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Using a range of functionalised tetrathiafulvalene (l i t ) derivatives, developed 
at Durham, the first examples of covalently linked TTF-ferrocene systems have been 
prepared. The redox properties of these molecules, as studied by cyclic voltammetry, 
provide evidence that these species are efficient Ji-electron donors. 

Highly reactive 1,3-dithiole Wittig and Wittig-Horner reagents have been used 
in the synthesis of complex mixed redox-active systems containing ferrocenyl units. A 
series of [3]- and [4]-dendralenes has also been developed from this synthetic 
methodology. Cyclic voltammetry shows that tri- and tetracationic states can be 
achieved with these systems at relatively low potentials. 

The potential for vinyl-TIF compounds to undergo [4+2] cycloaddition has 
been investigated for the first time. The peripheral C=C unit of TTF, together with the 
adjacent vinylic substituent, is able to act as the diene functionality in Diels-Alder 
reactions. Remarkably, the fl-delocalisation within the TTF moieties is readily disrupted 
by the addition of strong dienophiles. 

The reactivity of lithiated TTF towards aldehydes and ketones has established 
an array of hydroxy-functionalised TTF, bis-TTF and TTF-ferrocene derivatives. The 
conducting and magnetic properties of the chloranil charge transfer salt of one of these 
species is also reported. 
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CHAPTER 1 
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INTRODUCTION 

1.1 ORGANIC M E T A L S 

1.1.1 INTRODUCTION 

The possibility for organic materials to exhibit conductivity was first suggested 
towards the beginning of this century. ' Supported by the ability to produce an infinite 
number of suitable candidates, organic metals are arguably more versatile than their 
inorganic counterparts. Due to the nature of organic chemistry, such compounds can be 
modified via molecular fine tuning to yield materials with a range of conductivity 
values; there is also the possibility of incorporating other components into the molecule 
to provide, for example, optical or magnetic properties. However, the majority of 
organic compounds are insulators, and inorganic species massively dominate the field 
of higher temperature superconducting materials. 

Much of the recent work has revolved around different groups of organic 
conductors: those based upon charge-transfer complexes, conjugated polymers, 
graphite and its related compounds, as well as organometallic species. This thesis is 
concerned with the synthesis of new electron donors for the purpose of forming 
charge-transfer salts (CT salts). 

1.1.2 H I S T O R I C A L BACKGROUND 

The first organic conducting material (a r t = ca.lScm"1), an unstable perylene-
bromine salt, was reported in 1954 by Japanese workers. Previously, in 1911, 
superconductivity was first recognised in the metal mercury;4 in the same year it was 
predicted that metallic behaviour in a material composed of non-metallic elements could 
be a possibility.1 It was thus 62 years later that the prospect of a 'synthetic metal' 
became reality, when Ferraris and co-workers6 reported that the CT salt of 
tetