of (156);%-ClO4- showing two independent cations of 156

and a perchlorate anion.

(H atoms omitted).

Figure 3.5b Crystal packing of (156),*ClO4



Figure 3.6 Crystal structure of 156*-I8- showing one of the possible network patterns

arising from two orientations of the I(4)-1(5) group.

3.6 SOLID AND SOLUTION STATE STRUCTURES OF TTEF-PHANES

From the X-ray structures obtained of the new bisTTF derivative 156 it has been
shown to posess a distorted structure (arising from the short bridges between the two
TTF moieties) and to exist as only one isomer, the cis, out of a possible mix of cis/trans
structures. It yields cation radical salts in which the less-restricted TTF unit (TTF A) is
oxidised or partially oxidised, while the more buckled TTF (TTF B) remains neutral.

The buckled structures observed both in the tethered TTF B and the unstrained
TTF A are of special interest as to date a full systematic description of the
conformational states of TTF both in oxidised and neutral species and the effects of
distortion on its electrochemistry has yet to be undertaken.

The distortion of the TTF ring in this, and in most cases, is not a simple two-
dimensional bending but a combination of folding along several different vectors to
give a buckled structure. However a simplified semi-quantitative idea of the size of

distortion 1s the value of the angle 6 (Figure 3.7).
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Figure 3.7 Definition of bending angle 0.

The planarity of TTF as a highly n-conjugated sytem has often been an a priori
assumption of many regearchers, based on the planar structures of both polymorphs of
unsubstituted TTF in the solid state.161 However, in the gas phase, electron diffraction
studies indicate a bent conformation with 8 = 13.5°.162 Many neutral derivatives of TTF
with distorted structures are known which are not constrained within macrocyclic
environments. Examples such as TTFC(O)NMe,4® where distortion is a purely
electronic effect arising from the interaction between the HOMOs of the TTF molecules
where they associate as dimeric species in the solid state. Such interaction may occur
inter or intra molecularly, examples of the latter may occur in multi TTF species linked
via a covalent bond or a directly conjugated linkage. For example, in TTF-Te-Te-TTF
31b68 one TTF is buckled with 6 values of 13-19° while the other remains planar.

Several structures of distorted TTF macrocycles are known from the
literature, 153 154, 163 most of them involving TTFphanes or cage structures with short
linking chains. Contrary to the popular belief of TTF as a rigid molecule, ab initio
calculations!64 have shown that although the energy minimum for an isolated molecule
is indeed a planar structure, the energy cost of folding both dithiole rings to 8 = 5° is
practically zero (0.016 kcal mol-1) and those for 8 = 10, 15, and 20° are also relatively
small (0.1, 0.4, and 1 kcal mol-1) respectively. Thus TTF although favouring a planar
conformation posesses a high degree of flexibility and mechanical deformation within a
macrocyclic structure does not necessarily carry a high thermodynamic penalty. The
distortion often leads to the predominance of the cis bridging structures due to the
smaller amount of transannular ring strain. Alternatively, where a cis/trans mixture is
obtained, separation of the isomers may be achieved by fractional crystallisation. To
date, there have been no examples where TTF isomers have been separated

chromatographically.
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3.7 ELECTROCHEMISTRY OF NEW BISTTFS

The classical decription of TTF as an electron rich olefin is a good
approximation, as the TTF HOMO is heavily localised on the central C3S4 moiety.
Folding of the dithiole rings disrupts the extended m-system and enhances this
localisation still further. In agreement with this description, oxidation potentials of
strongly bent bridging TTF derivatives are higher than the parent undistorted analogues.

In systems with more than one TTF unit the picture is complicated by the
possibility of through-bond, or through-space interactions between the TTF moieties.
Typically, this can result in the lowering of the first oxidation potential by the formation
of a sandwich structure for the stabilisation of the monocationic species with the
unoxidised TTF sharing electron density with the cationic species.’* The formation of
the second radical cation also ocurs at a higher potential (typically 100-150 mV) due to
coulombic repulsion between the two positively charged centres.

Analogously, the donation may occur from other electron rich species, for
example, the oxidation potentials of macrocycle 1841632 occur at 0.27 and 0.57 V
despite its highly strained structure. This anomalous result has been explained by a
stabilising interaction between the pyridine lone-pairs and the TTF radical cation. A
similar effect was proposed for the relatively low oxidation potentials of cis/trans
185165 with the diphenylmethane moiety acting as a donor.
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Robert et al.83.154 have shown for systems such as 145 and 146 where an
isomerically pure bridged TTF is obtained, isomerisation can occur upon one-electron
oxidation. TTFs 145 and 146 which are obtained as pure trans isomers, when oxidised
electrochemically, undergo a rapid isomerisation to the cis forms. This isomerisation
was observable in the CV and was confirmed by the presence of the cis isomer in
electrocrystallised salts of trans 145 and 146. This same effect has been observed by
Otsubo et al.,84 upon electrocrystallisation of the cis/trans isomer of
tetrathiafulvalenophane 48. X-ray characterisation of the Cl04- salt of 48 revealed that
an isomerisation had occurred to give the trans/trans isomer. Similarly, Becher et al.165

showed that starting from isomerically pure cis or trans 185; upon oxidation to the
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cation radical a rapid chemical isomerization occurred to give cis/trans mixtures which
. could be observed in the CV by repeated cycling of the potential.

Our systems which had been obtained isomerically pure, could therefore,
potentially, undergo conformational change upon electrochemical oxidation, which
should be detectable either in the cyclic voltammogram or upon salt formation.

Cyclic voltammetry of 156 in DCM/MeCN revealed four sequential oxidations.
However, due to an absorptive process at the working electrode it was not possible to
determine if these oxidations were truly reversible. Changing the solvent to PhCN lead
to the coalescence of the final two oxidation waves to give, two, reversible, one-electron
oxidations at 0.57 and 0.70 V followed by a reversible, two-electron oxidation at 0.80V.
The four, sequential, one-electron oxidations were -revealed more clearly by the DPV in
DCM/MeCN (Figure 3.8).

-550- 4 L L L L L L 2 4 L

-450-

Current,nA

Potential,V

Figure 3.8 DPV of 156, platinum electrode, electrolyte: n-BugsNClOy4, (0.01 M),
CH,Cl2/MeCN, 20°C, values measured in volts relative to Ag/AgCl, and corrected to
MeoFc.

This result is consistent with no significant interaction occurring between the
charged states of the two TTF units. The oxidation waves at E1%* = 0.56 and E3%* = 0.77

"V are assigned to the consecutive one-electron oxidations of the 4,5-disubstituted

(unstrained) TTF unit A, with the corresponding waves for the 4,4'-disubstituted
(strained) TTF unit B occurring at the higher potentials E»o* = 0.66 and E4°* = 0.86 V,
‘with the anodic shift caused by the bending of the TTF unit. BisTTF 157 displayed
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three, reversible redox waves at 0.56, 0.67 and 0.77 V by CV, while bisTTF 158
displayed two reversible waves at 0.48 and 0.74 V; similar to 157, bisTTF 160
displayed three reversible waves in its CV; the first broad oxidation wave gives two
poorly resolved oxidations at 0.49, 0.56, (in the DPV these first two oxidations
coalesce) and a third well defined wave follows at 0.79 V. The CV for TTF 183 with
the bridging dithiole, showed two reversible oxidation waves at 0.65 and 0.82 V,
followed by an irreversible oxidation at 1.25 V corresponding to the oxidation of the
1,3-dithiole-2-thione moiety. Table 3.1 gives the oxidation potentials of our TTFphanes
as measured by DPV for comparison.

Compound Eqox Eyox E5ox E40%
156 0.56 0.66 0.77 0.86
157 0.54 0.69 0.78 -
158 0.46 0.72 - -
160 0.50 0.77 - -
183 0.64 0.83 1.27 -

Table 3.1 Oxidation potentials of TTF-phane derivatives, platinum electrode, vs.
Ag/AgCl, electrolyte: n-BugNClOy, (0.01 M), CH,Cl,, 20°C.

Overall, compound 156 is the hardest to oxidise, with the oxidation assigned to
the most strained TTF unit appearing at 0.86 V. Compound 157 is marginally less
difficult to oxidise with the first two, one-electron oxidations at 0.54 and 0.69 V similar
to 156 and the two-electron wave at 0.78 ca. 90 mV less than E4°* of compound 156.
The DPV data for compound 183 allow us to compare the contribution from the bent
TTF moiety in isolation; the two, one-electron oxidations at 0.64 and 0.83 V when
compared with those of the bent moiety in 156 of 0.66 and 0.86 V show, as expected, a
slight decrease in oxidation potential due to reduced ring strain (it is reasonable to
assume that the value of 0 in 157 is similar to 183, but the contribution of the strained
moiety is not resolved in either the CV or DPV). Compounds 158 and 160 both show
slightly lower first oxidation potentials than either 156, 157 or 183.

We have assumed that interactions between the two TTF units are minimal and
hence each oxidation wave is assignable to each subunit as if it were in isolation. The
classical orientation for maximum orbital overlap between two TTF moieties is the so
called "ring over bond " overlap which requires the two TTFs to be parallel. In the case
of 156 due to the short bridging ethyl chains this is not possible, and it is unlikely to
occur in 160 due to the rigid benzylic linkages. For compounds such as 157 and 158
some interactions may be possible due to the longer, more flexible linkages. Similar
results were observed in the criss-cross TTF-phanes of Otsubo® and Sugawara,? where
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longer chain lengths resulted in the appearance of multiredox phenomena. It was
proposed that the flexible chains could allow one TTF unit to swivel and thus stabilise
the radical cation generated on the other. In our case, such interactions may be
responsible for the lowered first oxidation potential in the CV of our more flexible
analogue 158. For 160 donation from the benzene rings may be responsible for the
slightly lower first oxidation potential. The possibility that the splitting observed in
compounds 156, 157, and 160 is due to simple coulombic interactions cannot be ruled
out.

In contrast with the results of Robert83:154 and Becher!65 no isomerisation of 156
or 183 was observed in solution as monitored by NMR; similarly, no isomerisation was
observed by CV despite repeated cycling and varying scan speeds.

3.8 SPECTRAL CHARACTERISATION OF DISTORTED TTF
SYSTEMS

One consequence of the distortion of the TTF unit when it is constrained in
macrocycles is the gradual destruction of the TTF chromophore as the extended -
system is disrupted. TTF compounds are typically bright orange or yellow colours
depending on substituents. However, compounds such as 150 and 184 which are
amongst the most distorted TTFs known, are colourless or very pale yellow substances
indicating that such systems are electronically very different from planar (or near
planar) TTF compounds. To date there exists very little UV data on strained TTF
compounds, which is often due to the high insolubility of these materials. In general, the
more distorted the TTF becomes, Ay will move to shorter wavelengths reflecting the
reduction in nt-delocalisation.16 In the case of our bisTTFs the presence of contributions
from both the strained and unstrained TTF moieties means no definite conclusions can
be drawn from the UV spectra.

A more empirical test of the degree of bending in a TTF compound was
proposed by Miillen ef al.166 who demonstrated that distortion of the TTF unit caused a
notable downfield shift of the central fulvalenic carbons. Otsubo et al.8% have tabulated
the results for his series of TTF-phanes and has demonstrated the direct correlation
between this downfield shift and the degree of distortion of the TTF unit. In the case of
our distorted systems the overlap between the 13C resonances of the two TTF moieties

means no such assignment can be attempted.
3.8.1 TRISTTF-PHANES AND BEYOND

With the current advance in TTF chemistry it is now synthetically possible to
achieve systems beyond the simple bisTTF cyclophane structures discussed here. Both
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Becher!56 and Otsubo®6 have synthesised trisTTFphanes of structures 186-188 which
contain the "edge-to-face" orientation seen in 156, although no crystal structures or
conducting salts have been reported.

MO\

186 m = S(CH,),0(CH,),0(CH,),S

R =SMe

187 Q = S(CH,)5S, R = CO,Me

188 Q =S(CH,),S,R=H

In theory, the iterative, protection-deprotection-alkylation sequence can be used
to build up large arrays of interconnected cyclophane molecules, the most spectacular

example of this is the synthesis of a so-called TTF molecular ribbon 189 by Becher et
al 156
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3.9 CONCLUSIONS

In summary, we have synthesised a new series of bisTTF derivatives 156-160.
156 has been shown to posess a distorted structure arising from the short bridges
between the two TTF moieties. It yields cation radical salts in which the less restricted
TTF unit is oxidised, or partially oxidised, while the more buckled TTF unit remains



neutral. The perchlorate salt of 156 is one of the few salts of TTF cyclophanes to
display a uniformly stacked structure and to display electronic conductivity. This salt
provides a remarkable example of the propensity of partially oxidised TTF systems to
form ordered stacks even when carrying bulky substituents (in this case another TTF
unit).

While the distorted structure of one of the TTF moieties in 156 seems to
preclude its participation in charge transfer salts, it is possible that other less strained
analogues could form salts with both TTF units participating with the possibility of new

multidimensional networks in the solid state.
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Chapter Four

Molecular Cavities Incorporating TTF



4.1 INTRODUCTION: The Use Of TTF In Host-Guest Chemistry

While the use of cyclophane- derivatives of TTF as donors for organic
conductors is a new and burgeoning field of research; their use as redox-active
receptors or "hosts" in the supramoledular sense 1s still in its infancy. Stoddart et
al.,'67 showed that the charge-transfer interaction between TTF and bipyridinium
cations could be used as a template for the self-assembly of complex rotaxanes and
catenanes. Subsequently, Becher et al.,168 have developed the chemistry of sulfur-
substituted TTFs which can be selectively and sequentially deprotected and alkylated
in high yields, to synthesise a series of macrocyclic multi-TTF systems. Many of
these systems were designed primarily to serve as hosts for catenanes constructed
with the m -electron accepting cyclophane cyclobis(paraquat-p-phenylene).
Representative examples of these systems are illustrated below, 190-191 (Figure 4.1).
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Figure 4.1 Catenanes incorporating TTF macrocycles.

The logical development of these systems is to move from open structures
such as 190-91 to closed ﬁ1acrocyc1ic structures; i.e., "bowl"- or "cage"-shaped
molecules. The use of three-dimensional structures as hosts in supramolecular
chemistry is a topic of much current interest,!69 with the work of Cram and Vogtle
especially contributing much to this area.!70 The incorporation of redox active groups
into systems such as these is still largely unexplored.!”! The use of TTF or ferrocene

as electronic sensors for metal cations has been demonstrated by several groups,!172



usually by attaching pendant crown ether or cryptand groups to the redox active
moiety.

TTF has also been covalently attached to host systems such as B and y-
cyclodextrin!73 but no binding studies have yet been reported. However, the use of
charge-transfer interactions of the TTF moiety to regulate binding of an electron-
deficient guest has received scant attention. Such charge-transfer interactions may
enhance not only the inclusion ability but also the specificity of host molecules.
Systems of this type can, in principle, be designed to signal electrochemically the
binding of any charged or neutral guest. Oxidising and reducing the TTF units in sifu
should have significant effects upon binding ability and may even lead to direct
control over the mode of action of the receptor cavity, with binding and expulsion of
the guest under electrochemical control. The use of supramolecular host systems as
catalysts for reactions is a subject of much current interest;!74 the recent use of TTF as
a radical transfer reagent by Murphy ef al.175 raises the possibility that such chemistry
may be performed inside redox-active hosts incorporating TTF.

4.2 HOST SYSTEMS INCORPORATING TTF

A small number of examples of TTF macrocycles designed as host sytems are
known. The bisTTF system 26 synthesised by Sugawara et al.62. 63 adopts a U-shaped
conformation in its neutral state,62> with the cavity thus formed filled by another

molecule of the twin donor.

S-S S S\/\S S S-S
(L=, =)
26

Theoretical calculations showed that due to the flexible nature of the ethyl
bridging groups, inclusion complexes with planar molecules of about 3.5 A and
spherical molecules of about 10 A diameter were possible. It was noted that the cavity
size in well documented host systems such as y-cyclodextrin is ca. 9-10 A.

As expected, 26 formed an inclusion complex with the planar organic acceptor
DDQ.62b The crystal structure of the complex showed that the DDQ penetrated deeply
inside the donor cavity formed by the two TTF units (Figure 4.2a).

93



Figure 4.2 Complexes of Donor 26 with a) DDQ; b) Cgp.

An X-ray study®22 of the complex 26-Cgq revealed that Cg is included within
the cavity of the donor molecule (Figure 4.2b). Due to the flexibility of the linker
groups the volume of the cavity is larger than that in the uncomplexed 26.

Several analogues of bisdonor 26 have been synthesised.%4 65 For example, a
polyether analogue of 26 was synthesised by Becher er al.64 which gave a charge-
transfer complex with polyiodide anions but no inclusion complexes have yet been
reported.

The criss-cross overlapped tetrathiafulvalenophanes synthesised by Otsubo89
and Sugawara®0 (mainly with the aim of preparing new organic conductors and
superconductors), also displayed some inclusion ability. Due to the short linkers the
cavity formed is small and the TTF units are distorted, but in the homologue with a
five carbon linkage 54d, a more open structure is obtained. The crystal structure of
neutral 54d revealed the inclusion of a molecule of chloroform within the cavity. The

salt of 54d-Br shows the inclusion of a molecule of ethanol within the cavity .
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Becher er al.9! synthesised the diethyleneglycol analogue of this system 55
with the aim of preparing a larger cavity which would allow complexation of
cyclobis(paraquat-p-phenylene). The crystal structure of the neutral twin-donor
reveals an inclusion comlpex with a molecule of choroform occupying the cavity
(Figure 4.3). The formation of the catenane proceeded easily to form the complex
with the paraquat units threading through the cavity thus formed between the two TTF
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Figure 4.3 Crystal structure of 55 showing inclusion of a molecule of chloroform.

A series of macrocyclic trisTTFs of types 192a-d and 193a-d (Figure 4.4)
have been synthesised by Becher ef al. 176 Although both molecules display attractive
cavities when modelled, for 192a-d the presence of cis/trans isomers leads to several
isomeric structures with the TTFs pointing away from the cavity. The more rigid
structures of 193a-d do not display this problem, but the TTF moieties are not now

directly involved within the molecular cavity formed.
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Figure 4.4 Triply bridged TTF macrocycles.

4.2.1 Guest Molecules

Suitable guest molecules for TTF-based receptors should take advantages of
the ability of TTF to form complexes with many different organic electron acceptors
and also with some neutral molecules such as nitrobenzenes.!77 Recently, Stoddart et
al. published the crystal structure of the complex between TTF and cyclobis(paraquat-
p-phenylene)!78 in which the TTF moiety is encapsulated within the cavity between

the two bipyridinium acceptors by strong charge-transfer interactions (Figure 4.5).

Figure 4.5 Complex of TTF with cyclobis(paraquat-p-phenylene).
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In solution, this complexation constant was measured to be of the order of
2600 dm3mol-1.17% Becher et al. have used this interaction in the synthesis of an
unusual directly linked TTF-cyclobis(paraquat-p-phenylene) system!80 which
functioned as a molecular switch, as complexation and decomplexation could be
controlled by heating or cooling a solution of the molecule. Using TTF macrocycles
to encapsulate bipyridinium derivatives is a methodology utilised by both Becher and
Stoddart in the self-assembly of catenanes and rotaxanes.

Another guest molecule of topical interest, Cgg, posesses few of the features
usually targeted for molecular recognition; it posesses no hydrogen bonding sites and
is a neutral species. For efficient complexation, a very precise steric fit is needed to
maximise the weak m-1 stacking and Van der Waals interactions between a host
molecule and Cgp. Modified calixarene derivatives!8! are typical of the molecules
reported to act as hosts for Cgp; being bowl shaped, with aromatic moieties capable of
interacting with the t—system of Cgg.

The highest binding constants measured in solution for a calixarene derivative
are ca. 2120 dm3mol-1.182 Cg is a redox active species and up to six, one-electron
reductions have been observed in solution.!83 Photo-induced charge transfer has been
observed between Cgg and various donor molecules including TTF in solution.!84 In
the complex between Cgg and 26 and between Cgp and BEDT-TTF 5185 weak charge-
transfer bands have been observed in the UV spectrum which gives rise to the
possibility that receptors containing the TTF moiety may display a greater affinity for
Ceo than the calixarene receptors.

4.3 SYNTHESIS OF TRISTTF MACROCYCLES

The synthesis of the series of cyclic TTF oligomers 197-199 by Becher et
al.157 was a logical extension of the work of Sugawara.62. 63 CPK models of 197 and
higher analogues revealed that one possible conformation is a calix-type geometry or
bowl shape. The linking groups were predicted to be flexible enough to allow a
number of different cavity sizes to be accommodated. Derivatives with n = 1, 2, and 3
and analogues with pendant hydroxyethyl group substitution were synthesised
(Scheme 4.1). The rationale behind the hydroxy groups was the possibility of
intramolecular hydrogen bonding which may give a more rigid structure to the
macrocycle. Unfortunately, no crystals of a suitable quality for X-ray determination
were obtained so the size and nature of the cavity formed remained conjectural.
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Scheme 4.1 Reagents and conditions: i) CsOH (2 equiv), DMF, (a, b, or ¢), high

dilution.

The synthesis of more rigidly linked systems was the next modification of this
series which we undertook. The bisalkylating TTFs 176 and 179 (whose synthesis
was discussed in Chapter 3) seemed ideal building blocks. The replacement of the
propylene units with aromatic systems or ethylene units should give more rigid
macrocycles which it was hoped would facilitate crystal structure determination and

elucidation of the solid state conformation of these systems.
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Following the procedure of Becher, formation of the bisTTFs 200 and 201
proceeded smoothly and in good yield, although characterisation of 201 was hindered
by its low solubility in common solvents (Scheme 4.2). Reaction of 200 and 201 with
179 and 176 respectively, under high dilution conditions yielded the macrocyclic
trisTTFs 202 and 203 in 77% and 73% yields, respectively (Scheme 4.3). These were
readily purified from baseline impurities by a simple filtration through a plug of silica.
The trisTTF macrocycle 203 was obtained as fine hairs which were sparingly soluble
in chlorinated solvents; attempts to grow crystals suitable for X-ray analysis from a
variety of solvents proved futile. TrisTTF 202 was isolated as a red oil which was
soluble in a wide range of organic solvents but this material resisted all attempts at
crystallisation.
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Scheme 4.2 Reagents and Conditions : i) CsOH (1 equiv), 1,2-dibromoethane or o, 0~
dibromo-p-xylene, DMF.
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Scheme 4.3 Reagents and Conditions : i) CsOH (2 equiv), 176 or 179, DMF, high

dilution.
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4.4 TRIPLE-BRIDGED CAGE MOLECULES CONTAINING TTF

In order to progress from bowl shaped molecules to more rigid cage-like
species, it is necessary that three (or more) TTF moieties be linked together via a
suitable trifunctionalised linker. Vogtle!86 has rationalised the synthesis of such triple-
bridged cage molecules into a number of retrosynthetic pathways illustrated below,

both convergent and linear (Figure 4.6).

Figure 4.6 Retrosynthesis of triply-bridged macrocycles.

As the synthetic route to our trismacrocycles 202-203 was efficient and
repeatable, route D seemed the approach most likely to give results. The TTFs needed
to be functionalised appropriately to react with the trifunctionalised moiety used in the
capping reaction.

The problem inherent in the cage systems synthesised previously by Becher et
al.176 is the occurrence of multiple cis/trans isomers, which will always arise if the
TTFs are >unsymmetrica11y functionalised. Hence, hypothetical structures like 192 as
formed from the reaction of a trithiolate with a trialkylating cap will inevitably give a
mixture of isomers, and such structures when modelled by CPK can adopt -

conformations with the TTFs pointing away from the cavity.
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One solution to this isomer problem are the 1,3-dithiole alcohols 204 and 205
proposed by Bryce et al.187 These were used to synthesise TTF systems such as 206 .
Compound 206 has ben shown to be a useful bifunctionalised TTF core and may be
used as a building-block for more complex systems in which the problem of cis/trans
isomers is undesirable.

T o = ),
ol I s

206

For instance, Stoddart et al. 138 has used 206 as the basis for a rotaxane, while
Becher and Sauvage have utilised it in the synthesis of a copper(I) catenate.!89
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Alcohols 204-205 have been shown to react with a wide variety of
electrophiles,!87 such as: acid and sulfonyl chlorides, isocyanates and chlorosilanes.
Therefore, 204-205 seemed to be suitable precursors for our functionalised
macrocycles. We envisaged that the macrocyclic trisTTF triols 207 and 208 should
provide a system with suitable reactive handles which could be capped by reaction

with a trifunctionalised species as shown in Scheme 4.4.

DY

w
w

(4]
(72]

207 +

.

3=
S

S_S /-S \81878

7))
w
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Scheme 4.4 Formation of triply bridged macrocycle by reaction of 207 with a suitable
trifunctionalised species.

4.4.1 Synthesis

The synthesis of the alcohol 204 is accomplished via the reaction of zincate
salt 72 with 1,3-dibromopropan-2-ol followed by chromatography to separate the
alcohol from oligomeric byproducts,!87 or via the two step reaction of 1,3-
dichloroacetone with zincate salt 72 followed by the reduction of the ketone 209 with
sodium borohydride.190 The second route is preferable as being more suitable to scale
up and no chromatography is necessary at any stage (Scheme 4.5).
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Scheme 4.5 Reagents and Conditions: Route A, i) 1,3-dichloroacetone, MeCN,
reflux; ii) NaBHy4, EtOH, 0°C; Route B, i) 1,3-dibromopropanol, MeCN, reflux.

Reaction of 3-bromo-2-(bromomethyl)propan-1-ol 210 with zincate salt 72 in
refluxing acetonitrile afforded alcohol 205 in 70% yield (Scheme 4.6). The starting 3-
bromo-2-(bromomethyl)propan-1-ol 210 was prepared by borane reduction of
commercially available 3-bromo-2-(bromomethyl)propanoic acid in 90% yield.!9!.

OH
S S i) S-S
é:(sIsjzm (NEt“)z * !g - = S:(SIS}OH

Br Br

72 210 205
Scheme 4.6 Reagents and conditions: i) MeCN, reflux, 6h.

The alcohol functionality generally does not survive the conditions of the
standard phosphite coupling reaction!87.192 5o 204 was protected as its diphenyl-t-
butylsilyl ether 211 in 90% yield. Cross coupling of this with ketone 76 gave TTF
system 212 in 56% yield as yellow needles (Scheme 4.7). However, all attempts to
regenerate the parent alcohol 213 using tetrabutylammonium fluoride (TBAF) failed,
giving intractable mixtures of products. We rationalised that either the TBAF or the
alkoxide generated was basic enough to remove the cyanoethyl protecting groups. We
considered retaining the silyl group until the end of the synthetic sequence but this
was not favoured as products would most likely be either oils or gums.




s .
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i

NC/\/SIS>=<S IS :>—0H
NC\/\S S S S
213

Scheme 4.7 Reagents and conditions: i) DMF, imidazole, Phy!BuSiCl, rt; ii) P(OEt)3,
110°C, 90 min; iii) TBAF, THF.

Instead, we returned to the parent alcohol 204 and protected it as the acyl
derivative 214 by reaction with acetic anhydride in 86% yield. This could then be
removed under acidic conditions thus avoiding competing deprotection of the
thiolates. Cross-coupling of the acylated alcohol with 76 proceeded in 54% yield.
Removal of the protecting group by refluxing with TsOH in EtOH proceeded
smoothly in 87% yield to give 213. Similarly, the primary alcohol 205 was acylated in
88% yield, cross-coupled to give 217 in 45% yield and hydrolyzed to give 220 in 94%
yield (Scheme 4.8).
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Scheme 4.8 Reagents and conditions: i) AcyO, pyridine; ii) P(OEt)3, 120°C, 90 min ;
1i1) TsOH, EtOH, reflux, 16h; iv) CsOH, DMF, 1-bromo-3-chloropropane; v) Nal,
acetone, reflux, 16h.



Deprotection of 213 and 220 with CsOH and alkylation with 1-bromo-3-
chloropropane gave dichloro derivatives 218 and 221 in 81% and 75% yields
respectively, treatment of which with Nal in refluxing acetone gave the diiodo
compounds 219 and 222 via the Finkelstein reaction in 78% and 85% yields
respectively.

S._.S —> S.__S S.__S
sj_[s sj_[s sj_[s
NC\_/SHS\_/CN NCUSHS\/\, SHS\_/CN
213R=0H 223 R=0H
220 R = CH,OH 224 R = CH,0H

Scheme 4.9 Reagents and conditions: i) CsOH (1 equiv), DMF, 1,3-diiodopropane.

Mono-deprotection of 213 and 220 by addition of one equivalent of CsOH,
followed by 0.5 equivalents of diiodopropane gave bisTTFs 223 and 224 in 71% and
65% yields respectively (Scheme 4.9). 219 and 223 were then coupled under high
dilution conditions in DMF, to give 207 in 78% yield after recrystallisation from
dioxane/MeOH. Coupling of 222 and 224 proceeded under the same conditions as

219 and 223 but it was not possible to obtain macrocycle 208 in a pure form from the
reaction.
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4.5 ATTEMPTED CAPPING REACTIONS

Alcohols 204 and 205 have been used as nucleophiles in a wide variety of
reactions particularly of acid and sulfonyl chlorides. The formation of the trisTTF 227
(Scheme 4.10) via a three-fold esterification by Bryce et al.193 suggested that
benzenetricarbonyl chloride 226 would be a suitable trifunctionalised moiety to react
with our trisTTF macrocycle 207. Such a reaction could be used to tie together the
three alcohol moieties of 207 thus forming a triply-bridged cage of structure 228,
which when modelled by CPK displays a rigid cavity with all three TTFs facing into
it irrespective of the endo or exo conformation of the bridging linkers.

Cl

s/ °
MeS —S\/S 27 S’S—S
S\/2~SM8
MeS

Scheme 4.10 Reagents and Conditions: i) NEt3, DCM, 16h.
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Simultaneous addition of solutions of the macrocyclic triol 207 and benzene
tricarbonyl chloride 226 to a solution of triethylamine in DMF gave after workup a
quantitative recovery of the starting material. In a model reaction, macrocycle 207
was reacted with benzoyl chloride in the presence of triethylamine; this gave a
complex mixture of products by TLC which were not identified. Clearly, further

investigations of this reaction are needed.

4.7 ELECTROCHEMISTRY

The electrochemical redox properties of new bis and #risTTFs synthesised in
this chapter were studied by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). The CVs of the bisTTFs 201, 202, 223, and 224 showed two,
reversible two-electron oxidations (Table 4.1). No evidence of any through space
interactions between the TTF units was observed. However, bisTTF 224 did show
some evidence of interaction in the DPV with the first wave splitting into two separate
oxidations at E* = 521 mV and E;* = 574 mV followed by a 2-electron oxidation
wave at E;* =806 mV.

TrisTTFs 202 and 203 both showed two, reversible oxidations, again with no
evidence of any through space interactions between the TTF units, although there is
some slight broadening of the first oxidation wave for 202. The trisTTF 207 showed

two, reversible, oxidations and also showed a broadening of the first oxidation wave.
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COMPOUND E/"*/mV E)/*/mV
2012 494 757
2002 484 743
2234 504 782
2242 525 783
202b 487 746
2032 495 763
207¢ 510 681

Table 4.1 CV of bisTTF donors, platinum electrode, electrolyte: n-BugNClO4, (0.01
M), a) PhCN; b) DCM/MeCN; ¢) DMF, 20°C. Values measured in milli volts relative
to Ag/AgCl, and corrected to MegFc.

4.5 CONCLUSIONS

Preliminary attempts to construct three-dimensional redox active
macromolecules containing TTF derivatives have proved unsuccessful. However, it
has been shown that new building blocks such as 213 and 220 which combine the
thiolate chemistry of Becher with the alcohol derivatives of Bryce, can be used to
construct new macrocyclic structures such as 207 which have the potential to serve as
precursors for such systems. Further investigation of the reactivity of trismacrocycle
207 with various species should prove fruitful, especially if conditions for a

successful capping of this macrocycle can be obtained.
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Chapter Five

Experimental Procedures




5.1 GENERAL EXPERIMENTAL METHODS

All reactions which required inert atmospheres were carried out under a
blanket of argon which was dried by passage through a column of phophorous
pentoxide. Diethyl ether, toluene and tetrahydrofuran were dried and distilled over
sodium metal. Dichloromethane, acetone and acetonitrile were dried and distilled over
calcium hydride. Ethanol and methanol were dried and distilled over magnesium
turnings. Anhydrous dimethylformamide and N-methylpyrrolidinone were obtained
directly from Aldrich. All other reagents were of commercial quality and used as
supplied unless otherwise stated. All reactions are at room temperature unless
otherwise stated.

IH and 13C spectra were obtained on a Varian Unity 300, Oxford 200 and
Varian VXR 400s; chemical shifts are quoted in ppm, relative to tetramethylsilane
(TMS) as an internal reference (0 ppm). Mass spectra were recorded on a Micromass
Autospec spectrometer operating at 70eV with the ionisation mode as indicated.
Plasma Desorbtion Mass Spectra (PDMS) were obtained on a Biolon 10K instrument
at the Department of Chemistry, University of Odense, Denmark. Melting points were
recorded on a Reichert-Kofler hot-stage microscope and are uncorrected. Infra-red
spectra were recorded using a Paragon 1000 FTIR spectrometer operated from a
Grams Analyst 1600; samples were embedded in KBr discs unless otherwise stated.
Electronic absorption spectra were obtained on a Unicam UV-2 instrument operating
with 1 cm quartz cells. Elemental analyses were obtained on a Carlo-Erba
Strumentazione instrument.

Column chromatography was carried out using either Prolabo silica (70 - 230
mesh) or Merck alumina (activity I to II, 70 - 230 mesh); the latter was neutralised by
presoaking in ethyl actetate for 24 hr prior to use. Solvents were distilled prior to use
for chromatography, with the exception of dichloromethane, and chloroform, which
were used as supplied.

Cyclic voltammetry194 and differential pulse voltammetry data were measured
using a BAS CV50 electrochemical analyser with internal resistance compensation.
Experiments were performed in a one-compartment cell with platinum working and
counter electrodes and aqueous Ag/AgCl as reference. The experiments were carried
out with 5 ml of ca. 10-4 M solution of the donor in an anhydrous and degassed 0.1 M
solution of tetrabutylammonium hexafluorophosphate as the supporting electrolyte in
the solvent system specified. Where stated, the potentials have been corrected vs. the
decamethylferrocene redox couple.!95

Electrocrystallisation196 experiments were carried out in a two compartment
cell with platinum wire cathode and anode. The experiments were carried out on ca. 1

x 10-4 M solution of the donor in a 1 x 10-1 M solution of the supporting electrolyte in
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the solvent system specified. The experiment was carried out using a six channel
constant current source supplied by Chemistry Dept, U.C.N.W_, Bangor. Conductivity
experiments were carried out by the two-probe compressed pellet method using the

apparatus designed by Bryce et al.197

5.2 EXPERIMENTAL PROCEDURES FOR CHAPTER 2.

4-Bis(4',5,5'-trimethyltetrathiafulvalenyl) (120)

:ES> (S | Method A
S S S S Copper powder (343 mg, 54 mmol) was added
| =1
S S

to a solution of Trim-I 119, (200 mg, 0.54

mmol) in anhydrous DMF (15 ml). The
mixture was then refluxed under argon for 4 h. The resulting solution was diluted with
toluene (50 ml) and filtered through a bed of celite with washings of hot toluene. The
filtrate was washed with water (3 x 200 ml) the organic phase was dried (MgSOg) and
the solvent removed in vacuo. Recrystallisation from acetonitrile afforded 120 as
orange crystals; yield: 77mg (58%); mp 190-192°C; (Analysis found: C, 43.85, H,
3.49%; C18H18Sg requires: C, 44.05; H, 3.70%); m/z (CI) 491 (MH*, 45%), 317 (40),
285 (100), 177 (80); dy (CDCI3) 1.95 (6H, s), 1.93 (12H, s); 6c (CDCl3) 132.5,
123.2, 122.7, 119.0, 110.5, 106.3, 14.5, 13.1; vphax (KBr) 2910, 2848, 1433, 1145,
1088, 778 cm™1; Amax (€) 473 (2.4 x 103), 390 (sh, 1.2 x 104), 334 (4.5 x 10%), 326
(6.4 x 10%), 230 ( 2.6 x 104%) nm; CV(MeCN): E;1/2 0.38, E51/2 0.46 V, E30%x (.83,
Esred 0.75 (2¢) V

Method B.

Copper(thiophene-2-carboxylate) (150 mg, 0.8 mmol) was added to a solution
of Trim-I 119, (100 mg, 0.27 mmol) in anhydrous NMP (5 ml). The solution was
stirred for 1 h then diluted with ethyl acetate (100 ml). A solution of 15% aqueous
NH3 was added until a clear blue aqueous layer had formed. This layer was back
extracted with EtOAé (50 ml). The organic extracts were combined and washed with
water (2 x 100 ml), brine (1 x 100 ml), dried (MgSOy4) and the solvent removed in
vacuo. Recrystallisation from acetonitrile afforded 120; yield: 39 mg (59%) which

was identical to that prepared above.



Complex of 120 and TCNQ

A complex was prepared by mixing hot solutions of 120 (2 x 10-> mol) and TCNQ (4
x 103 mol) in acetonitrile and filtering the dark green powder which formed upon
cooling. Analysis for 1:1 complex (found: C, 51.56, H, 3.04, N, 7.98%; C30H22N4Sg
requires: C, 51.84, H, 3.19, N, 8.06%); Vmax (KBr) 2199 cm'!; 6= 1.2 x 102 Scm™1.

Complex of 120 and Br,TCNQ

A complex was prepared by mixing hot solutions of 120 (1.4 x 10-5 mol) and
Br,TCNQ (2.8 x 10-5 mol) in acetonitrile and filtering the dark green powder which
formed upon cooling. Analysis uncertain; Vyax (KBr) 2187 cm!; 6;=9 x 1073 Scm™!

Complex of 120 and F4TCNQ

A complex was prepared by mixing hot solutions of 120 (1.4 x 10-5 mol) and
F4TCNQ (2.8 x 10-5 mol) in acetonitrile and filtering the black powder which formed
upon cooling. Analysis for 1:1 complex (found: C, 46.38, H, 2.01, N, 7.20%,;
C30H8SgF4Ny requires: C, 46.98, H, 2.36, N, 7.30%); Vmax (KBr) 2183 cm'l; 64 =
1.4 x 10-3 Scm'L.

Complex of 120 and ClO4"

A complex was prepared by electrolysing a solution of 120 (1.4 x 10-4 mol) in
anhydrous THF containing Bu4yNCIlOy4 at a constant current of 0.7 pA for 2 weeks
after which, a black amorphous solid was collected from the bottom of the cell.
Analysis uncertain; 6= 3.2 x 106 Scm™1.

4-lodo-5-Methyl-4',5'-bis(thiomethyl)tetrathiafulvalene (126)

MeS IS: S]: Compound 124 (600 mg, 1.93 mmol) was dissolved in
MeS” S S | anhydrous diethyl ether (75 ml) under an atmosphere of

argon. The solution was cooled to -78°C and LDA (1.4
mls, 2.15 mmol) was added dropwise over 2 min. The reaction was stirred at -78°C
for 3 h then perfluorohexyliodide (0.83 ml, 3.8 mmol) was added and the reaction was
allowed to reach room temperature overnight. The mixture was concentrated in vacuo
and the residue was dissolved in toluene (100 ml); the extract was washed with water
(3 x 100 ml) and dried (MgSQOy). Purification by column chromatography on silica gel
(eluent: hexane/toluene 5:1, v/v) followed by recrystallisation from CH7Cly/hexane
gave 126 (550 mg, 65%) as red crystals; mp 89-90°C; (Analysis found: C, 24.95, H,
1.95%; CoHglS¢ requires: C, 24.76, H, 1.95%); m/z (CI) 437 (MH*, 100%), 312 (60),
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195 (12); 8y (CDCI3) 2.41 (6H, s), 2.07 (3H, s); vmax (KBr) 1284, 918, 880, 771, 713
cm~l; CV(MeCN): E1120.46, E;1/20.72 V.

Complex of 126 and TCNQ

A complex was prepared by mixing hot solutions of 126 (2.3 x 10-3 mol) and TCNQ
(2.3 x 10-5 mol) in acetonitrile and filtering the long black needles of the 1:1 complex
which formed upon cooling. (Stoichiometry determined by X-ray analysis); o= 1.9 x
109 S cm™1; vipax (KBr) 2206 cm-l.

4-Bis[S-methyl-4',5'-bis(thiomethyl)tetrathiafulvalenyl] (128)

S S~ SMe Method A .

MeS._ _s S:EISHSISMe Copper powder (300 mg, 4.6 mmol)

I >='< | was added to a solution of 126 (200
Mes ™ S S mg, 0.46 mmol) in anhydrous
DMF (15 ml) under an atmosphere of argon. The mixture was then refluxed for 4 h.
The reaction was diluted with CH»Cl, and filtered through a bed of celite with
washings of CH,Cly. The filtrate was washed with water (3 x 200 ml), dried (MgSO4)
and the solvent removed in vacuo. Recrystallisation from CH,Cly/hexane afforded
128 as yellow crystals after several weeks in the freezer; yield: (88 mg, 60%); mp
109-111°C; (Analysis found: C, 34.63 H, 2.82%; C1gH8S2 requires: C, 34.92, H,
2.93%; m/z (EI) 618 (M+, 100%), 380 (92), 230 (85), 198 (73); 6y (CDCl3) 2.41
(12H, s), 1.97 (6H, s); 6c (CDCl3) 132.3, 127.8, 127.2, 118.0, 112.3, 107.6; Vnax
(KBr) 1577, 1422, 1143, 961, 888, 777 cm™1; Apax(€)= 250 (14 x 10%), 314 (17.4 x
10%), 336 (18.5 x 104), 392 (5 x 10%), 494 (3 x 103) nm.

Method B.

Compound 126 (200 mg, 0.46 mmol) was dissolved in anhydrous NMP (5 ml)
under an atmosphere of argon. CuTC (263 mg, 1.3 mmol) was added and the mixture
was stirred for 1 h at room temperature, then diluted with ethyl acetate (100 ml). A
solution of 15% aqueous NH3 was added until a clear blue aqueous layer had formed.
This layer was back extracted with ethyl acetate (50 ml). The organic extracts were
combined and washed with water (2 x 100 ml), brine (1 x 100 ml), dried (MgSO4)
and the solvent removed in vacuo. Recrystallisation from CH,Cly/hexane afforded
128 yield: (115 mg, 80%) which was identical to that prepared above.
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Complex of 128 and Bro,TCNQ

A complex was prepared by mixing hot solutions of 128 (1.6 x 1073 mol) and
Br,TCNQ (3.2 x 10-5 mol) in CH,Cl; and filtering the black powder which formed
upon cooling. Analysis uncertain; Vyax (KBr) 2180 cm!; 6,=8.5x 1074 S cm-1.

4-lodo-5-methyl-4',5'-ethylenedithiotetrathiafulvalene (127)

[SI S: SI TTF 125 (600 mg, 1.95 mmol) was dissolved in anhydrous
s~ ~8S S | THF (60 ml) under an atmosphere of argon. The solution

was cooled to -78°C and LDA (1.43 ml, 2.15 mmol) was
added dropwise over 2 min. The reaction was stirred at -78°C for 3h then
perfluorohexyl iodide (0.86 ml, 4.0 mmol) was added and the reaction was allowed to
reach room temperature overnight. The mixture was concentrated in vacuo and the
residue was dissolved in toluene (100 ml) which was washed with water (3 x 100 ml)
and the organic layer was separated and dried (MgSQO4), and the solvent removed in
vacuo. Purification by column chromatography on silica gel (eluent: hexane/toluene
3:1, v/v) followed by recrystallisation from benzonitrile gave 127 (380 mg, 45%) as
deep red crystals; mp 143°C (decomp); (Analysis found: C, 25.09, H, 1.58%; CoH7IS¢
requires: C, 24.88, H, 1.62%); m/z (EI) 434 (M+, 100%); oy (DMSO-dg) 3.37 (3H, s),
2.04 (4H, s); Vmax (KBr) 1284, 918, 880, 771, 713 cm™!; CV(PhCN): E{1/20.44, E,1/2
0.78 V.

4-Bis(5-methyl-4',5'-ethylenedithiotetrathiafulvalenyl) (129)

[SIS>=<S | Copper powder (290 mg, 4.6 mmol) was
s”~s s S. S8 S added to a solution of compound 127
jEES>=<S IS:' (200 mg, 0.46 mmol) in anhydrous DMF
(15 ml) under an atmosphere of argon.
The mixture was then refluxed under argon for 3 h. The reaction was diluted with
toluene (100 ml) and filtered through a bed of celite with washings of hot toluene. The
filtrate was washed with water (3 x 200 ml), dried (MgSQy), and the solvent removed
in vacuo. Recrystallisation from toluene afforded 129 as orange crystals (87 mg,
62%); mp 220°C (decomp); (Analysis found: C, 35.17, H, 2.30%; C18H4S12
requires: C, 35.15, H, 2.29%); m/z (EI) 618 (M+, 100%); g (CDCI3) 2.41 (12H, s),
1.97 (6H, s); 8¢ (CDCl3) 132.3, 127.8, 127.2, 118.0, 112.3, 107.6; Vax (KBr) 1579,
1145, 775 cm1; Apax(€)= 316 (9.7 x 104), 340 (8 x 10%), 386 (2 x10%) nm.
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Complex of 129 and ClO4-

A complex was prepared by eléctrolysing a solution of 129 (1.4 x 10-4 mol) in
anhydrous 1,1,2-trichloroethane containing N(Bug)ClO4 at a constant current of 2.5
UA. After 3-4 days, black shiny crystals of the 1:1 129:ClO4 salt were harvested from
the anode; (stoichiometry determined by X-ray analysis ); 6= 1.6 x 1073 S cm™1.

Complex of 129 and Br,TCNQ

A complex was prepared by mixing hot solutions of 129 (1.6 x 10-3 mol) and
BryTCNQ (3.2 x 10-5 mol) in 1,1,2-trichloroethane and filtering the black powder
which formed upon cooling. Analysis for 1:1 complex (found: C, 36.28, H, 1.65, N,
5.74%; C30H16BroN4S 17 requires: C, 36.88, H, 1.65, N, 5.73%);

0 =8.7 x 1074 Scm1; vipax (KBr) 2175 cm™l.

SMe

4-Carbomethoxy-5-thiomethyl-4',5'-bis(2-cyanoethylthio)tetrathiafulvalene (132)
4,5-Bis(2'-cyanoethylthio)- 1,3-dithiole-2-
thione 131 (1.21 g, 4.2 mmol) and 4-

NC Y SI S>=(S I
NC\/\ S S S
(methylthio)-5-(carbomethoxy)-1,3,-dithiole-

2-thione 76 (1.0 g, 4.2 mmol) were suspended in dry toluene (30 ml) under an

COzMe

atmosphere of argon. Triethyl phosphite (15 ml) was added and the mixture was
refluxed for 90 min. The toluene was removed in vacuo and MeOH (200 ml) was
added to the residue. The precipitated solid was filtered and washed with MeOH (3 x
50 ml). The crude product was purified by column chromatography on silica gel
eluting firstly with CH»Cl, and then with CHoClo/EtOAc (98:2, v/v). The second
orange fraction was isolated and recrystallised from CHCI3/MeOH to give 132 (1.2 g,
59%) as an orange powder; mp 124-125°C; (Analysis found: C, 37.48, H, 2.86, N,
5.77%; C15H14N202S7 requires: C, 37.63, H, 2.94, N, 5.85%; m/z (EI) 478 (M*,
66%), 250 (66), 130 (80), 88 (100); dy (CDCl3) 3.79 (3H, s), 3.08 (4H, t, J = 7 Hz),
2.73 (4H, t, J = 7 Hz), 2.59 (s, 3H); 6c (CDCl3) 160.3, 148.2, 128.5, 127.5, 117.4,
117.3, 113.1, 112.6, 107.9, 52.4, 31.3, 31.2, 18.9, 18.8, 18.2; vimax (KBr) 2949, 1685,
1493, 1427, 1254, 1084 cm-1,
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4-Carbomethoxy-4',5,5'-tris(thiomethyl)tetrathiafulvalene (133)
MeS S S
T =X
MeS S S
(900 mg, 1.88 mmol) was added and the reaction was left to stir for 30 min until a

deep red colour had developed. Methyliodide (0.47 ml, 7.52 mmol) was then added,
after which the reaction was stirred for a further 15 min. The solvents were removed

SMe Sodium methoxide (305 mg, 5.65 mmol) was added

to a mixture of anhydrous MeOH/THF (1:3, v/v, 50
ml) under an atmosphere of argon. Compound 132

COsMe

in vacuo and the residue was dissolved in CH,Cl; (100 ml). The extract was washed
with water (3 x 100 ml) and dried (MgSO4), and the solvent removed in vacuo.
Purification by column chromatography on silica gel (eluent CH,Cly) followed by
recrystallisation from CHCI3/MeOH gave 133 (610 mg, 81%) as a pink powder; mp
86-88°C; (Analysis found: C, 32.74, H, 2.96%; C11H1202S7 requires: C, 32.97, H,
3.01%; m/z (EI) 400 (M*, 21%), 385 (5), 57 (100); ég (CDCl3) 3.72 (3H, s), 2.53
(3H, s), 2.35 (6H, s); Vimax (KBr) 1695, 1492, 1427, 1248, 1083 cm™L.

4',5,5'-Tris(thiomethyl)tetrathiafulvalene (134)

MeS__s S]/SMe Compound 133 (250 mg, 0.63 mmol) was dissolved in
MeS IS>=<S | DMF (10 ml) under an atmosphere of argon. Lithium
bromide (1.08 g, 0.0125 mol) was added and the
mixture was heated at 140°C for 90 min. After cooling, the reaction was diluted with
brine (100 ml), and extracted with CH,Cl, (2 x 50 ml). The organic extracts were
combined and washed with brine (3 x 100 ml) and dried (MgSO4). Removal of the
solvent in vacuo gave 134 (200 mg, 95%) as a deep red oil; m/z (EI) 342 (M*, 100%),
327 (43), 192 (58); 8y (CDCl3) 6.27 (1H, s), 2.40 (9H, m); & (CDCl3) 128.7, 127.3,
119.2,114.7,108.4, 19.4, 19.1; CV(MeCN): E; /2 0.45, E51/20.73 V.

4-lIodo-4',5,5'-tris(thiomethyl)tetrathiafulvalene (135)

MeS S>=(S SMe Compound 134 (935 mg, 2.73 mmol) was suspended in
MeS IS SI| anhydrous diethyl ether (100 ml) under an atmosphere

of argon. The solution was cooled to -78°C and LDA
(2 ml, 3 mmol) was added dropwise over 3 min. A thick yellow precipitate was seen
to form once addition was complete. The reaction was stirred at -78°C for 3 h then
perfluorohexyliodide (1.18 ml, 5.46 mmol) was added and the reaction was allowed to
reach room temperature overnight. The reaction was diluted with water (100 ml) and
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extracted with toluene (3 x 50 ml). The organic extracts were combined and washed
with water (2 x 100 ml), brine (1 x 100 ml) and dried (MgS0O4). Removal of the
solvents in vacuo and recrystallisation from CH;Cly/hexane gave 136 (1.16 g, 91%)
as an orange powder; mp 60-61°C; (Analysis found: C, 23.00, H, 1.93%; CgHgIS7
requires: C, 23.07, H, 1.93); m/z (EI) 468 (M*, 98%), 254 (77), 128 (100); oy
(CDCI3) 2.42 (9H, s); d¢c (CDCl3) 130.5, 127.5, 127.4, 114.5, 111.1, 71.6, 19.24,
19.23, 19.21; vimax (KBr) 1416, 1307, 974, 897, 766 cm™!; CV(MeCN): E;1/2 0.50,
E,120.73 V.

4-Bis[4',5,5'-tris(thiomethyl)tetrathiafulvalenyl] (136)

MeS. 8. S~ SMe Compound 135 (200 mg, 0.43 mmol)
MeSIS):(S]E[S S SMe was dissolved in anhydrous NMP (5 ml)
| >=< I under an atmosphere of argon. CuTC
Mes” S ST “sme

(244 mg, 1.28 mmol) was added and the
mixture was stirred for 1 h at room temperature. The reaction was then diluted with
ethyl acetate (100 ml) and a solution of 15% aqueous NH3 was added until a clear
blue aqueous layer had formed. The organic extracts were combined, washed with
water (2 x 100 ml), brine (1 x 100 ml), dried (MgSO4) and the solvent removed in
vacuo. The residue was then dissolved in a small amount of CH,Cly, filtered through
a plug of silica and recrystallised from CH»Cly/hexane to give 136 (106 mg, 72%) as
an orange powder; mp 160-161°C; (Analysis found: C, 31.38, H, 2.65%; C1gH18S14
requires: C, 31.64, H, 2.65); m/z (EI) 682 (M*, 77%), 444 (100), 207 (49); oy
(CDC13) 2.42 (18H, s); 6c (CDCl3) 131.2, 127.7, 127.2, 122.8, 110.8, 110.7, 19.6,
19.2; Amax(€)= 264 (22 x 10%), 312 (22.5 x 10%), 334 (21 x 10%), 412 (5.2 x 10%) nm;
Vmax (KBr) 1420, 954, 885, 771 cm™1. DPV(CH,Cly) E1°% 0.53, E;°% 0.60, E30% 0.77

(2e) V.

4-Carbomethoxy-4',5'-bis(thiomethyl)tetrathiafulvalene (139)

MeS s S~ CO2Me Tetrathiafulvalene 1381442-b (3.76g, 9.5 mmol) was
MeS IS>=<S]/ dissolved in DMF (40 ml) under an atmosphere of

argon. Lithium bromide (2.5 g, 2.9 mmol)
was added and the mixture was heated at 110°C for 20 min. The reaction was
followed by TLC and stopped when the diester had disappeared. After cooling, the
reaction was diluted with brine (100 ml), and extracted with CH,Cl, (2 x 100 ml).
The organic extracts were combined and washed with brine (3 x 200 ml) and dried
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(MgSO4). Removal of the solvent in vacuo gave 139 (2.92 g, 91%) as a deep red oil,
which solidified after several days under vacuum; mp 72°C (Lit.144, not given); m/z
(EI) 354 (M*, 100%), 204 (54); 6y (CDCl3) 7.20 (1H, s), 3.73 (3H, s), 2.40 (6H, s);
Vmax (KBr) 1719, 1701, 1562, 1553, 1259 cm’l.

4-Carbomethoxy-5-iodo-4',5'-bis(thiomethyl)tetrathiafulvalene (140)

MeS IS>___<S ] COoMe Compound 139 (1 g, 2.8 mmol) was dissolved in
MeS~ S SII anhydrous THF (100 ml) under an atmosphere of

argon. The solution was cooled to -78°C and LDA
(2.07 ml, 3.1 mmol) was added dropwise over 2 min. The reaction was stirred at
-78°C for 3 h then perfluorohexyliodide (1.25 ml, 5.6 mmol) was added and the
reaction was allowed to reach room temperature overnight. The mixture was
concentrated in vacuo and the residue was dissolved in CH,Cl, (100 ml) and the
extract was washed with water (3 x 100 ml) and dried (MgSQOy4), and the solvent
removed in vacuo. Purification by column chromatography on silica gel (eluent:
hexane/CH,Cl; 2:1, v/v) followed by recrystallisation from CH7Cly/hexane gave 140
(330 mg, 24%) as red crystals; mp 89-90°C; (Analysis found: C, 25.07, H, 1.90%;
C10HolO2S¢ requires: C, 25.00, H, 1.88%); m/z (EI) 480 (M*, 63%), 330 (17), 44
(100); 6y (CDCI3) 3.82 (3H, s), 2.41 (6H, s); viax (KBr) 1722, 1712, 1518, 1282,
1236, 1065 cm™1; CV(MeCN): E;1/2=0.57, E;1/2=0.82 V.

4-Bis[S-carbomethoxy-4',5'-bis(thiomethyl)tetrathiafulvalenyl] (141)

MeSIS>=<S I COzMe Compound 140 (140 mg, 0.29 mmol)
MeS” S S S S-_-SMe was dissolved in anhydrous NMP (5
| S>=<SISMe ml) under an atmosphere of argon.

CuTC (167 mg, 0.87 mmol) was added

and the mixture was stirred for 1 h at room temperature. The reaction was then diluted

MeOQC

with ethyl acetate (100 ml) and a solution of 15% aqueous NH3 was added until a
clear blue aqueous layer had formed. The organic extracts were combined, washed
with water (2 x 100 ml), brine (1 x 100 ml), dried (MgSOy), and the solvent removed
in vacuo. Purification by column chromatography on silica gel (eluent:
hexane/CH,Cl; 2:1, v/v) followed by recrystallisation from CH,Cl,/MeOH gave 141
(67 mg, 65%); mp 168-170°C; (Analysis found: C, 33.97, H, 2.56%; CooH304S12
requires: C, 33.90, H, 2.56%; m/z (CI) 708 (MH*, 100%); &y (CDCI3) 3.77 (6H, s),
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2.42 (12H, s); dc (CDCl3) 131.2, 127.75, 127.28, 122.85, 110.85, 110.79, 19.63,
19.24; Vimax (KBr) 1716, 1703 cm-1,

4-Bis[4',5'-Bis(thiomethyl)tetrathiafulvalenyl] (109)

MeSIS>=<S | Compound 141 (40 mg, 5.6 x 10-5 mol)
Mes” S s]\[S S—SMe was dissolved in DMF (10 ml) under an
| S>=<SI SMe atmosphere of argon. Lithium bromide
(430 mg, 5 mmol) was added and the
mixture was heated at 140°C for 90 min. After cooling, the reaction was diluted with
brine (100 ml), and extracted with CH2Cl, (2 x 50 ml). The organic extracts were
combined and washed with brine (3 x 100 ml) and dried (MgSQy4). The solution was
then filtered through a plug of silica (eluent: CH,Cl;). Removal of the solvent in
vacuo gave 109 (20 mg, 95%) as a tan solid; mp 172°C (1it.133 172-173°C); 8y
(CDCI3) 6.22 (2H, s), 2.42 (12H, s); Amax(€)= 264 (1.8 x 10%), 312 (1.9 x 10%), 328
(1.9 x 104), 412 (1 x 10%) nm.

5.3 EXPERIMENTAL METHODS FOR CHAPTER 3

4-(Methylthio)-5-(2-cyanoethylthio)-1,3-dithiole-2-thione (74)
. =<S I SMe Zincate salt 72 (5 g, 7 mmol) was dissolved in MeCN (100
S S/\/CN ml), to this solution was added methyliodide (0.9 ml, 14
mmol) and the mixture was left to stir for 20 min
under argon. To this was added 3-bromopropionitrile (1.75 ml, 21 mmol) and the
mixture was refluxed for 2 h. The MeCN was then removed in vacuo, and the residue
was dissolved in CH;Cl, (100 ml), washed with water (3 x 100 ml), and dried
(MgSOQOy4). The product was columned on silica gel (eluent CH;Cly/hexane 2:1) and
recrystallised from CH,Cly/hexane to yield 74 as yellow needles (2.9g, 78%); mp 88-
89°C (1it.1106 90-91°C); &y (CDCl3) 3.10 (2H, t, ] =7 Hz), 2.83 (2H, t, ] = 7 Hz), 2.58
(3H, s).
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4-(2-Hydroxyethylthio)-5-methylthio-1,3-dithiole-2-thione (162)

s =<SISMe Compound 74 (4 g, 15 mmol) was added to a solution of
S S/\/OH sodium ethoxide, generated from sodium (860 mg, 38
mmol) in anhydrous EtOH (100 ml) and left to stir for
90 min under argon until a deep red solution had formed. To this solution was then
added 2-chloroethanol (4 ml, 60 mmol) and the reaction was left to stir overnight. The
solvents were removed in vacuo and the residue was taken up in CH,Cl; (100 ml) and
washed with water (3 x 100 ml), and dried (MgSO4). The product was obtained as a
red oil which crystallised from (CH,Cly/hexane) to give 162 (3 g, 78%) as a yellow
powder; mp 46-47°C; (Analysis found: C, 27.81, H, 3.22%; C¢HgOSs requires: C,
28.10, H, 3.14%); m/z (CI) 257 (MH*, 100%); 8y (CDCl3) 3.77 (2H, t, ] = 7 Hz),
3.00 (2H, t, J = 7 Hz), 2.61(1H, s), 2.51 (3H, s); &c (CDCl3); 210.6, 142.0, 130.0,
60.2, 39.8, 19.2; vimax (KBr) 3386, 1459, 1421, 1062 cm-1.

4-(2-Methylsulfonylethylthio)-5-methylthio-1,3-dithiole-2-thione (164)

S SMe

s=( I 0 To an ice-cooled solution of 162 (2.3 g, 9 mmol) in
S S/\/O -S-Me anhydrous CH,Cl; (100 ml) under argon was added
0]

NEt3 (3.1 ml, 23 mmol) and methane
sulfonylchloride (2 ml, 23 mmol) and the reaction was allowed to reach room
temperature overnight. The solvents were then removed in vacuo and the residue was
taken up in CH,Cl; (100 ml) and washed with water (3 x 100 ml), and dried
(MgS0Oy4). The crude product was columned on silica (eluent CH,Cl;) and crystallised
from CH;Cly/hexane to give 164 (2.3 g, 77%) as yellow crystals; mp 96-98°C;
(Analysis found: C, 24.79, H, 2.96%; C7H,¢p03S¢ requires: C, 25.13 H, 3.01%); m/z
(CI) 335 (MH*, 100%), 165(86); dy (CDCl3) 4.40 2H,t,J =7 Hz),3.17 2H, t,J =7
Hz), 3.07 (3H, s), 2.54 (3H, s); c (CDCl3) 210.1, 143.6, 127.5, 67.0 , 37.7, 35.2,
19.0; vimax (KBr) 1265, 1068, 739, 704 cm-!.

4-(2-Iodoethylthio)-5-methylthio-1,3-dithiole-2-thione (166)

(100 ml) was added Nal (6.5 g, 43 mmol) and the mixture
was refluxed under argon for 1 h. The solvents were

S=(SISMG To a solution of mesylate 164 (1.2 g, 3.6 mmol) in acetone
S S/\/I
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removed in vacuo and the residue was taken up in CH,Cl, (100 ml) and washed with
water (3 x 100 ml), and dried (MgSOy4). The resulting red oil was crystallised from
CH;Cly/hexane to give 166 (1.1 g, 83%) as a yellow solid; mp 55-56°C; (Analysis
found: C, 19.58, H, 1.84%; C¢H7ISs requires: C, 19.67, H, 1.92%); m/z (CI) 367
(MH*, 100%), 279 (10), 137 (15); &y (CDCI3) 3.2-3.42 (4H, m), 2.54 (3H, s); o¢
(CDCls); 210.2, 143.1, 127.8, 38.9, 19.0; vmax (KBr) 1341, 1328, 1163, 1067, 977

cm-1,

4,5-Bis[2-(4-methylthio-1,3-dithione)-ethylthio]-4',5'-
bis(methylthio)tetrathiafulvalene (168)

MGSIS):s Protected TTF 94 (340 mg, 0.73
S mmol) was dissolved in a 1:1 mixture
A

S S-S of THF/MeOH (50 ml) and to this was
I >=< I added NaH (60% dispersion in oil, 63
_\—S s mg, 1.6 mmol) and the mixture was

I >=s left to stir for 30 min. Compound 166

Mes” S (800 mg, 2.2 mmol) was added and
the reaction was left to stir overnight. The solvents were removed in vacuo and the
residue was taken up in CH;Cl, (100 ml) and washed with water (3 x 100 ml), and
dried (MgSQOy). The crude product was columned on silica (eluent: CH,Cl,/hexane
1:1) and recrystallised from CH,Cly/hexane to give 168 (400 mg, 65%) as an orange
solid; mp 60-61°C; (Analysis found: C, 28.81, H, 2.37%; CyoH20S 13 requires: C,
28.68; H, 2.40%); m/z (EI) 836 (M*, 6%), 612 (7), 148 (45), 76 (100); 8y (CDCl3)
3.08 (8H, s), 2.53 (6H, s), 2.44(6H, s); 8¢ (CDCl3); 209.1, 141.4, 127.6, 126.7, 126.6,
112.0, 107.2, 35.3, 34.6, 18.3, 18.1; vinax (KBr) 1419, 1063 cm1.

4-(3-Hydroxypropylthio)-5-methylthio-1,3-dithiole-2-thione (163)

S=<SISM6 To a stirred suspension of 74 (3.75 g, 14 mmol) in
S s N""0H anhydrous EtOH (100 ml) under argon was added a
solution of sodium ethoxide generated from

sodium (0.48 g, 21 mmol) in anhydrous EtOH (25 ml). The mixture was stirred for 30
min until a deep red solution had formed, then 3-bromopropanol (6.3 ml, 70 mmol)
was added and the mixture was left stirring at room temperature overnight. The
solvents were removed in vacuo and the residue was taken up in CH,Cl, (100 ml) and
washed with water (3 x 100 ml), and dried (MgSOg). The excess 3-bromopropanol
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was removed by kiigelrohr distillation and the crude product was columned on silica
(eluent CH,Cly) to give 163 (2.57 g, 68%) as a red oil; m/z (CI) 271 (MH*, 100%);
oy (CDCl3) 3.73 (2H, t, I =7 Hz), 2.96 (2H, t, ] = 6 Hz), 2.48 (3H, s), 2.21 (1H, s),
1.88 (2H, quin, J = 7 Hz); 8¢ (CDCl3) 210.9, 139.6 132.3, 60.5, 32.0, 19.1; Vpax
(KBr) 3374, 2919, 2877, 1463, 1424, 1063, 907 cm-1.

4-(3-Methylsulfonylpropylthio)-5-methylthio-1,3-dithiole-2-thione (165)

. #SISMG . To an ice-cooled solution of alcohol 163 (3.5 g, 13
S s N"0o- ”—M e mmol) in dry CH,Cl, (100 ml) was added pyridine

0 (2.1 ml, 26 mmol) and mesyl chloride (2 ml,
26 mmol). The mixture was left to stir overnight under argon. The solvents were
removed in vacuo and the residue was taken up in CH,Cl, (100 ml) and washed with
water (3 x 100 ml), and dried (MgSOy). The resulting oil was columned on silica
(eluent CH,Cly) and the product was crystallised from CH,Cly/hexane to give 165
(3.6 g, 80%) as yellow needles; mp 70-72°C; (Analysis found: C, 27.66, H, 3.45%;
CgH1203S¢ requires: C, 27.57, H, 3.47%); m/z (CI) 349 (MH*, 100%), 239 (10), 179
(17), 133 (21); 6y (CDCI3) 4.36 (2H, t, J = 6 Hz), 3.02 (2H, 5), 2.97 (2H, t, ] = 7 Hz),
2.50 (3H, s), 2.08 (2H, quin, J = 6 Hz); 6c (CDCl3) 210.4, 141.6, 129.7, 67.2, 37.2,
32.4,28.8, 19.0; vipax (KBr) 1345, 1167, 1061, 918, 524 cm-1.

4-(3-Iodopropylthio)-5-methylthio-1,3-dithiole-2-thione (167)

s =<SISM8 Method A.
SN To a solution of mesylate 165 (1.1 g, 3.2 mmol) in acetone
(100 ml) was added Nal (4.8 g, 32 mmol) and the
mixture was refluxed under argon for 1 h. The solvents were removed in vacuo and
the residue was taken up in CH;Cl; (100 ml) and washed with water (3 x 100 ml), and
dried (MgSO4). The crude product was columned on silica (eluent CH,Cly/hexane
1:1) to give 167 as a red oil (1.1 g, 90%); m/z (CI) 381 (MH*, 100%), 179 (24); 8y
(CDCl3) 3.32 2H, t,J =7 Hz), 2.96 (2H, t, ] = 7 Hz), 2.52 (3H, s), 2.10 (2H, quin, J
= 7 Hz); 8¢ (CDCl3) 210.6, 141.2, 130.7, 37.2, 32.5, 19.2, 3.8; Vmax (KBr) 2915,
1665, 1422, 1208, 1062 cm-1.
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Method B.

CsOH (1.39 g, 8.3 mmol) was added to a solution of compound 74 (2 g, 7.5
mmol) in anhydrous DMF (40 ml) and the mixture was left to stir for 15 min. This
solution was then added over 16 h using a syringe pump to a solution of 1,3-
diiodopropane (5.2 ml, 45 mmol) in anhydrous DMF (50 ml) under argon. The
solvents were removed in vacuo and the residue was taken up in CH,Cl, (100 ml) and
washed with water (3 x 100 ml), and dried (MgSOy4). The crude product was
columned on silica (eluent CH»Cly/hexane 1:1) to give 167 as a red oil (1.84 g, 64%)
identical to that prepared above.

4,5-Bis[3-(4-methylthio-1,3-dithione)-propylthio]-4',5'-
bis(methylthio)tetrathiafulvalene (169)

MeS s Protected TTF 94 (650 mg, 1.4 mmol)
| _>=s . . .

s~ S was dissolved in a 1:1 mixture of

THF/MeOH (80 ml) and to this was

added NaH (60% dispersion in oil,

161 mg, 4.2 mmol) and the mixture

I

was left to stir for 30 min. Compound

SIS>= s 167(16 g 4.2 mmol) was added as a

Mes” S solution in THF (15 ml) and the

reaction was left to stir overnight

The solvents were removed in vacuo and the residue was taken up in CH,Cl, (100 ml)

and washed with water (3 x 100 ml), and dried (MgSOg). The crude product was

columned on silica (eluent: CH;Cly/hexane 1:1) to give 169 (870 mg, 72%) as a red

oil; Oy (CDCl3) 2.94-3.04 (8H, m), 2.53 (6H, s), 2.44 (6H, s), 1.99 (4H, quin, ] = 7

Hz); 8¢ (CDCl3); 210.4, 140.1, 130.7, 128.0, 127.4, 111.6, 109.6, 35.0, 34.5, 29.2,
19.2, 19.19; vimax (KBr) 1265, 1065, 738 cm-1.

4,5-Bis(methylthio)-4',5'-bis[2-(hydroxyethoxy)ethylthio] tetrathiafulvalene (172)

MeS S S S O
X=X
MeS ST s i
\ O, OH mmol) in anhydrous EtOH (100 ml) was
added protected TTF 94 (1 g, 2.15

mmol) and the mixture was stirred for 1 h under argon. Then 2-(2-

" ToH To a solution of sodium ethoxide
generated from sodium (246 mg, 11

chloroethoxy)ethanol (0.88 ml, 11 mmol) was added and the reaction was refluxed
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overnight. The solvents were removed in vacuo and the residue was taken up in
CH,Cl, (100 ml) and washed with water (3 x 100 ml), and dried (MgSQOy). The crude
product was columned on silica (eluent: acetone/hexane 1:1) and recrystallised from
CH,Cly/hexane to give 172 (720 mg, 62%) as an orange powder; mp 56°C; (Analysis
found: C, 35.47, H, 4.09%; C16H2404Sg requires: C, 35.79; H, 4.50%); m/z (CI) 537
(MH*, 100%); 8y (CDCl3) 3.72 (4H, t, ] = 4 Hz), 3.67 (4H, t, J= 6 Hz), 3.56 (4H, t,]
=4 Hz), 3.02 (4H, t, ] = 6 Hz), 2.40 (6H, s); 6c (CDCls); 128.0, 127.4, 111.3, 110.1,
72.2,69.2,61.6,35.7, 19.2; vimax (KBr) 3345, 2860, 1126, 1045 cm-!.

4,5-Bis(methylthio)-4',5'-bis[2-(methanesulfonylethoxy)ethylthio]
tetrathiafulvalene (175)

0] . .
NN A Me To an ice-cooled solution of
MeSIS SIS o 0%y compound 172 (1.0 g, 1.85 mmol) in
MoS S: :S s o o 0 dry CH,Cl, (100 ml) under argon,

N \éSI ~Me was added methanesulfonyl chloride

(0.72 ml, 9.3 mmol) followed

by dropwise addition of NEt3 (1.3 ml, 9.3 mmol). The reaction was left to stir

overnight. The solvents were removed in vacuo and the residue was taken up in

CH;Cl; (100 ml) and washed with water (3 x 100 ml), and dried (MgSQy). The crude

product was columned on silica (eluent: acetone/hexane 1:1) to give 175 as a red oil

(1.0 g, 718%); m/z (EI) 692 (M, 56%), 238 (25), 123 (87), 79 (100); &y (CDCl3) 4.38-

4.33 (4H, m), 3.76-3.73 (4H, m), 3.69 (4H, t, ] = 6 Hz), 3.07 (6H, s), 3.00 (4H,t,J =5
Hz), 2.42 (6H, s); vipax (KBr) 2863, 1350, 1166, 1071 cm-1.

4,5-Bis(methylthio)-4',5'-bis[2-(iodoethoxy)ethylthio] tetrathiafulvalene (178)

MeS_ s s__S o) | To a solution of mesylate 175 (400 mg,
:[ >=< I ~0.57 mmol) in acetone was added Nal
Mes ™ ™5 ° S\_/O¥/| (866 mg, 5.7 mmol) and the reaction was

refluxed under argon for 1 h. The
solution was concentrated in vacuo and the residue was taken up in CH,Cl; (100 ml)
and washed with water (3 x 100 ml), and dried (MgSQOy4). The product was then
filtered through a plug of silica (eluent: CH;Cl;) and the solvents removed in vacuo to
give 178 as a red oil (323 mg, 75%); m/z (EI) 692 (M*, 56%), 238 (25), 123 (87), 79
(100); 6y (CDCl3) 3.75 (4H, t, J = 6.4 Hz), 3.69 (4H, t, ] = 6.4 Hz), 3.26 (4H, t, ] =

126



6.8 Hz), 3.02 (4H, t, J = 6.4 Hz), 2.43 (6H, s); dc (CDCl3) 127.6, 127.2, 111.6, 110.1,
71.4,69.3, 35.3, 13.1, 2.7; Vmax (KBr) 2854, 1137, 1065 cm-1.

BisTTF (158) cis/trans

(\S SMe To a solution of protected TTF 153

(\ 0 H (370 mg, 0.8 mmol) in anhydrous DMF

S S (40 ml), was added CsOH (332 mg, 2

I mmol) in anhydrous MeOH (10 ml),

k, S)___(S and the reaction was left to stir for 30

9 3 sme min. Iodide 178 (600 mg, 0.8 mmol)

k/ was dissolved in anhydrous DMF

(50 ml) and the two solutions were added simultaneously to anhydrous DMF (80 ml)

over 4 h. The solvents were removed in vacuo and the residue was taken up in CH,Cl,

(100 ml) and washed with water (3 x 100 ml), and dried (MgSO4). The crude product

was columned on silica (eluent: CH,Cl,) to give 158 (440 mg, 65%) as a red oil; m/z

(PDMS) 859.6 (M+); 0y (CDCl3) cis isomer: 2.39 (6H, s), 2.41 (6H, s), 2.91-2.98

(8H, m), 3.60-3.66 (8H, m); Vimax 2915, 1418, 1108, 885 cm1; Apax(€)= 226 (19.8 x

104), 260 (16.9 x 104), 312 (16.6 x 10%), 334 (17 x 10%), 386 (3.7 x 10%) nm;
CV(CH,Cl,/MeCN) E1112=0.48, E;1/2=0.74 V.

4,5-Bis(methylthio)-4',5'-bis(2-hydroxyethylthio)tetrathiafulvalene (170)

MeS S S ~"0H Protected TTF 94 (2 g, 4.3 mmol) was added to
MeSIS):(S IS ~CH a solution of sodium ethoxide generated from
sodium (300 mg, 13 mmol) in anhydrous
EtOH (100 ml) and the reaction was left to stir under argon for 2 h. To this solution
was added 2-chloroethanol (1.15 ml, 17 mmol) and the reaction was left to stir
overnight. The solvents were removed in vacuo and the residue was taken up in
CH;Cl, (100 ml) and washed with water (3 x 100 ml), and dried (MgSO4). The crude
product was columned on silica (eluent: CH;Cly/ethyl acetate 4:1) and recrystallised
from ethyl acetate/petroleum-ether (b.p. 60-80°C) to give 170 as orange crystals (1.3
g, 67%); mp 106-107°C; (Analysis found: C, 32.00, H, 3.59%; C1,H60,Sg requires:
C, 32.11, H, 3.59%); m/z (CI) 449 (MH*, 100%), 209 (75), 135 (65); ég (CDCl3)
3.73 (4H, J = 6 Hz), 3.19 (2H, s), 2.98 (4H, t, ] = 6 Hz), 2.41 (6H, s); dc (CDCl3)
128.1,127.4, 112.2, 109.4 59.9, 39.2, 19.2; Viax (KBr) 3318, 2913, 1072, 891 cm-L.
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4,5-Bis(methylthio)-4',5'-bis(2-methanesulfonylethylthio)tetrathiafulvalene (174)

_Me Compound 170 (1 g, 2.2 mmol) was

I Y IS\/\o dissolved in anhydrous CH,Cl, (100 ml)
S/\/O\ /, and cooled to 0°C. To this solution was
O// Me added methanesulfonylchloride (0.8 ml,

11 mmol) and NEt3 (1.5 ml, 1 mmol)
was added dropwise. The reaction was left to stir overnight. The solvents were
removed in vacuo and the residue was taken up in CH,Cl, (100 ml), washed with
water (3 x 100 ml), and dried (MgSO4). The crude product was columned on silica
(eluent: CH,Cl, then CH,Cly/Ethyl acetate 5:1) and recrystallised from
CH,Cly/petroleum-ether (b.p. 60-80°C) to give 174 (1.03 g, 77%); mp 103-105°C;
(Analysis found: C, 27.71, H, 3.42%; C14H,¢O¢S ¢ requires: C, 27.79, H, 3.33%); m/z
(CI) 605 (MH*, 6%), 387 (81), 236 (100), 209 (61); 6y (CDCl3) 4.34 (4H,t,J =6
Hz), 3.14 (4H, t, ] = 6 Hz), 3.06 (6H, s), 2.41 (6H, s); vmax (KBr) 1349, 1166, 855

cm-1.

4,5-Bis(methylthio)-4',5'-bis(2-iodoethylthio)tetrathiafulvalene (176)

eSIS: :S IS ~N To a solution of mesylate 170 (1 g, 1.7 mmol) in
g ~A acetone (60 ml) was added Nal (2.55 g, 17 mmol)

and the mixture was refluxed under argon for 1h.
The solvents were removed in vacuo and the residue was taken up in CH,Cl, (100
ml), washed with water (3 x 100 ml), and dried (MgSO4). The crude product was
recrystallised from CH;,Cly/hexane to give 176 (840 mg, 77%) as orange crystals,
which rapidly darkened upon standing in air but were stable when stored at -10°C; mp
72-74°C; (Analysis found: C, 21.64, H, 2.08%; Cy,H4I,Sg requires: C, 21.55; H,
2.11%); m/z (EI) 668 (M*, 20%), 386 (100), 388 (47); dy (CDCl3) 3.35-3.22 (8H, m),
2.45 (6H, s); Vmax (KBr)1417, 1151, 892 cm-1.
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BisTTF (156)

///S SMe  To a solution of TTF 153 (445 mg,
S S_.S 0.96 mmol) in anhydrous DMF (45 ml)

IS>=(SI ][ was added CsOH (354 mg, 2.1 mmol)
MeS” S S77s S _S as a solution in MeOH (5 ml) and then
\\\ SHSMe left to stir for 1 h. Compound 176 (640
mg, 0.96 mmol) was dissolved in
anhydrous DMF (50 ml) and the two solutions were added to anhydrous DMF (50 ml)
over 16 h under high dilution conditions. The solvents were removed in vacuo and the
residue was taken up in CH,Cl, (100 ml), washed with water (3 x 100 ml), and dried
(MgSOQO4). The crude product was columned on silica (eluent: CH,Cl,/hexane 1:1) to
give 156 as red crystals (400 mg, 54%); mp 192-194°C; (Analysis found: C, 31.02, H,
2.61%; CyoH20S16 requires: C, 31.06, H, 2.60%); m/z (PDMS) 774.5 (M1); oy
(CDCl3) 3.05 (8H, s), 2.47 (6H, s), 2.41(6H, s); 6c (CDCl3); 130.0, 129.2, 127.5,
123.2, 118.0, 112.2, 110.3, 36.6, 33.7, 19.7, 19.3; vpax (KBr) 1414, 1196, 885, 772
em 1y Amax(€)= 262 (24.5 x 10%), 310 (sh, 17 x 104, 334 (23.6 x 104, 386 (4.3 x 10%)
nm; DPV(CH,Clp/MeCN) Eox = 0.56, Ex°* = 0.66, E3°* = 0.77, E4**= 0.86 V.

Complex of 156 and ClO4"

A complex was prepared by electrolysing a solution of 156 (1.6 x 10-4 mol) in
anhydrous CH,Cl, containing BuyNClOy4 at a constant current of 1.5 pA for 2 weeks;
after which, partial evaporation of the solvent precipitated black needles of the 2:1
perchlorate salt (156),%-ClO4~ (Stoichiometry determined by X-ray); 6= 1 x 102

Sem-1,

Complex of 156 and Ig~

A complex was prepared by slow diffusion of iodine vapour into a solution of
compound 156 (1.6 x 10-4 mol) in CH,Cl, at room temperature. After 2 days, black
lustrous crystals of the iodide salt 1567-Ig~ were collected. Analysis for 1:8 complex:
(found: C, 13.62, H, 1.19%; CpoHylgS 16 requires: C, 13.43, H, 1.13%); o= 1 x 109

Scm-l.
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4,5-Bis(methylthio)-4',5'-bis(3-hydroxypropylthio)tetrathiafulvalene (171)

MeS s S-S\ OH To a suspension of protected TTF 95 (2.0 g,
MeS:[S>=<SIS/\/\OH 4.3 mmol) in anhydrous EtOH (100 ml) under

argon was added sodium ethoxide
solution generated from sodium (0.49 g, 22 mmol) in anhydrous EtOH (50 ml). The
reaction was left to stir for 1 h until a deep red solution had formed. 3-Bromopropanol
(1.95 ml, 22 mmol) was added and the reaction was left to stir overnight. The mixture
was then concentrated in vacuo and the residue was extracted with CH,Cl, (100 ml)
washed with water (3 x 100 ml), dried over MgSOy4 and the solvents removed in
vacuo to give an orange solid which was recrystallised from CH,Cly/hexane to give
171 (1.36 g, 66%) as orange needles. mp 70-71°C (lit.157 79-80°C); (Analysis found:
C, 35.08, H, 4.23%; C14H,00,Sg requires: C, 35.26, H, 4.22%); m/z (CI) 477 (MH*,
35%), 367 (80), 279 (92), 137 (100); &y (CDCl3) 3.76 (4H, t, ] =6 Hz), 2.93 (4H, t, J
=7 Hz), 2.42 (6H, s), 2.09 (2H, s), 1.88 (4H, m).

4,5-Bis(methylthio)-4',5'-bis(3-methanesulfonylpropylthio)tetrathiafulvalene
174)

Q .Me To an ice-cooled solution of compound
MeSIS SIS\/\/O Po) 171 (1.36 g, 2.9 mmol) in dry CH,Cl,
MeS” =S s S/\/\O\ 0 (70 ml) under argon was added NEt3 (2
S, ml, 14 mmol) followed by

O Me

methanesulfonylchloride (1 ml, 14
mmol). The reaction was left to stir overnight. The mixture was then concentrated in
vacuo and the residue was extracted with CH,Cl, (100 ml), washed with water (3 x
100 ml), dried over MgSO4 and the solvents removed in vacuo to give a yellow solid
which was purified by column chromatograhy on silica (eluent CH,Cl,, then
CH,;Cly/ethyl acetate 4:1) and recrystallised from CH,Cly/hexane to give 174 (1.2 g,
66%);, mp 85-86°C; (Analysis found: C, 30.26, H, 3.97%; C;6H240¢S1¢ requires: C,
30.36, H, 3.82%); m/z (CI) 634 (MH*); 0y (CDCl3) 4.37 (4H, t, ] = 6 Hz), 3.04 (6H,
s), 2.95 (4H, t, J = 7 Hz), 2.43 (6H, s), 2.07 (4H, m); vmax (KBr) 2293, 2343, 1335,
1166, 984 cm™1,
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4,5-Bis(methylthio)-4',5'-bis(3-iodopropylthio) tetrathiafulvalene (177)

MeSIS: :SIS\/\/I Nal (2.85 g, 19 mmol) was added to a solution
MeS” =S ST g NN of 174 (1.2 g, 1.9 mmol) in acetone (100 ml)

under argon. The mixture was refluxed for 1 h.
The mixture was then concentrated in vacuo and the residue was extracted with
CH;Cl; (100 ml) washed with water (3 x 100 ml), dried over MgSQy4 and the solvents
removed in vacuo. The crude product was purified by column chromatography on
silica (eluent CH,Cly/hexane 1:2) to give 177 (1.12g, 88%) as a red oil (lit.157 red
solid, mp. 47-49°C); oy (CDCl3) 3.30 (4H, t, J = 6 Hz), 2.91 (4H, t, ] = 7 Hz), 2.43
(6H, s), 2.09 (4H, m).

BISTTF (157)
S\‘ (SMe To a solution of protected TTF 153
MeS s s__S _/_/ S S (700 mg, 1.5 mmol) in anhydrous
I S=( I I DMF (40 ml) was added CsOH
MeS S S™ s _\ﬁ S _ S (530 mg, 3.15 mmol) in anhydrous
S) '\SMe MeOH (5 ml), and the mixture was

left to stir for 45 min. Compound
177 (1 g, 1.5 mmol) was dissolved in anhydrous DMF (45 ml) and the two solutions
were added over 3 h to anhydrous DMF (75 ml) under argon. The solvents were
removed in vacuo and the residue was taken up in CH,Cl, (100 ml), and washed with
water (3 x 100 ml), and dried (MgSOy). The crude product was columned on silica
(eluent: CH,Cly/hexane 1:1) to give 157 as yellow crystals (700 mg, 58%); mp 98-
100°C; (Analysis found: C, 32.88, H, 3.00%; CyH24S1¢ requires: C, 32.97; H,
3.01%); m/z (PDMS) 799.4 (M*); 8y (CDCl3) 2.94-2.85 (8H, m), 2.47 (6H, s), 2.40
(6H, s), 1.95 (4H, quin, J = 7 Hz) ; &c (CDCl3) 130.5, 127.7, 127.4, 124.5, 115.0,
111.35, 110.2, 34.4, 31.5, 29.9, 19.6, 19.2; vimax (KBr) 2912, 1412, 880, 772 cm’1;
Amax(€)= 262 (20.8 x 10%), 310 (sh, 15.9 x 10%), 334 (20.5 x 104, 382 (4.3 x 104 nm;
CV(MeCN/CH,Cl,) E11/2=0.56, E;1/2=0.66, E31/2=0.77 V.
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BISTTF (160) cis/trans

H Me Protected TTF 153 (730 mg,
MeS /_—Q—/ 1.6 mmol) was dissolved in
I anhydrous degassed DMF (45
MeS ;Q_\ ml) under argon. A solution of
H CsOH (553 mg, 3.3 mmol) in
anhydrous MeOH (5 ml)
was added and the reaction was left to stir for 1 h. Compound 179 (1.0 g, 1.6 mmol)
was dissolved in anhydrous degassed DMF (50 ml), and the two solutions were added
to DMF (40 ml) over 16 h under high dilution conditions. The DMF was then
removed in vacuo and the residue was dissolved in CH,Cl, (100 ml), washed with
water (3 x 100 ml), and dried (MgSOj4). The product was columned on silica gel
(eluent CH,Cly/hexane 1:1) and recrystallised from CH,Cly/hexane to yield 160 as an
orange powder (750 mg, 52%); mp 88-89°C; (Analysis found: C, 41.33, H, 2.93%;
C32H28S 16 requires: C, 41.52, H, 3.04%); m/z (PDMS) 925.3 (M*); 8y (CDCl3) 7.32-
7.22 (8H, m), 4.10-3.80 (8H, m), (2.43, 2.42, 2.17, 2.10, 12H, SMe, as cis/trans
mixture); Vimax (KBr) 2914, 1507, 1418, 1261, 1083, 771 cm!; Apax(€)= 312 (27.8 x
104), 332 (30.7 x 10%), 392 (6.6 x 10%) nm; CV(CH,Cl,/MeCN) E 12 = 0.49, E;1/2 =
0.56 ,E32=0.79 V.

4,5-Bis(methylthio)-4',5'-bis(4-chloromethylbenzylthio)tetrathiafulvalene (179)

< > Protected TTF 94 (2 g, 4.3 mmol) was

MeS S, S~-° cl dissolved in anhydrous DMF (40 ml).
eSIS):(SIS cl To this solution was added CsOH (1.52
@J g, 9 mmol) in anhydrous MeOH (5 m}),

and the reaction was stirred for 90

min, then o,a-dichloro-p-xylene (7.5g, 43 mmol) was added and the reaction was left
to stir for a further 1 h. The reaction was then diluted with CH,Cl, (200 ml) and
washed with brine (4 x 200 ml), dried over MgSO4 and the solvents removed in
vacuo. The residue was columned on silica (eluent CH,Cly/hexane 1:3, to remove
unreacted o,0-dichloro-p-xylene, then 1:1). The product was crystallised from
CH,Cly/hexane to give 179 as orange needles (1.27 g, 46%); mp 89-90°C; (Analysis
found: C, 45.02, H, 3.44%; Cy4H2;C1,Sg requires: C, 45.19, H, 3.47%); m/z (EI) 638
M+, 14%), 497 (11), 139 (65), 104 (100); &y (CDCl3) 7.32 (4H, d, J = 8 Hz), 7.23
(4H, d, J = 8 Hz), 4.55 (4H, s), 3.83 (4H, s), 2.43 (6H, s); ¢ (CDCl3); 136.9, 136.8,
129.4, 129.2, 128.8, 127.3, 45.8, 40.3, 19.1; vnax (KBr) 2916, 1511, 1419, 1268, 896

cm-l,

132



4,5-Bis(3-hydroxypropylthio)-1,3-dithiole-2-thione (180)

s =<SIS\/\/OH To a stirred solution of zincate salt 72 (14.37 g, 0.02
SN ™ "0H mol) in acetonitrile (250 ml) under argon was added 3-
bromopropanol (13.9 g, 0.1 mol). The mixture
was refluxed overnight. The solvent was removed in vacuo and the residue taken up
in CH,Cl, (200 ml). The solution was then filtered through a bed of celite, washed
with water (3 x 200 ml), dried over MgSQy4 and concentrated in vacuo. Excess 3-
bromopropanol was removed by kugelrohr distillation, and the residue was then
filtered through a plug of silica (eluent acetone:CH;Cl,, 1:4) to yield the diol 180 as a
red oil (5.65 g, 90%); m/z (CI) 314 (MH*, 100%); 8y (CDCl3) 3.75 (4H, t,J = 6 Hz),
3.00 (4H, t, J =7 Hz), 2.47 (2H, s), 1.90 (4H, m); vimax (KBr) 3355, 2932, 2876, 1421,
1265, 1063, 888 cm-1.

4,5-Bis(3-methanesulfonylpropylthio)-1,3-dithiole-2-thione (181)

Qs Me To a stirred solution of diol 180 (5.4 g, 17 mmol) in

.S,
S S~ 0 dry CH,Cl, was added methanesulfonylchloride
S=<S | N (13.37 ml, 0.17 mol) and anhydrous pyridine (13.7
o *Me ml, 0.17 mol). The reaction was left to stir under

argon overnight. The mixture was then
concentrated in vacuo and the residue taken up in CH,Cl, (150 ml), washed with
water (3 x 200 ml), dried over MgSOy4 and the solvents removed in vacuo to yield a
red oil which crystallised from CH;Cly/hexane to give 181 as a yellow solid (5.19 g,
65%); mp 66-68°C; (Analysis found: C, 27.97, H, 3.83%; C;1H130¢S7 requires: C,
28.07, H, 3.85%); m/z (EI) 470 (M*, 100%), 137 (84), 44 (100); 8y (CDCl3) 4.3 (4H,
t, J = 6 Hz), 3.00 (6H, s), 2.97 (4H, t, ] = 7 Hz), 2.05 (4H, m); é6c (CDCl3) 210.3,
136.0, 67.2 37.0, 32.3, 28.7; vimax (KBr) 3031, 1339, 1167, 1065, 994 cm-1.

4,5-Bis(3-iodopropylthio)-1,3-dithiole-2-thione (182)

S =<SIS\/\/| To a stirred solution of mesylate 181 (1.8 g, 3.8 mmol) in
SN acetone was added Nal (5.7 g, 38 mmol). The reaction

was refluxed under argon for 1 h. The mixture was then

concentrated in vacuo and the residue was extracted with CH,Cl, (100 ml), washed
with water (3 x 100 ml), dried over MgSOy4 and the solvents removed in vacuo to give

a yellow solid which was recrystallised from CH;Cly/hexane to give 182 as yellow
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plates (1.3 g, 64%); mp 60-61°C; (Analysis found: C, 20.26, H, 2.19%; CoH,I,S5
requires: C, 20.23, H, 2.26%); m/z (EI) 534 (M*, 100%); 0y (CDCl3) 3.32 (4H,t,J =
7 Hz), 3.00 (4H, t, J = 7 Hz), 2.14 (4H, quin, J = 7 Hz); 6c (CDCl3) 209.9, 135.8,
37.0, 32.3, 4.2; Vvimax (KBr) 1169, 1150, 1056, 1029 cm-1.

TTF derivative (183)

_/_/S\‘ (SMe To a solution of protected TTF 153 (1.3 g, 2.8
S S__S

s mmol) in anhydrous DMF (40 ml) was added
s=< I CsOH (900 mg, 5.6 mmol) in anhydrous
S S—\ﬂ 878 MeOH (5 ml). Compound 182 (1.5 g, 2.8
SHSMe mmol) was dissolved in anhydrous DMF (25
ml) and the two solutions were added over 4 h
to anhydrous DMF (80 ml) under argon. The mixture was then concentrated in vacuo
and the residue was extracted with CH,Cl; (100 ml), washed with water (3 x 100 ml),
dried over MgSO4 and the solvents removed in vacuo to give a yellow solid which
was purified by column chromatography on silica (eluent 1:1 CH,Cly/hexane).
Recrystallisation from CH,Cl,/hexane gave 183 (445 mg, 25%) as a red crystalline
solid; mp 180-181°C; (Analysis found: C, 32.01, H, 2.80%; C17H8S13 requires: C,
31.94, H, 2.83%); m/z (PDMS) 637.2 (M*); 8y (CDCl3) cis isomer: 2.87 (8H, q, ] =
7Hz), 2.45 (6H, s), 1.95 (4H, quin, J = 7Hz); dc (CDCI3) cis isomer: 210.4, 136.1,
131.6, 121.2, 115.4; viax (KBr) 2909, 1417, 1058 cml; CV (CH,Cly/MeCN) E; 172 =
0.65, E»1/2=0.82, E30X = 1.25 V.

5.4 EXPERIMENTAL PROCEDURES FOR CHAPTER 4

1,4-Bis[4-(2-cyanoethylthio)-4',5'-bis(methylthio)tetrathiafulvalene-5-
ylthiomethylene]benzene (200)

Moy Swe . MR SME Protected TTF 94 (0.93 g, 2 mmol) was
sIs SIS dissolved in dry DMF (50 ml) and to this was
s s added CsOH (350 mg, 2 mmol) in dry MeOH

S 'S
NG S>=< SH 8 CN (5 ml) dropwise over 30 min. When addition
< > was complete the reaction was stirred for a

further 20 min. To this mixture was added
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135

o, 0.—dibromo-p-xylene (264 mg, 1 mmol) and the reaction was left to stir overnight.
The reaction was poured into water (200 ml) and the resultant precipitate was filtered,
and dried in vacuo, then recrystallised from toluene to give 200 as an orange powder
(640 mg, 69%); mp 150°C; (Analysis found: C, 38.82, H, 2.99, N, 2.96%;
C30H28N2S 16 requires: C, 38.76, H, 3.03, N, 3.01%); m/z (PDMS) 929 (M*); dg
(CDCl3) 7.28 (4H, s), 4.03 (4H, s), 2.81 (4H, t, J =7 Hz), 2.44 (12H, s), 2.33 (4H, t,J
= 7 Hz); Vmax (KBr) 2917, 2242, 1413 cmrl; CV(PhCN): E;1/2 = + 0.48, Epl2 = +
0.74 V.

TRISTTF (202)

AN To a solution of 200 (464 mg, 0.5
mmol) in dry DMF (45 ml) was

added CsOH (210 mg, 1.25 mmol)

in dry MeOH (5 ml) and the
resulting solution was left to stir for
1 h. This solution and a solution of

compound 179 (401 mg, 0.6 mmol)

3\% K__@_/ were added to dry DMF (50 ml)
MeS—g\’ }SMe . . . ol

o under high dilution conditions
e

CI)
(I)

using a syringe pump over 16h.
The DMF was removed in vacuo and the residue was dissolved in toluene (100 ml)
and washed with water (2 x 100 ml), dried (MgSOy), and filtered through a plug of
silica. The solvents were removed in vacuo to give 202 (536 mg, 77%) as a red oil;
(Analysis found: C, 41.27, H, 2.94%; C48H42S24 requires: C, 41.52, H, 3.04%); m/z
(PDMS) 1389 (MH*, 100%); 6y (CDCl3) 7.17 (12H, s), 3.73 (12H, s), 2.43 (18H, s);
d¢c (CDCl3) 136.0, 129.4, 129.4, 127.4, 110.8, 110.2, 40.3, 19.0; vimax (KBr) 2915,
1418, 1095 cm-1; CV(CH,Cl,/MeCN): E1 2=+ 0.49, E512= 4+ 0.75 V.



1,2-Bis{4-(2-cyanoethylthio)-4',5'-bis(methylthio)tetrathiafulvalene-5-
ylthio}ethane (201)

Y=( Y=( CsOH (700 mg, 4.2 mmol) in dry MeOH (6 ml) was
:j[s SIS added dropwise over 45 min to a solution of TTF 94
)_(s §s (1.86 g, 4 mmol) in dry DMF (50 ml). The solution

o S8 S 8o was left to stir for a further 20 min and then

dibromoethane (0.17 ml, 2 mmol) was added. The
reaction was left to stir overnight then diluted with water (200 ml) and the resulting
precipitate was filtered, and dried in vacuo. The crude product was then recrystallised
from toluene/cyclohexane to give 201 as an orange powder (1.25 g, 73%); mp 158-
160°C. (Analysis found: C, 33.98, H, 2.63, N, 2.94%; C4H74N7S1¢6 requires: C,
33.77; H, 2.83, N, 3.28%); m/z (PDMS) 853 (M+); 8y (DMSO-dg) 3.14-3.10 (8H, m),
2.84 (4H, t, ] = THz), 2.41 (6H, s), 2.40 (6H, s); Vmax (KBr) 2248, 1420, 890 cm!;
CV(PhCN): E|12=+0.49,E;12=+0.76 V.

TRISTTF (203)
MSSHSMe To a solution of 201 (512 mg, 0.6
SIS mmol) in dry DMF (40 ml) was added
13=<S CsOH (221 mg, 1.3 mmol) in dry
s MeOH (5 ml) and the resulting solution
S/r Sj\s was stirred for 45 min. This solution

g}sm mmol) in dry DMF (45 ml) were added
SMe to dry DMF (50 ml) under high

dilution conditions using a syringe pump over 16 h. The solvents were reduced in

{\2:3\3_3/\/3_2/;% and a solution of 176 (401 mg, 0.6
MeS \ <
MeS

volume to 40 ml and the reaction was placed in the freezer for several hours. The
orange precipitate formed was filtered off and dissolved in hot CHCl3 (150 ml) and
filtered through a plug of silica. The solvents were removed in vacuo and the residue
recrystallised from CHCl3/MeOH to give 203 as an orange powder (510 mg, 73%);
mp 158-160°C. (Analysis found: C, 31.09, H, 2.60%; C3gH30S24 requires: C, 31.06,
H, 2.53 %); m/z (PDMS) 1163 (M*+3); 6y (CDCl3) 3.12 (12H, s), 2.44 (18H, s);
Vmax (KBr) 2913, 1414, 888 cm'l; CV(PhCN): E; 2=+ 0.50, E;1/2 = +0.76 V.
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4,5-Bis(2-cyanoethylthio)-4',5'-[2-(tert-butyldiphenylsilyloxymethyl)propylene-
1,3-dithio]tetrathiafulvalene (212)

NCNS:[S):(SIZ»}OSitBuPhQ Compounds 211 (5.11 g, 0.01 mol)
NC_~g-~s" s and 76 (4.32 g, 0.015 mol) were

suspended in P(OEt)3 (70 ml)
under argon and heated at 110°C for 90 min. The mixture was allowed to cool and
then poured into MeOH (750 ml) and placed in the fridge overnight. The precipitate
formed was filtered off and subjected to column chromatography on silica (eluent:
CH;,Cl»). The middle broad band was isolated and recrystallised from CHCIl3/MeOH
to give 212 as yellow needles (4.11 g, 56%); mp 96-98°C; (Analysis found: C, 50.58,
H, 4.37, N 3.76%; C31H33N208S3Si requires: C, 50.78, H, 4.39, N, 3.82%); m/z
(PDMS) 733 (M*, 100%); 8y (CDCl3) 7.61 (4H, dd, J; =8 Hz, ]| = 2 Hz), 7.48-7.41
(6H, m), 4.06 (1H, m), 3.00-3.10 (4H, m), 2.75-2.80 (6H, m), 2.70 (2H, dd, J; = 9 Hz,
J2 = 14 Hz), 1.08 (9H, s); oc (CDCl3) 135.6, 133.1, 130.1, 127.9, 117.4, 39.0, 31.3,
26.8, 19.1, 18.9; vimax (KBr) 2250, 1062, 704 cm-1.

4,5-[2-(Acetyl)propylene-1,3-dithio]-1,3-dithiole-2-thione (214)

s__S JOI\ Compound 204 (2 g, 7.8 mmol) was suspended in
S=<SI }O acetic anhydride (50 ml) under an atmosphere of
S nitrogen. Anhydrous pyridine (3 ml, excess) was
added and the reaction was left to stir overnight. The mixture was then poured onto
crushed ice and the yellow precipitate was filtered and washed with water (100 ml)
and MeOH (50 ml). After drying in vacuo, the yellow solid was recrystallised from
toluene/petroleum ether (b.p. 60-80°) to yield 214 (2 g, 86%) as yellow crystals; mp
128-130°C; (Analysis found: C, 32.30, H, 2.54%; CgHgO7S5 requires: C, 32.41, H,
2.72%); m/z (EI) 296 (M*, 89%), 236 (24), 88 (87), 43 (100); oy (CDCl3) 5.29 (1H,
tt, J; =3 Hz, Jp =9 Hz), 3.06 (2H, dd, J1 = 3 Hz, J, = 14 Hz), 2.76 (2H, dd, J| = 9 Hz,
J2 = 14 Hz), 2.10 (3H, s); 6c (CDCI3) 209.8, 169.3, 138.9, 73.9, 35.9, 20.9; Vmax
(KBr) 1722, 1240, 1083 cm-L.

137




4,5-Bis(2-cyanoethylthio)-4',5'-[2-(acetyl)propylene-1,3-dithio]tetrathiafulvalene
(216)

/?L S s s__S ~eN Compounds 214 (1.5 g, 5 mmol) and
O—<: :[ = I 76 (2.16 g, 7.5 mmol) were
g8 8 ~g~ON o .
suspended in triethyl phosphite
(50 ml) under an atmosphere of nitrogen. The mixture was heated to 110°C for 90
min. After cooling, the reaction was diluted with MeOH (500 ml) and placed in the
freezer overnight. The precipitated solid was filtered off, washed with MeOH (2 x 100
ml) and dried in vacuo. The crude product was purified by column chromatography
on silica gel eluting first with CH7Cl, then CH,Cly/ethyl acetate (20:1). The second
broad band was isolated and recrystallised from CH2Clo/MeOH to give 216 (1.46 g,
54%) as a yellow powder; mp 124-126°C; (Analysis found: C, 38.07, H, 2.86, N,
5.16%; C17H16N202S3 requires: C, 38.03, H, 3.00, N, 5.21%); m/z (EI) 536 (M*,
40%), 208 (19), 88 (74), 43 (100); dy (CDCIl3) 5.21 (1H, tt, J; = 3 Hz, J, = 9 Hz),
3.16-2.89 (6H, m), 2.76-2.57 (6H, m) 2.08 (3H, s); d¢c (CDCl3); 169.2, 130.1, 127.8,
117.4, 114.0, 109.5, 106.3, 74.6, 35.8, 31.2, 20.9, 18.7; vmax (KBr) 2247, 1725, 1231,
1026 cm-1.

4,5-Bis(2-cyanoethylthio)-4',5'-[2-(hydroxy)propylene-1,3-dithio]
tetrathiafulvalene (213)

HO—<: :[ = I CN Compound 216 (2 g, 3.7 mmol) was
S S S

g ~CN suspended in EtOH (200 ml). TsOH (1 g,
5.2 mmol) was added and the mixture
was refluxed overnight. After cooling, the reaction was poured into water (500 ml)
and placed in the fridge for 3 h. The resultant precipitate was filtered, and dried
overnight in a dessicator. The crude product was dissolved in boiling toluene (150 ml)
and treated with activated charcoal. After filtration through a bed of celite the filtrate
was placed in the freezer overnight to give 213 (1.6 g, 87%) as large yellow needles;
mp 126-129°C. (Analysis found: C, 36.55, H, 2.76, N, 5.54%; C;5sH14N,0Sg
requires: C, 36.41, H, 2.85, N, 5.66%); m/z (EI) 494 (M*, 24%), 236 (35), 54 (100);
oy (DMSO-dg) 5.63 (1H, s), 3.94 (1H, m), 3.14 (4H, dt, J; = 2 Hz, J, = 7 Hz), 2.94
(2H,dd, J; =2 Hz, J, = 14 Hz), 2.86 (4H, dt, J; =2 Hz, Jo = 7 Hz), 2.46 (2H, dd, J; =
10 Hz, J, = 14 Hz); 8¢ (DMSO-dg) 129.4, 127.6, 118.9, 111.0, 110.8, 72.9, 38.2,
31.0, 18.3; Vinax (KBr) 3494, 2246, 1406, 1166, 1045 cm-1.,
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4,5-Bis(3-chloropropylthio)-4',5'-[2-(hydroxy)-propylene-1,3-
dithio]tetrathiafulvalene (218)

S-S S SO Compound 213 (1.5 3 mmol) was
S S S

s dissolved in dry degassed DMF (50 ml).
CsOH (1.07 g, 6.4 mmol) was added
over 10 min in dry degassed MeOH (8 ml). The reaction was left to stir for 30 min,
then 1-bromo-3-chloropropane (6 ml, 60 mmol) was added. The reaction was left to
stir overnight. The DMF was then removed in vacuo, and the residue was dissolved in
CHCl; (100 ml), washed with water (3 x 100 ml), and dried (MgSOQy). The product
was columned on silica gel (eluent CH,Cly) and recrystallised from CH,Cly/hexane
to give 218 (1.36 g, 81%) as yellow crystals; mp 68-70°C. (Analysis found: C, 32.97,
H, 3.26%; C15H18Cl,0Sg requires: C, 33.25; H, 3.34%); m/z (EI) 542 (Mt, 100%),
430 (45), 266 (68); oy (CDCl3) 4.20 (1H, s), 3.68 (4H, t, ] = 6 Hz) 3.00-2.83 (8H, m),
2.07 (4H, quin, J = 7 Hz); 8¢ (CDClz); 131.2, 127.9, 112.1, 111.8, 42.8, 39.8, 33.2,
32.0; vimax (KBr) 3260, 2913, 1435, 1266, 1057 cm-1L.

4,5-Bis(3-iodopropylthio)-4',5'-[2-(hydroxy)propylene-1,3-dithio]
tetrathiafulvalene (219)

HO—<:S:[S>==(SIS\/\/I Compound 218 (800 mg, 1.5 mmol) and
s~ 8 ST NN Nal (4.44 g, 0.03 mol) were refluxed

together in acetone (100 ml) under argon
overnight. The acetone was removed in vacuo, and the residue was taken up in
CHCl; (100 ml), washed with water (3 x 100 ml) and dried (MgSQOy). The solution
was then filtered through a plug of silica, the solvent evaporated in vacuo and the
residue recrystallised from CHClo/hexane to give 219 as yellow crystals (848 mg,
78%); mp 66-68°C. (Analysis found: C, 25.03, H, 2.50%; C;sHgl,OSg requires: C,
24.86; H, 2.50%); m/z (EI) 724 (M*, 8%), 428 (26), 296 (34), 169 (100); 6y (CDCl3)
4.38 (1H, s), 3.30 (4H, t, J =7 Hz), 2.97-2.70 (8H, m), 2.08 (4H, quin, J = 7 Hz); Viax
(KBr) 3273, 1410, 1208 cm™1.
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1,3-Bis{4-(2-cyanoethylthio)-4',5'-[2-(hydroxy)propylene-1,3-
dithio]}tetrathiafulvalene-5-ylthio}propane (223)

(O\H. (Oil Compound 213 (600 mg, 1.2 mmol) was

s dissolved in dry degassed DMF (40 ml). CsOH

§=Z ?={ (204 mg, 1.2 mmol) was added dropwise in dry

:[I MeOH (10 ml) over 10 min. The reaction was left

s)=(s S)=(S to stir for 20 min, then 1,3-diiodopropane (0.07
NG S SnNS 8 oN ml, 0.6 mmol) was added and the reaction was left

to stir for 1 h. The reaction was diluted with
water (200 ml) and the yellow precipitate which formed was filtered, washed with
water (100 ml) and MeOH (50 ml) and dried in vacuo. The crude product was
recrystallised from CH,Clo/MeOH to give 223 as a yellow solid (790 mg, 71%); mp
90-92°C. (Analysis found: C, 35.31, H, 2.70, N, 2.70%; C27H26N20,S ¢ requires: C,
35.11, H, 2.83, N, 3.03%); m/z (PDMS) 923 (M*); dy (DMSO-dg) 5.62 (2H, s), 3.97
(2H, m), 3.11 (4H, t, J = THz), 2.92-2.99 (8H, m), 2.80-2.82 (4H, m), 2.43-2.50 (4H,
m), 1.91 (2H, q, J = 7THz); vmax (KBr) 3420, 2250, 1919, 1409, 1024 cm;
CV(PhCN): E{12=+0.50, E;12= + 0.78 V.

TRISTTF (207)

(i’”\ BisTTF 217 (580 mg, 0.63

s s mmol) was suspended in dry

S?=(s degassed DMF (45 ml). CsOH

I (232 mg, 1.4 mmol) was added

S)_—_(S in dry MeOH (5 ml), and the

s 8 reaction was left to stir under

I/r j\ argon for 20 min. This solution

and a solution of compound 216
(455 mg, 0.63 mmol) in dry

S S
3\2’3\3— S~ 3_2/;%,8

¥ S,\ /
L, i ® s\jx DMF (50 ml) were added to dry
™ DMF (50 ml) under high dilution

conditions using a syringe pump over 16 h. Once the addition was complete, the DMF

HO

was removed in vacuo. The residue was dissolved in THF (100 ml) and filtered
through a plug of silica. The THF was removed in vacuo and the residue was
recrystallised from dioxane/MeOH to give 207 (635 mg, 78%) as an orange powder;
mp 130°C (dec); (Analysis found: C, 34.02, H, 3.25; C36H3603S24 requires: C, 33.62,
H, 2.82); m/z (PDMS) 1288 (Mt+2); 8y (CDCl3) 5.71 (3H, s), 4.01 (3H, m), 2.98
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(12H, m), 2.54 (12H, m), 1.95 (6H, m); vmax (KBr) 3414, 1903, 1658; CV(DMF):
E112=+0.51,E;2=+068 V.

4,5-[2-(Acetylmethyl)propylene-1,3-dithio]-1,3-dithiole-2-thione (215)

s=( ]is}_\ j\ Alcohol 205 (3.37 g, 12.5 mmol) was suspended in
s7s o

acetic anhydride (50 ml) under an atmosphere of

nitrogen. Anhydrous pyridine (5 ml, excess) was
added and the reaction was left to stir overnight. The mixture was then poured onto
crushed ice and the yellow precipitate was filtered and washed with water (100 ml)
and MeOH (50 ml). After drying in vacuo, the yellow solid was recrystallised from
CH,Cl/Hexane to yield 315 (2 g, 86%) as orange needles; (3.4 g, 88%); mp 87-88°C;
(Analysis found: C, 34.66, H, 3.21%; C9H190,S5 requires: C, 34.81, H, 3.21%); m/z
(EI) 310 (M*, 100%); &y (CDCl3) 4.20 (2H, m), 3.00-2.94 (2H, m), 2.75-2.66 (3H,
m), 2.06 (3H, s); 6c (CDCl3) 210.6 170.4, 139.0, 65.4, 42.0, 35.0, 20.7; Vmax (KBr)
1736, 1252, 1053 cm-L.

4,5-Bis(2-cyanoethylthio)-4',5'-[2-(acetylmethyl)propylene-1,3-
dithio]tetrathiafulvalene (217)

o S S\/=<S S\/\CN Compound 215 (3.1 g, 10 mmol)
)LO/_<:S:[S SIS/\/CN and ketone 76 (4.32 g, 15 mmol)
were suspended in triethyl
phosphite (60 ml) under an atmosphere of nitrogen. The mixture was heated to 120°C
for 90 min. After cooling, the reaction was diluted with MeOH (500 ml) and placed in
the freezer overnight. The precipitated solid was filtered off; washed with MeOH (2 x
100 ml) and dried in vacuo. The crude product was purified by column
chromatography on silica gel eluting with CHCl;. The second broad band was
isolated and recrystallised from CH;Cly/hexane to give 217 (2.46 g, 45%) as a yellow
powder; mp 92-94°C. (Analysis found: C, 39.14, H, 3.25, N, 5.11%; C1gH1gN20,Sg
requires: C, 39.24, H, 3.29, N, 5.08%); m/z (EI) 550 (M, 11%), 292 (15), 53 (100);
oy (CDCl3) 4.20 (2H, s), 3.07 (4H, t, ] = 7 Hz), 2.88-2.84 (2H, m), 2.72 (4H, t,J =
THz), 2.60-2.57 (3H, m), 2.07 (3H, s); éc (CDCl3); 170.6, 130.1, 127.9, 117.4, 115.6,
109.1, 65.6, 35.0, 31.2, 20.8, 18.8; vmax (KBr) 2343, 1739, 1232, 1035 cm”L.
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4,5-Bis(2-cyanoethylthio)-4',5'-[2-(hydroxymethyl)propylene-1,3-
dithio]tetrathiafulvalene (220)

S S>=(S S<"cn Compound 217 (2 g, 3.6 mmol) was
_HO/_CS:[S SIS/\/CN suspended in EtOH (200 ml). TsOH
(1g, 5.2 mmol) was added and the
mixture was refluxed overnight. After cooling, the reaction was poured into water
(500 ml) and extracted with ethyl acetate (2 x 150 ml), washed with water (3 x 100
ml), and dried (MgSOg4). The product was columned on silica gel (eluent: ethyl
acetate). The product was dissolved in boiling toluene and placed in the freezer
overnight to give 220 (1.72 g, 94%) as a yellow powder; mp 96-98°C. (Analysis
found: C, 37.84, H, 3.13, N, 5.36%; C16H16N20Sg requires: C, 37.71; H, 3.16, N,
5.50%); m/z (EI) 508 (M, 57%), 250 (38), 54 (100); 6y (CDCl3) 3.46 (2H,d,J =6
Hz), 3.14 (4H, t,J =7 Hz), 2.94 (2H, dd, J; = 14 Hz, J, = 2 Hz), 2.88-2.84 (4H, m),
2.57-2.50 (2H, m), 2.24-2.19 (1H, m); 8¢ (CDCls) 129.3, 127.5, 118.9, 112.2, 110.1,
62.9, 34.5, 30.9, 18.2; vimax (KBr) 3400, 2292, 2247, 1410, 1277, 1028 cm™1.

4,5-Bis(3-chloropropylthio)-4',5'-[2-(hydroxymethyl)propylene-1,3-
dithio]tetrathiafulvalene (221)

S S>=<S SaoAM Compound 220 (600 mg, 1.2
HO/_<:S Is SIS/\/\CI mmol) was dissolved in dry
degassed DMF (50 ml). CsOH
(0.41 g, 2.5 mmol) was added over 10 min in dry degassed MeOH (8 ml). The
reaction was left to stir for 30 min, then 1-bromo-3-chloropropane (2.3 ml, 24 mmol)
was added. The reaction was left to stir overnight. The DMF was then removed in
vacuo, and the residue was dissolved in CH»Cl; (100 ml), washed with water (3 x 100
ml), and dried (MgSOy4). The product was columned on silica gel (eluent CH,Cly) and
recrystallised from CH,Cly/hexane to give 221 (500 mg, 75%) as yellow plates; mp
104-105°C. (Analysis found: C, 34.32, H, 3.55%; C16H20Cl,0Sg requires: C, 34.58,
H, 3.63%); m/z (EI) 555 (M*, 48%), 441 (43), 130 (58), 88 (100); oy (CDCl3) 3.78
(2H, m), 3.68 (4H, t, J = 6.4 Hz), 2.97 (4H, dt, J1 =2 Hz, J, = 7 Hz), 2.90 (2H, dd, J;
=2 Hz, J, = 14 Hz), 2.59 (2H, dd, J; = 8 Hz, J» = 14 Hz), 2.44 (1H, m), 2.06 (4H,
quin, J = 7 Hz); 8¢ (CDCl3); 130.0, 127.9, 113.1, 111.2, 64.7, 42.9, 35.0, 33.2, 32.0;
Vmax (KBr) 3445, 2343, 1265, 1056 cmL.
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4,5-Bis(3-iodopropylthio)-4',5'-[2-(hydroxymethyl)propylene-1,3-
dithio]tetrathiafulvalene (222)

S ] S-S~~~ Compound 221 (480 mg, 0.86
HO/_<:S:ES>=<SIS/\/\I mmol) and Nal (2.58 g, 17 mmol)
were refluxed together in acetone
(100 ml) under argon overnight. The acetone was removed in vacuo, and the residue
was taken up in CH3Cl; (100 ml), washed with water (3 x 100 ml) and dried
(MgSOQy4). The solution was then filtered through a plug of silica and the solvents
evaporated in vacuo. The residue was recrystallised from CH,Cly/hexane to give 222
as yellow crystals (540 mg, 85%); mp 72-74°C; (Analysis found: C, 26.20, H, 2.67%;
C16H20I20Sg requires: C, 26.01; H, 2.72%); m/z (EI) 738 (M*, 15%), 442 (100), 169
(58); 8y (CDCl3) 3.78 (2H, d, J = 6 Hz), 3.31 (4H, t, ] = 7 Hz), 2.88-2.92 (6H, m),
2.56-2.62 (2H, m), 2.46 (1H, m), 2.09 (4H, quin, J = 7 Hz); vmax (KBr) 3420, 2920,
1411, 1207 cm™1.

1,3-Bis{4-(2-cyanoethylthio)-4',5'-[2-(hydroxymethyl)propylene-1,3-
dithio]tetrathiafulvalene-5-ylthio}propane (224)

OH HO

Compound 220 (650 mg, 1.27 mmol) was

/< >\ dissolved in dry degassed DMF (40 ml). CsOH
R/ S»_(S (214 mg, 1.27 mmol) was added dropwise in dry
y . MeOH (10 ml) over 10 min. The reaction was left
SI s SIS to stir for 20 min then 1,3-diiodopropane (0.07
S)=( )=(s ml, 0.64 mmol) was added and the reaction was

left to stir for 1 h. The DMF was removed in
vacuo and the residue taken up in CH,Cl, (100 ml), washed with water (3 x 100 ml)
and dried (MgSOy4). The crude product was recrystallised from CH7Clp/MeOH to
give 224 as a yellow solid (395 mg, 65%); mp 82-84°C; (Analysis found: C, 36.46, H,
2.92, N, 2.51%; C29H3gN202S 16 requires: C, 36.60, H, 3.17 N, 2.94%); m/z (PDMS)
951 (M+, 100%); 6y (DMSO-de) 4.80 (2H, m), 3.45 (4H, m), 3.10 (4H, t, ] = 7 Hz),
2.91-2.98 (8H, m), 2.79-2.83 (4H, m), 2.54-2.56 (4H, m), 2.21 (2H, m), 1.87-1.90
(2H, m); d¢c (DMSO-dg) 129.4, 129.12, 129.1, 125.63, 125.58, 118.7, 112.1, 110.6,
110.5, 62.9, 34.5, 33.8, 31.0, 29.6, 18.3; vnax (KBr) 3420, 1919, 2250, 1409, 1024
cm™l; DPV(PhCN): E{9¥ = + 0.52, Ey%%= + 0.57, E30%= + 0.81 V.
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All

4-Bis(4',5,5'-trimethyltetrathiafulvalenyl) (120)

Table 1. Crrstal dara and scructure refinemenc

‘Idencificatizn code 97srv1l2
Empirical formula C18 H18 S8
Formula weighc 490.80
Temperature 150(2) K
Table 3. Bond lengths [(A] and angles [deg} tfor 1.
Wavelength 0.71073 A
S(1)-C(1) 1.764(2) S(1)-C(2} 1.7721(2) Cryscal systzm Monoclinic
$(2)-C(1) 1.760(2) S{2)-C(3) 1.768(2
S(3)-C(4) 1.761(2) 5(3)-C(5) 1.764(2) Space group c2/c
S(4)-C(4) 1.763(2) 5(4)-C(6) 1.769(2) . .
C{1)-C(4) 1.349(3) c(2)-C(3}) 1.345(3) Unic cell dimensions a = 13.629(1) A alpha = 90 deg.
c(2)-c{2) 1.471(4) C{3)-C(T) 1.499(3) b = 7.187(1) A beta = 91.32(1) deg
C{(5)-C{6) 1.339(3) C{5)-C(8) 1.505(3) c = 21.688(1) A gamma = 30 deg.
C(6)~C(9) 1.504(3) C{7)-H(71) 0.99(3)
C{7)-H(72) 0.95(3) C{7)-H{T}) 0.92(3}) volume 2123.3(3) A73
C{8)-H(81) 0.95(4) C(8)-H{82) 0.94(4)
C(8)-H(83) 0.91(4) C(9)-H{91) 0.92(3) z 4
C(9)-H(92) 0.89(4) C(9)-H(93) , 0.96(3)
Densicy (calculaced) 1.535 g/cm”3
C(1}-5(2)-C(2) 95.34(9) C(1}-5(2)-C(3) 96.27(9) . .
C(4}-5(3}-C{5) 95.58(10) C(4)-S(4)-C(6) 95.17(10) Absorption ccefficienc 0.843 mm~-1
C(4)-C(1)-5(2) 125.6(2) C(4)-C(1)-S(1) 120.3(2)
$(2)-C{1)-S(1) 114.12(11) C(3)-C(21-C(2") 128.0(2) F(000) 1016
C(31-C(2)-5(1) 117.9(2) C(24)-C(2)-5(1) 113.99(11)
C(2)-C(3)-C(7) 127.3(2) C{2)-C(3)-81{2) 116.3(2) Crystal size 0.35 x 0.20 x 0.15 mm
C{7)-C(3)-5{2) 116.4(2) C(1)-C{k)-S(3) 120.6(2) .
C(1)-C(4)-5{s) 125.0(2) S{3)-C{4)-S(4) 114.43(11) Theta range Zor data collection 1.88 to 30.34 deg,
C(6)-C(5)-Ct3) 126.8(2) C(6)-C(5)-5(3) 117.2(2)
C(8)-C(5)-512) 116.0(2) C(5)-C{6)-C(9) 125.8(2) Index ranges -18<sh<=18, -10<=k<=10, -27<=1¢=30
C(5)-C(8)-S(3) 117.6(2) C(91-C(6)-5(4) 116.6(2)
C{3)-C(7)-H(71) 112(2) C{3)-C(7)-H(72) 109(2) Reflections collecced 10735
H{71)-C(7)-%(72) 108 (2} C(3)-C(7)-H(73) 109 (2)
H{71)-C(7)-£(73) 107(2) H(72)-C(7)-H(73) 111(2) Independent raflections 2985 (R(inc) = 0.043S
C(5)-C(8) -H(3L) 111(2) C{5)-C(8)~-H(82) 108(2)
H(81)-C{8)-H(82) 104(3) C(5)~C(8)~H (83} 112(3) Observed refl=actions, I»2sigma({I) 2432
H{81)-C{8)-K(83) 113(3) H(82)-C(8) -H(83) 108(3) .
C(6)-C(9)-H(21) 112(2) C(6}-C{9)-H(92) 113(2) Absorption correction Semiempirical
H{91)-C(9)-5(92) 107(3) C(6)-C19)-H(93) 110(2)
H{91)-C(9)-§(93) 106(3) H(92)-C(9)-H{93) 108(3) Max. and min. cransmission 0.8936 and 0.7925

Symmet—y transtormations used Lo generate equivalent acoms Refinement mechod Full-matrix leasc-squares on F~2
{primec}): -x,y,-z+1/2

Daca / restraines / paramecers 2972 /7 0 / 1S5

Goodness-of-Iit on F~2 1.154
Final R indiz2s [I>2sigma(I}]} Rl = 0.0380, wR2 = 0.070S
R indices {(all data) Rl = 0.0518, wR2 = 0.0829

Extinction ccefficient 0.0005¢(2)

Largest difi. peak and hole 0.348 and -0.327 e.a~-3
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Al2

4-Bis[4',5,5'-tris(thiomethyl)tetrathiafulvalenyl] (136)

Table 3. Bond lengths [A] and angles [deg)
${1)-2(2) 1.752(8) S(1)-C(1) 1.761(8})
S(2)-C(1) 1.786(8) S(2)-C(3) 1.770(9)
S{3)-C(41) 1.754(8) $(3)-C(5) 1.777(10})
S{4)-C(8) 1.747(9) S(4)-Clh) 1.762(8)
S{SA) -C(5) 1.794(10; S{BA) -C(8A) 1.80(2)
S$(58B) -C(5) 1.790(11) S{58)-C(8B) 1.85(3
5(6)-C(6) 1.780(9) S(8) -C {9} 1.780(10)
S(7)-C(3) 1.743(9) $(7)-C(7) 1.806(12)
S(11)-C(11) 1.761(8) S(11)-C(12) 1.767(8)
$(12) -C (13} 1.763(8) $(12) -C(11) 1.765(8)
S(12)-C(14) 1.757(8) S(13)-C(15) 1.770(8)
S(14}-C(18) L.754(8) S(14)-C(14) 1.764(8)
$(15) -C(1S) 1.745(8) S(t5)-Cc(L18) 1.803(10
s{1s8}-C(t8) 1.750(8) S{18}-C(15) 1.813{(9})
S(17)-C(13) 1.749(8} s(i7y-c17 1.814{10)
C{1)-C(4) 1.335(11) C(2)-C{(3) 1.338(12)
c(2)-Cc(12) 1.469(11) C(s5)-C(6) 1.342(13)
C(11) -C (14} 1.339{11) c(12)-C(13) 1.349(12)
C(15)-C(18) 1.359(12)
C(2)-s{1)-C{(1) 95.4(4) C(1)-8(2)-C(3) $5.0 (4}
C(4)-5(3)-C(5) 94.7(4) C{6) -5(4}-C(4) 94 .7(4)
C1{5) -S(5A) -Ci3A} 96.2(7) C(5)-S(5B)-C(8B) 85.5{10)
C{6)-8(6)-C(3) 103.3(4) C(3)-8(7)-C(7) 101.6(5
C(11)-s(11)-C(12) 94 .4 (4) C(13)-8(12)-C(11) 94 .4 (4)
C(14) -8(13}-C(15) 93.8(4) C(16)-S(14) -C(14) 94.1(a)
C({15) -S(15) -C(18) 99.2 (1) C(16)-8(18) -C{19) 101.7(4)
C(13)-5(17)-C(17) 100.7(4) C(4)-C(1)-S(1) 120.31(6
C(4)-C(1)-5(2) 125.2(8) $(1)-C (1) -8(2) 114.5(5
C(3)-C(2)-CclL2) 126.2(8) C(3)-C(2)-s(1) 117.9(7
C{12)-C(2)-3{1) 115.9(6) C(2}-C(3)-S(7} 122.8(7)
€(2)-C(3)-s{2) 117.2(7) S{7)-C(3)-s(2) 119.8(s)
C(1)-C(4)-5(2) 121.4(6) C(1)-C(4)-8(a) 123.7(s
$(3)-C(4)-S(%) 114.9(5) C(6) -C(5)-5(3) 116.3(7)
C(6)-C{s)-s({3) 125.4(7) S(3)-C(S)-8(5B) 113.4(8
C(6) -C{5) -S{3A) 123.7(8) S$(3)-C(S)-S(5A) 118.5(8)
C(5)-C(8)-5(4) 118.5(7} C{5)-C(6)-5(8) 121.8(7)
S$(4}-C(6)-S(5) 119.6(5) C(l4a)-C(1L)-S(11} 124.4(8)
C{14)-C(11}-5(12) 121.9(6) S(11)-C(11}-S(12) 113.7(4)
C(13)-C(12}-C{2) 124.8(7) C(13)-C(12)-5(11) 116.91{s
C{2)-C(12)-S{11) 118.1(6) C(12)-C(13)-S(17}) 124.0(6
C(12)-C(13)-3(12) 117.2(8) $(17)~C(13)-8(12) 118.5(5)
C(11)-C(14) -5(13) 124.4(7) C(11)-C(14)-S{14) 122.1(7
S(13) -C(14)-35{14) 113.4(5) C(16)-C(15)-S{15) 125.4(8)
C(16)-C(15)-5(13) 116.7(6) S(15)-C(15)-5(13) 117.9(5)
C{15}-C(16)-3(16) 123.6(8) C(18)-Cl16) -5 (1a) 116.7(5)
§(16) -C{16)-35(14) 119.4(5)

Table 1.

Idencificacisn cede

Empirical fecrmula

Formula weigh

Temperacure
Wavelengch

Crystal syscem

Space group
Unit cell dimensions a =
b =1
c = 2
Volume
4

Density (calculated)

Absorption cos
F{000)

Crystal size
Theta range Icr data collection
Index ranges

Reflections ccllacred

Independent rs=ilections

Observed reflecrions, I»2sigma ()
Absorption cerrection

Max. and min. :ransmission

Refinement me:zhod

Goodness-of-f.z on F"2

Final R indiczs {I>2sigma(I)]
R indices (all data)

Largesc shifcsa.s.d. racio

Largesc difi. geak and hole

@ 10w

Cryszal daca and struccture refinemenc

98srv0%2
C18 H13 S14
5§83.16
120{2} K
0.71073 A

Monoclinic

P2(1)/n (Mo, 14)
S374(1) A alpha
.884{2) A bera =
-295(3) A Famma

2776.6(6) A3

A

1.634 g/cm™3

1.104 mm”~-1

1400

0.5 x 0.4 x 0.2 mm
1.78 to 28.16 deg.
-9<=h<=9, -14<=k<=l5,

21201

5028 (R(int) = 0.0317!}

4639
fMulciscan

0.6938 and 0.4647

Full-matrix leasc-squarss on #°2

5020 / 0 / 314
1.210

R1 = 0.0724, wR2 = U,
Rl = 0.0773, wR2 = 0

0.000

1.028 and -0.54S5 e.A"-3

ey,

2020

L2053

5.20(1) dey.
chey,
-3le=le=30

291



A13 4-Bis(5-methyl-4',5'-ethylenedithiotetrathiafulvalenyl) - C104 Complex

Table L. Cryscal data and strugture retinemenc

Identificaticn code 38srv04sS
Empirical formula C18 Hi4 CL 04 sl12
Formula weight 714 .46
Temperature 150(2) « Table 3. Bond lengths (A) ard angles [deg)
Wwavelength 1.54184 A
. . S(1)-¢i1)
Crystal sys:ten Orthorhombic 5(2)-C(3) }';gggi g:é;—g{%; 1.7
5(3)-C(3) ) < L.
Space group P2(1)2(1)2 S(d)-C(4d) t:;%{z: .S;i:‘gfé; i_
S{5)-C(5) 3 S(d)-c .
Uit cell di: a = 11.074(3) A alpha = 90 deq. 3(8)-C(5) i;;g: $15)-C(3) !
b = 24.139(7) & beta = 90 deg. Ci1)-C(4) 13313 g‘;)-C(9) 1.
c = 4.376(2) A gamma = 30 deg. €(2)-C(2") 1.42(5) cm I
C(5) -C{6) 19 - L.
Yolume 1303.4(7) A"3 CL-0(2) i:%g}i; gf?;;§;9) ?
z 5 Cl-0(4) 1.44(5) CL-0(1) |
Clly-s(1)-ct2 -
Density (calculated) 1.820 g/cm”3 c(s).5(3).c(4; g;'%:if: gfi;';:f;'ggé; gg.érl
C(5)-5(5) - al7(13 PSS I °5.811
absorprion ccafficient 10.545 mm"-1 C(d)- lgéiZfl”) g{?;'ggi:'ﬁgg; i?;,ott
- 5 al- -5(2 222
F(000) 726 i 113(2) C3)-Ci2)-C(2)  127(3)
) 2y 15512) C(2")-C(21-31(1) 117¢2
Crystal size 0.30 x 0.08 x 0.02 mm CiT)- 12503) C(2)-C(3)-5(2) 115(3)
e - A cin- L3 ClLY-C{d)-5(d) 124(2)
Theta range far data collection  3.64 to 74.90 deg. C(5)- lis:i; gég;'ggéi-éfgz Lid.3¢
$(3) - 3 ~C{5)-5(5 125(2)
Index ranges “13<=n<=12, -30<=k<=27, -l<=l<sS crs) - ﬁs/ig)(“’ gig;-gff;;-gm Ll
c(9) - : - =S i4) 142}
Reflections zollected 1429 0(2)-C1 iigf%; g:s;'gﬁ9é;§;5) %ég(%
; 0{3)-Cl-0 2)-ClL- 107¢3)
Independent lections 1288 [R(int) = 0.0609] 0131-¢lo Hg:}; gg:;:-gi-g(u'; 112(2)
’ ar-cl-ochy 103133

ctions, Is>2sigma(I) 893

Observed r2

Absorption ccrraction Psi-scan

Max. and min. transmission 1.0000 and 0.5306

Full-matrix least-squares on F~2

Refinement m&:
Data / restrzints / parameters 1277 / 0 / 129
Goodness-of-Iiz on F°2 1.063

s [I>2sigma(I}] Rl = 0.1276, wR2 = 0.32738

Final P indi
AL = 0.1737, wR2 = 0.4087

R indices (2.l data)
Absolute striezture parameter 0.0(2
Largest shiiz'2.5.d. ratio 0.000

I. peak and hole 1.518 and -.936 e.A"-3

Largest di

€91



Ald

Takle 3. 2ond lengths [A] and angles [deg]

I-C(2) 2.029(3) I'-C(3) 1.985(3)
sS(L)y-cty 1.759(3) S(l)y-¢c(2) 1.759(3)
5{2)-C(}) 1.753(3) S{21-C(1} 1.761(3})
S(3)-Cl4) 1.760{3) 5(3)-C(s) 1.762(3)
5(4)-C(6) 1.759(3) S{4)-C(4) 1.764(3)
S(S)-C(5) 1.757 (3 S({S)-C(8} L.812(3)
S(6)-C(6) 1.750(3) 5(6)-C(9) 1.803(4)
C(1)-c(4) 1.357(4) T2y -C(3) 1.339¢(5)
C{2)-Cc{7") 1.615(10) C{3)-C(7) 1.606(8)
C{5)-C{6} 1.348(4) C(8)-H(81) 0.93(4)
C{8)-H(82) N.92(4) C(8)-H(83) 0.98 (4}
C{2)-H(91) Q.98(4) C{9) -1{92) 0.90(4)
C(9)-H(93) 0.97(4) CeLl1)-C(17) 1.3861(4)
C(l1y-Cc(16) L.447 (4} C{11)-C(12) L.450(4)
C(L2)y~-C(13) 1.349(1) C{12)-H(12) 0.99(3)
C(13)-C(14) 1.448(4) C{13)-H(13) 0.92(3)
C{14)-C(18) 1.2389¢4) C{1l4)-C(15) L.aq4(a)
C{1S)y-C (16} L.358(4) C(15)~-B{1D) 0.94(3)
C{16)-H(16) 0.98(3) C(17)-Cc(71) 1.432(4)
c(i7)-c7y 1.433(4) C(18)-Cc(82) 1.430(4)
c{1g)-C(8l) 1.444(4) C{7L) -N(71} 1.153(4)
C(72)-1M(72) 1.155(4) C{81)-M(81) 1.152(4)
C(82)-N(82) 1.150¢4)

C(ly-s(ly-Cc(2) 95.3(1) C{3)-s(2)-C(Ly 95.7(1)
Cl4)-5(3)-C(5) 95.2(1) C(6)-S(4)-Cid) 95.3(1}
C(5)~-5{5)-C(8) 99.7(1) Cl(6)-5(6)-C(%) 103.0¢(2)
C(4)-C{ly-s¢(1) . 122.8(2) C{a4)-C(1y-5(2) 123.1(2)
S(L)~ClL)-S¢(2) 114.2(1) C(3)-C{2)-C7) 135.2 (4}
C{3}-C(2)~5¢{1) 117.6(2) C(7')-C{2)-S(1) 107 .114)
C(3Hr-~Cc(2r-1 119.6(2) S(Ly-c(2)-r 122.812)
c(2)-c(3)-c(n 133.2(4) C(2)-C(3)-5(2) 117.1(2)
C(7)-C(3)-8(2) 109.7(3) c(2)-c(3) -1 118.7(2)
S{2)-c(3y-1° 124.1(2}) C(l)-Cta)y-s(3) 123.7(2)
C(l)-cldr-s14) 122.0(2) S(3)-C(a)y-5(4) 114.3(2)
C(6)-C{5)-5¢(5) 124.9(2) C(6)-C(S)-5(3 117.4(2)
5(S)-C(5)~-S(3) L17.7(2) C(5)~ C(G)-S(G) 122.6(2)
C(3)-C{8)-S(4) 117.1002) S(6)-C(6)-S{4 L20.2(2
S{5)~C(8)-H(81) 105(2) S(S)-C(B)-H(BZ) 110(2)
H{81)-C(8)-H(82) 1061(3) S{5)-C(8)-H(81) 1092y
H(81)-C(8)-H(83) 110(3) H(82)-C(8)-H(83) 117(3)
S{6)~C(9) ~H{ILy 103(21 S{6)-C(9)-H(92) 112(2)
H(91)-C(9)-H(32) - L1732 S(6)-C(9)-H(22) 112¢2)
H(9L)-C(9)-H(23) 108(3) H(92) -C(9) -H(93) 106(3)
C{l7)-C(11)-C(16) 121.1(3) C{1i7y-Cc(1l)-C(12) 120.5(2)
C{16)-C(Ll1)-C(12) 118.3(2) C(13}-C(12)-C(1l) 120.9(2)
C(13)-C(12)~KH(12) 117(2) C(l1)~C(L2)~H{L2) 1224¢2)
C(L2)y-C{13)y-C(1g) 121.0() C(12)-C(13)~H(13) 122(2)
C(ld4)-C(13)-H(13) L17(2) Cll8)-C(1d)-C(15) L121.8(2}
C(18)-C(14)-C(13) 120.1¢(2) ClL5)-C{ld4)-C(13) 118.0¢(2)
C(16}-C15}-C (14} 121.3(2) CiLl6)-C({L5)~-H(13) 121(2)
C{l4a)-C(L5)-H(15) 117¢2) C(1l5)-Cc(Ll6)~C(11) 120.4(2)
C(15)-C(16)~H(L5) 116(2) C(LL)-C{16)-H{16) 124(2)
COLLY=-CULTY =C (7)Y 122.210 C(lL)-C(l7)-C(72) 121.81(3)
C(IL)y-C(L17)-Ct72) 116.0(3) C(ld)-C(18}-C{82) 121.8(2)
Ctl4)-C{18)-C(81) 121.6(3) C(82)-Crl8)-C(a1} 1i6.61(2)
N{7L)-C(74)-C(17) 178.3(3) MAT2)-CLI2)-C L) 17¢.1(3)
N{8Ll}-C(BL)~-Crl2) 178.2(31 N(R")~"{S7)-C(18) 178.6(3)

Table 1.

Identification

4-Iodo-5-Methyl-4',5'-bis(thiomethyl)tetrathiafulvalene - TCNQ COMPLEX

cade

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

2

Pensity (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collecktion

Index ranges

Reflections colliec

ted

Independent refleccions

Observed reflections,

Absorption corre

Max.

and min.

ction

transmission

Refinement method

Data / restrainis / parameters

Goodness-of-fit on F~2

Final R indices [I»2sigma(I)}

R indices (all

Large.

st difE.

daca)

ceak and hole

I>2sigma(I)

Cryscal data and structure refinement

97scrvles

C21 H13 I M4 S6
640.51

150(2) K
0.71073 A

Triclinic

P-1

a = 7.635(1) A alpha = 81.20(1)
b = 7.959(1) A bera = 88.6411)
€ = 20.021(1) A gamma = 87.211{1)

1200.7(2) A~3

2

1.772 g/cm™3

1.874 mo™-1

632

Q.40 % 0.16 x 0.13 mm

2.06 o 30.17 deg.

~l0<=h<=10,

L3517

6399 [R(int) = 0.0277]
5505

Integration

0.8095 and 0.5932

Full-matrix least-squares on F 2
6362 / 0 / 352

1.242

Bl = 0.0407, wR2 = 0.0801

Rl = 0.0528, wR2 = 0.0923

0.475 and -0.4026 e.2"-3

791



A1lS BISTTF (156)

. Bond lengths [A] and angles [(deg)
Table 1. Crystal data and structure refinement L A) a

) . . S(L3-C(1) 1.756¢2) S(1)-C(2) 1,754
Identification code 973RVO0¢ S(2)-C{1) 1.759(2) 5(2)-CU3) 1.77542)
e S{3)-C(4} 1.761(2) S(3)-C(5) 1.78312,
Empiricai formula €20 H20 516 S{4)-C(d) 1.756(2) S(4)-C(6) 1.772(2
e s 5(5)-C(2) 1.753(2) 5(5)-C(7) 1.81212
Formula weight 773.32 S(6)-C(3) 1.753¢2) 5(6)-C(8} 1.832¢2)
S(7)-C(5) 1.755(2) 5(71-C(10} 1.387(2)
Temperature 150(2) K S(8)-C(5} 1.757 (2} s(8)-C{1l) L.82742;
S(2)-C(13) 1.762(2) S(9)-C(14) 1.
Wavelength 0.71073 A 5(10)-C(13) 1.762(1) 5(10)-C(15) 1.
o S(L1)-C(17) 1.760(2) S(11)-C{16) .7
Crystal system Triclinic S(i2})-C(15) 1.7556(2) S{12}-C(18) t.
S(13)-C(L1d) 1.755(2) S113)-C(12) L.
em space grou o S05)-c(17) 1755(3) S15)c i L
5)- .755¢ S(135) - ) L.
Q unit cell dimensions 2zl A alona - B8 I o 5{15)-C{la} 1.749(2) 5(16)-C(20) )
= 12. eta = 7B.2 5 Cli)-C(d) 1.343(2) C(2)-C{3) 1.
¢ = 12.352{1) A gamma = 75.55(1) deg C(5)-C(6) 1.351(2) C(3)-C(9) i
. R C(L1}-C(12) 1.521(2) C13)-C(15) L.
volume 1545.6(2) A"3 C(14)-C(15) 1.354(2) C{17)-C(18) L.
z 2 C{ly-5(1)-c(2) 94.21(7) C(1)-5(2)-C(3)
R C{4}-5(3)-C(5) 92.68(7) C(4)-5(4)-C(4) 2.
Density (calculated) 1.662 g/cm”3 C(2)-5(5)-C{7) 103.36(7) C{3)-5(6)-C(8) 193,
R C{5)-S(7)-C{10) 100.56(8) C(6)-S(8)~C(11) 100.
Absorption coefficient L.133 mm”-1 C(131-S(9)-C(14) 94.56(7) C(13)-8(10)-C(15)
CIL7)-S{11)-C(16) 94.741(7) C(16)-S(12)-C(18) o5,
F(000) 792 Cl14)-S(13)-C(12} 100.92(7) C(15)-S(14)-C(2) 102.
C{L7)-5(15)-C{19) 99.25(9} C(18)-S(16)-C(20) 102,
Crystal size 0.40 x 0.35 x 0.21 mn Cl4)-C(1)-5(1) 123.86(11) Cl4)~C(1)-5(2) 123.2
~ S(1)-C(1}-S{2) 112.79(8) C(3)-C(2)-5(5) 130.2
Theta range for data collection  1.79 to 30.66 deg. C(3)-C(2)-S11) 116.87(11) S(5)-C(2)-5(1) 112.
ckecl6. -16<el<oif C(2)-C(3)-516) 126.21(12) C(2)-C(3)-5(2) 115.9
Index ranges -16<=h<=15, -l4<=k<=16, <=l<= S(6)-C(31-5(2) 117.55(8) C(1)-C(4)-S(4) 122,
C(1)-C(a)-5(3) 123.76¢11) S(4)-C(4)-5(3) 113,42
Reflections collected 13849 C6)-C(5)-5¢7) 125.00(12) C(BY-C(5)-S(3) 115.2
) $(7)-C(51-8{3) ~ 118.74(8) C(5)-C(6)-5(8) 124.9
Independent reflections 8147 (R(int} = 0.0201] C(5)-C(6)-5(4) 116.90(11) S(8)-C(5)-5(4) 117.
C(9)-C(8)-S(5) 113.661(11) C(8)-C(9)-5(14) 113.7
Observed reflections, I-2sigma(i) 7443 C(12}-C(11)-5(8) 113.34(11) C(11)-C(12)-5(13) 107.
) C(L5)~C{13)-5(9) 121.59(11) C(16)-C(13}-S(10) 124,
Abscrption correction Integration ${2)-C(13)-S(10) 113.88(8) C(15)~C{14)-S(13) 124,
o ) o C{15)-C(14) -5{9) 117.03(11) S{13)-C(1d)-5(9) Li8.
Max. and min. sransmission 0.8202 and 0.7099 Cl1ld)-C(15)-5{14) 126.20{12) C{ld)-C{15)-S(1l)) 116
- ] _— i« least-squares on F~2 S(i4}-C(15)-5(10) £16.70(8) C(13)-C(16)-5(12) 123,
Refinement method Full-matrix least-sqg 2 C(13}-C{16)-S(11) 122.57(12) S{12)-C{l6)-S(11) 113,
| C(181-C(17)-S(15) 126.10(12) C(18)-C(L17)-S(LL) 117.2
Data / restraints / parameters 8LL7 / 0 / 405 S(1%)-C(17)-5(11) 116.48(9) C(17)-C(18)-S(16) 124
L C(17)-C{18)-5(12) 116.53(12) S(16)-C(18)-S(12) L17.59(9)
Goodnass-of-fit on F~2 .
Final R indices [I>2sigma(l)) Rl = 0.0249, wR2 = 0.0585
R indices (all data) R1 = 0.0290, wR2 = 0.0651
Largest diff. peak and hole 0.530 and -0.355 e.A"-3

Gal
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wehs [A] and angles {deg] for 1.

A 1.6 TTF DERIVATIVE (183)

Sty -Clhy 1.764(2) S({L)-C(2} 1.776¢(2)
s(2)-Cc(l) 1.757(2) 5(2)-C{3) L.772(2)
S{3)-C{4) 1.762(2) S(3)-C(5) 1.7571(2}
S5(4)-C{4) 1.7501{2) 5(4)-C{6) L.771(2)
5¢31-C{2) 1.744(2) 5(5)-C{7) 1.805(2)
3(8)-C{3) 1.757(2) S(6)-C{9) 1.827(2})
Table 1. Crys:zal data and structure refinement S{7)-C{3} 1.758¢(2) 5(7)-C1(8) 1.799(2)
$(8)-C(8) 1.757(2) 5(8)-C(12) 1.333(2)
S{2)-C(l6) 1.762(2) 3(9)-C(1l} 1.832(2)
Identiiication code 97s5Tv083 S{.0)-C17) 1.757¢2) S(10)-Ci{14) 1.832(2)
5 1.550(2) S(l2)-C(L5) L7302y
Empirical formula Cl7 H18 s13 E 1.754(2) S(13)-C(15) 1.740(2)
S 1.756(2) C{1)-C(4) 1.342(2)
Formula weight 639.09 C 1.351(3) C(5)-C{6) 1.349(3)
[ 0.94(3) C(7)-H(72} 0.96(3)
Temperature 150(2) K C 0.931(3) C(8)-H(81) 0.85¢(2)
C 0.95(3) C{8)-H(83) 0.95(3)
S(1) Wavelesngrh 0.71073 A C 1.524(3) C({9)-H{I1) 0.38(2)
S(2) o) 0.98(3) c{toy-Cc(1L 1.530(3)
(,(l) fd@ Crystal systes Monoc Linic c 0.961(3) C{10) -H(102} 0.99(2)
= o 1.05{2) C(LL) -H{L12) 9.29(3)
\ 3 Space group o2/ C 1.526(3) C(l2)y-H(t21) L.oo(2)
\( i) g %.36(? C(tg)»c:id) - RERRN
2D Unit cell dimsasions a = 24.272(2) A alpha = 90 deg. 0.96(3) ClL -HILI2 1.00(3)
\‘\\%\ =t b = 9.203(1) A besa = 90.48(%) deq. ¢ 0.94(2) C(ld) -H(142) 0.93(3)
oL \// c = 22.790(1) A gamma = 90 deq. c 1.352(3)
\’ volume 5090.5(7) A3 C 3.02(8) C{l)-5(2)-C(} 93.43(8)
Cl9) D C 94.44(8) C(4)-5(4)-C(8) 94.241(83)
Z C 101.94(10) C{3)-5(6}-C(% 37.02(%)
C“U) C 102.76(9) C{6)-S(8)-C(l2) 101.59(2)
Deasity (calculated) 1.668 g/cm™d C 101.61(10) C{17)-5(10)-C{14)}) 102.51(9
C 98.10( C{15)-5(13)-C{Ll7) 97.85(2)
L\ Absorption cosificient 1,119 mm~-1 C 122.35(14) C(a)-C(1)-s(1) 124.22(14)
- s ot 113.41(9) C({3)-C(2)-§(9) 123 .34 (14
Comn (.\/“ F(000) 2624 C(3)-c(2 116.82(13) S{5)-C{2)-5(1) L119.10(10})
7 - Ci2)-C(3) - 126.24(14) C(2)-CH3)-8(2) 116.481(13)
Crystal size 0.4 % 0.3 x 0.24 mm s(3 117.28(10) C(1)-C(4)-S(4) 123.42(14)
C(1)-C(d) - i 122.62(14) S{4)-C(4)-S(3} 113.96(10)
Theta range f£cr data collection 1.8 to 30.5 deg. C15)-C(5)-5 123.92(14) C{6)}-C(5)-5(3) 116.35(14)
S(7)-C(5)-5 119.20¢(10) C(5)-C(6)-5(8) 126.18(14)
Index ranges “3d<zhe=34, -12<ak<=12, -25<=l<=31 CiS)-C(6)-3({%) 117.09(14) S(8)-C(6)-5(d) 116.34(L0)
(- -HITY 1131(2) 5(5)-C(7)-H(72) 107(2)
Reflectizsns cclilectad 20137 H{71)-C(7) -t 72} 1103} S{%)-C(7)-H(73) iy
H{7L)-C(7) -5 73) | 110¢(3 H{72}-C{7)-H(73) 1062
Independent ra2flactions 7118 [R{inc) = 0.0308] S{7Y-C(8)-H{ZL) 109¢2) S{7)-C(8)-H(82) 111(21
H(81}-C{8)~-¥ 82) 113(2) 5(7)-C(8)-H(33) 105¢2)
Observed reflactions, Isx2sigma{l) 6053 H(81)-C(8)~H .33} 110¢2) H{82)-C(8)-H(83) 103 (2)
CLN -C(9)-5.5) 112.88(13) C(10Y-C(9)-H(%L) 111.2413)
Absorpcion corraction . Integraktion S(5)-C(9)-H(Z1}) 106.5(13) C{10)-C{2)-H{92) 110.7(1
S{35)-C(9)~H!?2) 106.9(14) H{9L)-C(9)-H{92) 1081(2)
Max. and min. Iransmission 0.7917 and 0.7073 C(9)-C(10)-C1il) 111.5(2) €{9)-C(10)-H(101) 110¢2)
. c(il)y-c(io) - 110(2) C{9)-C({10)-H(102) 110.9(14)
Refinement mecaod Full-matrix least-squares on F°2 C{lL}-C(Ll0y~ 109.1(13) H{101)-C[10)-H(102) 106(2}
113.65(14) C(lQ)-C(1L)-H(11lL1) 110.7{Ld)
Data / restraints / parameters 7103 / 0 / 344 106.8(13) C{10)-C{11)-#{112) 111(2)
106(2) H(LL1)-C(LLl}-H(112) 109(2)
Goodness-of-fiz on F*2 1.152 110.92 (L4} C{13)-C({i2)~-H(121) 108.9(14)
111.2(14) C(l3})-C(12)~H(122) [ SN EH]
Final R indices (I>2sigma(l)} RL = 0.0304, wR2 = 0.0600 104(2) H{L121)-C(12)-H{122) lll{(2)
indice Z dat 1 = 4 2 = b 115.71(2) C(14)-C(1l3)~H(13L) l0%(])
R indices (all data) RL = 0.0419, wR2Z = 0.0677 10312) Cild) -G(L3)-H{132) L07.4(11)
Extinction cceificie H 111(2) H{L31)-C(13) -H(132) 105(2)
vinctlon cositicienc 000053 (4] 13 - (1) 116.00(141  C(13)-C{1a}-#(L3L) 1L1(D)
. diff. sea 5 5 ; L0 292 .. S(1G)-C(14) -H(141) 102.6(1l4) Ci13)-C(14)-H{142) 112(2)
Largest peak and hole 0.413 and -0.292 e.A"-3 S{101-C{14}-H(142) 106.3(14) H{L41)-C{Lld)-H{142) LDB(2)
S({11}-C{151-5(12) 124.291(12) S(11)-C{15)-5{1}) 123.36(12)
5(12)-C{19) -5(13) 112.35(11) C{L7TY-ClLGY-S(12}) 115.87 (14}
Ct17)-C(18) -5(9) 124.5(2) 5(12)~C(16)-5(92}) 118.45(11)
C(16)-C(17)-5(10)} 124.091(14) C(16)-C(17)-5(11) t1s5.81(14)

S{10) -C{17)-5(13) 119.92(10)
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S(2B)-C(18}-5(18) 110.3(8) C({38)-C(28)-5(58) 121.7{12)
C{3B)-C(231-5(13) 119.5(12} 5(58)-C(28)-5118) 113.3(3)
C{2B}~C(33)-5(5B) 123.3(12) C{28)-C(38)-5(28) 1141011}
S($B1-C{38}-5(28) 117.3(8) C(13)-C(48)-5(38) 124.3(12)
C(1B)-C{43)-5(48) 121.3¢(12) 5(38)-C{48}-S{43) 114.3(3)
[BISTTF (156)]2 M ClO4 COMPLEX C{6B)-C(52)-5(7B) 122.9(11) C(53)-C(53)-5{3B} L17.2(L1)
5(78)-C{53)-5{38) 119.31(8) {531 -C(58)-5(38) 129.7(11)
C(58) -C(5B) -5{48) 115.1(11) 5(88}-C(53)-5(48) L14.7(3)
C(9B) -C(8B) -5(56B) 11902} C{83)-C(98)-S{14B} 113(2)
Table 3. Bond lengths [A] and angles (deg] C{12B}-C{113)-5S(8B)  115(2) C(L18)-C(128)-5(138) L11.5(Ld}
C(168)-C{133)-5(10B) 126(2) C{168)-C{138)-5(98)  121(2)
S{10B)-C(L331-5(98)  112.5{10} Cl158)-Cl14B)-5(138) 124, 1(1d)
1.757(14) S(1A) -C(1A) 1.785(13) C(15B)-C{143}-S(9B}  117.7(13) $(13B)-C{14B)-5(98)  118.2(10)
P73 S(2A) -C{IA) 1.754(11) C(14B)-C{153)-5{14B} 123(2) C{148)-C(15B)-5(108) 11§(2)
L.74(2) 5(3A1-C a0 1,753 (14) S(14B)-C(L158)-5(10B) 120.4{11) C(13B)-C(15B)-S(L183) 127(2)
1 5a(2) 5(4R) -C(43) L 732013 C(138)-C{153)-5(128} 119(2) S(118)-C{15B)-5{12B) 114.5(10)
1.78L(14) S{5a)-C{7A) 1.80(2) C(18B)-C{173)-5(158) 127(2) C(188)-C(178)-$(113} 115.1(1d)
1,754 (14) S16A) -C (8A) 179(2) S{15B)-C(l78)-5(118) 116.7{10) C(178}-C{18B)-5(16B) 123{2)
1.74(2) 3(7A)-C(104) 1.80(2) C(17B1-C(183)-5(12B} 117.7(14} S(162)-C{188)-S(128) 118.8(10})
73 S(8A) -C(52) 1.7712) 0(4)-Cl-01(1) 104 (2} 0{4)-C1-0(2) 1091{2),
1 50(2) Zaa)-C(13m) 171 0{1}-Cl-0(2) 113(2) 0(4)-Cl-0{3) 11102)
17102 S(10A)-C(13a) 17303 O(1)-CL-0(3) 101.5(14) 0(2)-CL-0(3)} 112(2)
1.74(2) S(L1A)-C{1BA) 1.75(2)
1.71(2) S{122)-C{18A) 1.78(2)
L.74102) S(13a)-C(12a) 1.81(2)
- 76102 4a) - J .83(2
) }_5;:21 g:i;i;_gtigi; ig%tdz Table 1. Cryp:zz2i dara ard structure refinsmen:z
, L.74(2) S{16A) -C{20A) 1.81(3)
1.33(2) C(2AY-C(3A) 1.36(2) . Ces : .
14312 C{BA) -C (9} 1.36(2) identificatizsn zode 9Tsrw059
1.57(3) C{L13A)-C(16A) 1.40(3} .
) » L.a1(3) C(17A) -C(134) 1.42(3) Empizical fox C40 H40 CL Ol 532
@(53 = S(18)-C{13) 1.30(2) S(1B) -C(28) L.81(2) - e .
s | S{28)-C(18) 1.77(2) $(28) -C(3B) 1.84(2) Formula weigh: 1545.09
V=, C S(3B)-C(43) 1.74(2) $(38)-C{58) 1.77(2) - .
\@ %//L S(4B)-C(43) 1,752} S(4B)-C (68} 1.8181(14) Temperaturs L5012y %
i S(5B)-C(23) 1.7612) S{SB)~C{78) 1.78(2) . e
i S(6B)-C(33) 1.71(2) S(68)-C(88) 1.84(2) Havelength 0.71073 A
7 $(7B)-C{38) 1.731(14} S{7B)-C(10B) 1.85(2) ,
( S{8B}-C(63) 1.730(14) $(8B)-C(LLB) 1.84(2) Crystal systsm Orthorhombic
/J S(9B)-C(143) 1.77(2) S(9B)-C{13B) 1.82(2)
p 5(108)-C(133} 1.76(2) $(10B)-C{158} 1.76(2} Space group Pra2(ly
S(11B)-C(138) 1.7542) S{11B)-C{178) 1.79(2) . ) .
$(128) -C (188} 1.7642) S{12B)-C(16B) 1.78¢(2) Unit cell dimsnsions a = 22.545(2) A alpha = 90 deg.
$(13B)-C(14B) 1.67(2} 5(13B)-C(128) 1.87{2) b = 8.3544(5) A bara = 20 deg.
5{148) -C(153) 1.74(2) S{14B)-C(9B) 1.90(2) c = 34.184(3) A gamma = 30 f‘=3.
S(158)-C{178) 1.73(2) S(15B)-CI198B) 1.85(2) .
S(16B)-C1138) 1.74(2} $(168) -C(20B) 1.84(3) volume 6467(L) A”3
Cl1B)-C(43) 1.33(2) C{2B)-C(38) 1.29(2)
C(SB)-C{6B) 1.35(2) c(8g) -C (98B} 1.37(3) z . 4
C(11B)-C(128) 1.50(3) C{13B)-C(15B) 1.29(3) .
C(14B) -C(133) 1.38(3) C(L7B)-C(188) 1.36{3) Density (calculiazed) L.691 g/cm”l
Cl-0(4) 1.37(3) CL-0{1) 1.38(3) . )
cl-01(2) 1.39¢4) C1-013) 1.43(2) Absorption c : 1,133 mon-1
C{2A)-S(1a)-C{1A) 94.1{6) C(3A}-S(2A)-C (1A} 95.3(6) F(000) 3364
Ci5A) - S(BA) -Cl4a) 95.0(7) C(BA)-5(4A) -C(4A) 93.7(8) .
C{2A) -5{5A) -C(7A) 101.7(3) C{3A)-S(5A)-C(8A) 102.7(8) Crystal size 0.35 x 0.17 % 0.10 mm
C{5A) - s("*)-cuom 101.4(7) C(L11A)-S{8A) -C(6A) 98.9(9) .
C(L4A} -S(2A)-C{13A) 95.9(10) C(L5A)-S(LOAY-C{L3A)  94.9(9) Theta range {:r data collection  1.30 to 25.00 deg.
CILl7A)-S{112)-C(16A)  97.0(1l0) C{16A)-S(12A)-C(18A)  94.5(10)
C(14A)~S(13A}-C(12A) 102.2(10) C{9A) -S(14A} -C(15A) 96.2(9) Index ranges -31¢zhe=30, -3<¢=ke¢=ll, -d7<zle=45
C{L7A)-S(15A)-C(19A)  97.4{13}) C(18A)-S{16A}-C{20A) 105.7(13 . :
C4A)-C(1A) -S(2A) 122.4(11) C{4A)-C{1A) -S(1A) 124.9(11) Reflections czllacted 37238
S(2A)-C(1A) -S{1A)} 112.7(7) C{3A)-C(2A)-5(1A) 117.1¢11)
CI3A)-C(2a)-5(5A) 125.7(11) S(1A}-C(2A) -S{5A) 116.9(3) Independent 10539 [R{int) = 0.0735}
C{2A)-C(3a)-5(2A) 117.4(11) C(2A}-C{3A)~5(BA) 125.0(11)
S{2A) -C(3A) -5(6A) 117.6(8) C(LA)-C(4A) -S(3A) 125.9(11) Observed re 2050
C{1A) -C{da) -5(4A) 120.7(11) S(3AI-C{4A)-S{4A) 112.947) ) .
C{BA)-C(SA)-5(3A) 114.7(12) C(6A) -C{SA)-S(7A)} 121.3(12) Absorption cexrrec None
S{3A)-C(SA)-S(7A) 123.9¢9) C{SA)-C(6A) -5(4A) 116.8(13) .
C(SA) -C(6A) -51(8A) 123.3413) S(4A)-C(6A}-S(8A) 119.9(11) Refinement me Full-macrix least-squares on 772
C9A)-C(8A}-3{6A) 116.5(13) C{BA)-C(9A}-5(L4A) 118.8(1)
C(12A)-C(ilA 11542y C{1lAa)-C(12A)-S{13A) 113.9(14) Bata / restra.nts / parameters 10490 / 1 / 474
C{16A) -CI} 122(2) C(L16A) -C(13A}-S(LOA} 121(2) . e
S(9AY-C (1L 115.44(12) C(1SAY-C(L4A}-5{9A)  116{2) Goodness-of-I2: on £72 1.098
CL15A) - 122(2) S{9A)-CIL4A)~3(L3A)  121.9(12; i indize i - WwR2 = .
clLiact Ha2) CILAA)<CI15A)-5(14A) 120(2) Final R incizes [I>2sigma(ll] RL = 0.1215. wR2 = 0.294§
SI10a)-C( 23,6011 Cl13Aa)-CrLBAY-3(12A) 12512 indi rioa - 432, - - 7
C3a-Ct 118 (2) S(12A)-C(16A)-S(11A) 115.6(12) R indices (ai. 2aca) Al = 0.1832. w2 = 0.3267
C{18A} -C( 121e2) C{L8A)-CI17a)-S(11A} 1Ld(2) Absolute striscsure paramater 0.2(3
S{15A)-Ct 124.6013) CIL7AY-C{18R) -S{18a) 122(2)
Cri7a)-Cil L1702y S(16A)-C({18A)-5(12A) 120.4(13) Largest shifz e.s.d. racio 0.022
C(1B) -8113; -C128) 92.2(7) C(1B)-5(2B)-C(18) 4. 1(7)
C(4B) -3(38) -C(58) 24.6(7) C(48)-5{4B) -C(58) 93.5¢(7) Largest diff. peak and hole 3.661 and -1.286 e.A"-3
C{2B)-S(58) -C(7B) 105.9(8) C(3B)-5(58)-C(88) 102.6(8)
C(58)-5178) -C(108B} 102.5(7) C(6B)-S(88)-C{118) 102.0(8)
C(14B)-5(98) -C(13B} 95.5618) C(13B)-S{10B)-C(158)  97.9(9)
C(16B}-S({11B)-C(17B)  95.2(9) C{188)-5(12B)-C(16B)  95.5(9}
C{148)-S{122)-C(128) 103.0(9} C(158) -S(14B)-C(9B)  102.8(10)
C(178)-5(153)-C{198) 101.7(10} C(188)-S(15B)-C(208) 10L.1(12)
C{48)-C(1B)-5(2B} 123.1(1)) C(4B)-C{1B)-5(18) 126.0(1)
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BISTTF (156) - 1§ COMPLEX

tan.s . wllpaar Jdula Gl SLitiilble Lokl

Tdentificatizn code
Empivical fermula
Formula weighz
Temperature
Wavelength

Crystal systen
Space group

Unit cell dimensions

YVolume

Z

Density (calculated)

Absorption cosfficient

F(DCO}

Crystal size

Theta range f2r data collection
Inde:x ranges

Refleccions ccsllected
Independent r=flections
Obserwved reflections. I>2sigma(l)
Absorption correction

Max. and min. transmission
Refinemant meihod

Data / restreints / parameters
Goodness-of-£it on F~2

Final ® indices (I>2sigma{I)])

R indices (all data}

Extinction ccefficient

Largest shift.e.s.d. vatio

targest diff. peak and hole

385rv006

C20 H20 IB S16

1788.52

150(2) K

0.71073 A

Orthorhombic

Pnma

a = 25.961(2) A alpha = 90 deg.
b = 20.548(2) A beta = 90 deg.
c = 8.512{(1}) A gamma = 90 deg.
4540.7(9) A"3

4

2.616 g/cm”3

6.219 mm~-1

3280

0.35 » 0.19 % 0.004 mm

1.86 to 25.00 degq.

-322=h<=33, -26<zk<=26, -ll<=l<=8
25927

4122 (R{int)} = 0.1769]

2596

integration
0.9754 and 0.2910 _
Full-matrix least-squares on F°2
3944 7 0 /7 174

1.152

RL = 0.0949, wR2 = 0.2093

RL = 0.1635, wR2 = 0.2736
0.00021(8}

0.009

2.165 and -2.788 e.A"-3

Table 3. Bond lengths (A] and angles [deg]

I(1)-1¢(2) 2.922(1) T(L)-T(2v#L S2.%22¢(
I3 -T {4} 3.043(3) T(3)-T(dAYH] 3.043031
IIA) -I(SA, 2.828(5) r(48) -1(58} 2.577(1L0)
[148)-1{58;42 3.051(1) I{SB)-1(4B)#%3 3.05L(1LL)
5Ly -C(2) 1.764(2) S{L)-C{1}) 1.77(2)
S(2)-C{1) 1.73(2) S{2)-C(3) 1.76(2)
5(3)-C(4) 1.75(2) 5(3)1-C(2) 1.76¢(2
S$(4)-C(3}) 1.75(2) S5(4)-C(5) 1.78(
5(53)-C(8) 1.72(2) S(5)-C(7 L.73(2y
5{6)-C(9) L.70(2) $(6)-C(10) L.78(2)
S(7)-C(8) 1.74(2) S$(7)-C(6} 1.22(3)
5(8)-C(10) L.74(2) S{8)-C(11) 1.79¢2)
CiL)-C(L) &L 1.36(4) C(2y-C(3 L.36¢3}
C(5}-C(6) 1.46(4) C(7)-C(9) 1.39(4)
c(7)-81(5 1.734(2) C(8)-C(8)#¥) L.40(4)
C(9)-51(6 1.70(2) CiL0)-C(10} &1 1.39¢4)
I(2)-I(1)-I(2)41 167.5(1) I{4a)-T(3)-T(4A)EL  120.3(1)
I(5A)-1I(d4A, ~-I(3) 175.9(1) L{SB)-I(4B)-1(3B)%2 928.3(2)
I{4B)-I{53;-1(4B}#3 173.1(2}) C(2r-s(L)y-Cc{L) . 93.71(9)
ClLl)y-502)-C21(3) 95.1(10) C(4y-5(3)-C(2) 103.6(L1)
C(3)-5(4)-C(5) 101.6(12) C(8)-5(5)~-C(7) 97.8(10;
C(9)-5(6)-C(10) 96.0(10) C(8)-5(7)-Cis) 27.5(11
C(10)-5(8)-C(Ll) 99.9(L0) C{LYBL-C(Ll}-5(2) 122.5(7
C(L)E1-C(k;-5(1) 123.5(7) S(2)-C(ly-stl) 113.5(11)
C(3)-C{2)-3(3) 124 (2) C{3)y-Ct2)-s(1) 117(2)
S{31-C(2)~-5(1) ~ 119.1(11) C{2)-C(3)-5(4) 125(2)
C{2)-C(3)-5(2) 116(2) S -C(3)-5(2) 118.4(12)
C(6)-C(5]1-5(4) 112(2) C{3)-C(6)-S(7) 110(2)
C{9)-C(7}-5(5)¥1 123.5¢8) C(2)-C(7)-58(5) 123.5¢8
S{5)#1-C(7})~S(5) 113¢(2) C(8141-C(8)-5(%) L15.5¢5
C(8)#1-C(8)-S(7) 124.7(8) S(8)-C{8)-S(7} 119.7111)
Ct7)-C(2)-5(6) 121.8(8) C(7}-C{91-5(8)#L 121.8(8
5(6)-C{9)-5(6)#1 11612} C(10)#1-C(10)-5(5) L16.01(7)
C{10)#1-C(10)-5(8) 121.2(6) S{6)-C(10)-5(8) 122.8(11)

Symmetry transformations used to generate equivalent atoms:

#1 =, -y+1/2,2 #2

-x+l/2,-y+l,2+41/2 #3 =x+1/2,-y+l,z2-1/2

891
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A. 2.1 RESEARCH COLLOQUIA

The author attended the following colloquia.

1995

October 11

October 13

October 18

Qctober 25

November 1

November 3

November 8

November 15

November 17

Prof. P. Lugar, Frei Univ Berlin, FRG
Low Temperature Crystallography

Prof. R. Schmutzler, Univ Braunschweig, FRG.
Calixarene-Phosphorus Chemistry: A New Dimension in
Phosphorus Chemistry

Prof. A. Alexakis, Univ. Pierre et Marie Curie, Paris,
Synthetic and Analytical Uses of Chiral Diamines

Dr.D.Martin Davies, University of Northumbria
Chemical reactions in organised systems.

Prof. W. Motherwell, UCL London
New Reactions for Organic Synthesis

Dr B. Langlois, University Claude Bernard-Lyon
Radical Anionic and Psuedo Cationic Triftluoromethylation

Dr. D. Craig, Imperial College, London
New Stategies for the Assembly of Heterocyclic Systems

Dr Andrea Sella, UCL, London
Chemistry of Lanthanides with Polypyrazoylborate Ligands

Prof. David Bergbreiter, Texas A&M, USA
Design of Smart Catalysts, Substrates and Surfaces from Simple
Polymers

November 22 -

November 29

December 8

1996

January 10

January 17

January 24

January 31

February 7

February 12

February 14

February 21

Prof. I Soutar, Lancaster University
A Water of Glass? Luminescence Studies of Water-Soluble -
Polymers. s

--Prof. Dennis Tuck, University of Windsor, Ontario, Canada
‘New Indium Coordination Chemistry

Professor M.T. Reetz, Max Planck Institut, Mulheim

Perkin Regional Meeting

Dr Bill Henderson, Waikato University, NZ
Electrospray Mass Spectrometry - a new sporting technique

Prof. J. W. Emsley , Southampton University
Liquid Crystals: More than Meets the Eye

Dr Alan Armstrong, Nottingharﬁ Univesity
Alkene Oxidation and Natural Product Synthesis

Dr J. Penfold, Rutherford Appleton Laboratory,
Soft Soap and Surfaces

Dr R.B. Moody, Exeter University
Nitrosations, Nitrations and Oxidations with Nitrous Acid

Dr Paul Pringle, University of Bristol
Catalytic Self-Replication of Phosphines on Platinum(O)

Dr J. Rohr, Univ Gottingen, FRG
Goals and Aspects of Biosynthetic Studies on Low Molecular
Weight Natural Products

Dr C R Pulham , Univ. Edinburgh
Heavy Metal Hydrides - an exploration of the chemistry of
stannanes and plumbanes
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1995 - 1996 (August 1 - July 31)/continued

February 28

March 6

March 7

March 12

March 13

April 30

1996

October 9

October 14

Prof. E. W. Randall, Queen Mary & Westfield College
New Perspectives in NMR Imaging

Dr Richard Whitby, Univ of Southampton
New approaches to chiral catalysts: Induction of planar and metal
centred asymmetry

Dr D.S. Wright, University of Cambridge
Synthetic Applications of MepN-p-Block Metal Reagents

RSC Endowed Lecture - Prof. V. Balzani, Univ of Bologna
Supramolecular Photochemistry

Prof. Dave Garner, Manchester University
Mushrooming in Chemistry

Dr L.D.Pettit, Chairman, IUPAC Commission of Equilibrium
Data
pH-metric studies using very small quantities of uncertain purity

Professor G. Bowmaker, University Auckland, NZ
Coordination and Materials Chemistry of the Group 11 and
Group 12 Metals : Some Recent Vibrational and Solid State
NMR Studies

Professor A. R. Katritzky, University of Gainesville,University
of Florida, USA

Recent Advances in Benzotriazole Mediated Synthetic
Methodology

October 16

October 22

October 22

October 23
October 29

October 30

November 6
November 12

November 13

Professor Ojima, Guggenheim Fellow, State University of New
York at Stony Brook o

Silylformylation and Silylcarbocyclisations in Organic
Synthesis

Professor Lutz Gade, Univ. Wurzburg, Germany
Organic transformations with Early-Late Heterobimetallics:
Synergism and Selectivity

Professor B. J. Tighe, Department of Molecular Sciences and
Chemistry, University of Aston

Making Polymers for Biomedical Application - can we meet
Nature's Challenge?

Joint lecture with the Institute of Materials

Professor H. Ringsdorf (Perkin Centenary Lecture), Johannes
Gutenberg-Universitat, Mainz, Germany
Function Based on Organisation

Professor D. M. Knight, Department of Philosophy, University
of Durham.
The Purpose of Experiment - A Look at Davy and Faraday

Dr Phillip Mountford, Nottingham University
Recent Developments in Group IV Imido Chemistry

Dr Melinda Duer, Chemistry Department, Cambridge
Solid-state NMR Studies of Organic Solid to Liquid-crystalline
Phase Transitions

Professor R. J. Young, Manchester Materials Centre, UMIST
New Materials - Fact or Fantasy?
Joint Lecture with Zeneca & RSC

Dr G. Resnati, Milan
Perfluorinated Oxaziridines: Mild Yet Powerful Oxidising
Agents
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November 18

November 19

November 20
November 27
December 3

December 4

December 11

1997

January 15

January 16

January 21

January 22

Professor G. A. Olah, University of Southern California, USA
Crossing Conventional Lines in my Chemistry of the Elements

Professor R. E. Grigg, University of Leeds
Assembly of Complex Molecules by Palladium-Catalysed
Queueing Processes

Professor J. Earnshaw, Deptartment of Physics, Belfast
Surface Light Scattering: Ripples and Relaxation

Dr Richard Templer, Imperial College, London
Molecular Tubes and Sponges

Professor D. Phillips, Imperial College, London
“A Little Light Relief" -

Professor K. Muller-Dethlefs, York University
Chemical Applications of Very High Resolution ZEKE
Photoelectron Spectroscopy ~

Dr Chris Richards, Cardiff University
Sterochemical Games with Metallocenes

Dr V. K. Aggarwal, University of Sheffield
Sulfur Mediated Asymmetric Synthesis

Dr Sally Brooker, University of Otago, NZ
Macrocycles: Exciting yet Controlled Thiolate Coordination
Chemistry

Mr D. Rudge, Zeneca Pharmaceuticals
High Speed Automation of Chemical Reactions

Dr Neil Cooley, BP Chemicals, Sunbury

January 29

February 4

February 5
February 12
February 18

February 19

February 25

February 26
March 4

March 5

Synthesis and Properties of Alternating Polyketones

Dr Julian Clarke, UMIST
What can we learn about polymers and biopolymers from
computer-generated nanosecond movie-clips?

Dr A. J. Banister, University of Durham
From Runways to Non-metallic Metals - A New Chemistry
Based on Sulphur

Dr A. Haynes, University of Sheffield
Mechanism in Homogeneous Catalytic Carbonylation

Dr Geert-Jan Boons, University of Birmingham
New Developments in Carbohydrate Chemistry

Professor Sir James Black, Foundation/King's College London
My Dialogues with Medicinal Chemists

Professor Brian Hayden, University of Southampton
The Dynamics of Dissociation at Surfaces and Fuel Cell
Catalysts

Professor A. G. Sykes, University of Newcastle
The Synthesis, Structures and Properties of Blue Copper
Proteins

Dr Tony Ryan, UMIST
Making Hairpins from Rings and Chains

Professor C. W. Rees, Imperial College
Some Very Heterocyclic Chemistry

Dr J. Staunton FRS, Cambridge University
Tinkering with biosynthesis: towards a new generation of
antibiotics
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March I

March 19

1997

October 8

October 15

October 21

October 22

October 23

October 29

October 28

November 5

Dr A. D. Taylor, ISIS Facility, Rutherford Appleton Laboratory
Expanding the Frontiers of Neutron Scattering

Dr Katharine Reid, University of Nottingham
Probing Dynamical Processes with Photoelectrons

Professor E Atkins, Department of Physics, University of
Bristol

Advances in the control of architecture for polyamides: from
nylons to genetically engineered silks to monodisperse
oligoamides

Dr R M Ormerod, Department of Chemistry, Keele University
Studying catalysts in action

Professor A F Johnson, IRC, Leeds
Reactive processing of polymers: science and technology

Professor R J Puddephatt (RSC Endowed Lecture), University of
Western Ontario
Organoplatinum chemistry and catalysis

Professor M R Bryce, University of Durham, Inaugural Lecture
New Tetrathiafulvalene Derivatives in Molecular, ‘
Supramolecular and Macromolecular Chemistry: controlling the
electronic properties of organic solids

Professor R Peacock, University of Glasgow
Probing chirality with circular dichroism

Professor A P de Silva, The Queen's University, Belfast
Luminescent signalling systems".

Dr M Hii, Oxford University

November 11

November 12

November 19

November 20

November 25

November 26

December 2

December 3

December 10

December 10

Studies of the Heck reaction

Professor V Gibson, Imperial College, London
Metallocene polymerisation

Dr J Frey, Department of Chemistry, Southampton University
Spectroscopy of liquid interfaces: from bio-organic chemistry to
atmospheric chemistry

Dr G Morris, Department of Chemistry, Manchester Univ.
Pulsed field gradient NMR techniques: Good news for the Lazy
and DOSY

Dr L Spiccia, Monash University, Melbourne, Australia
Polynuclear metal complexes

Dr R Withnall, University of Greenwich
Illuminated molecules and manuscripts

Professor R W Richards, University of Durham, Inaugural
Lecture
A random walk in polymer science

Dr C J Ludman, Univérsity of Durham
Explosions a

Professor A P Davis, Department. of Chemistry, Trinity
College Dublin.
Steroid-based frameworks for supramolecular chemistry

Sir G Higginson, former Professor of Engineering in Durham
and retired Vice-Chancellor of Southampton Univ.
1981 and all that.

Professor M Page, Department of Chemistry, University of
Huddersfield
The mechanism and inhibition of beta-lactamases
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October 27

1998

January 14

January 20

January 21

January 27

January 28

February 3

February 4

February 11

February 17

February 18

Professor W Roper FRS. University of Auckland, New Zealand

Professor D Andrews, University of East Anglia
Energy transfer and optical harmonics in molecular systems

Professor J Brooke, University of Lancaster
What's in a formula? Some chemical controversies of the 19th
century

Professor D Cardin, University of Reading

Professor R Jordan, Dept. of Chemistry, Univ. of lowa, USA.
Cationic transition metal and main group metal alkyl complexes

“in olefin polymerisation

Dr S Rannard, Courtaulds Coatings (Coventry)
The synthesis of dendrimers using highly selective chemical
reactions

Dr J Beacham, ICI Technology
The chemical industry in the 2{st century

Professor P Fowler, Department of Cﬁemistry, Exeter
University

Classical and non-classical fullerenes

Professor J Murphy, Dept of Chemistry, Strathclyde University
Dr S Topham, ICI Chemicals and Polymers

Perception of environmental risk; The River Tees, two different

rivers

Professor G Hancock, Oxford University

February 24

February 25

March 4

March 11

March 17

March 18

Surprises in the photochemistry of tropospheric ozone

Professor R Ramage, University of Edinburgh
The synthesis and folding of proteins

Dr C Jones, Swansea University
Low coordination arsenic and antimony chemistry

Professor T C B McLeish, IRC of Polymer Science
Technology, Leeds University

The polymer physics of pyjama bottoms (or the novel
rheological characterisation of long branching in entangled
macromolecules)

Professor M J Cook, Dept of Chemistry, UEA
How to make phthalocyanine films and what to do with them.

Professor V Rotello, University of Massachusetts, Amherst
The interplay of recognition & redox processes - from
flavoenzymes to devices

Dr J Evans, Oxford University
Materials which contract on heating (from shrinking ceramics to
bullet proof vests
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A. 3.1 PUBLICATIONS

Part of the work presented in this thesis has been reported in the following
publications.

1. D. E. John, A. J. Moore, M. R. Bryce, A. S. Batsanov, and J. A. K. Howard,

Synthesis, 1998, 826.

2. D. E. John, M. R. Bryce, A. S. Batsanov, and J. A. K. Howard, Adv. Mater.,
1998, 16, 1360.




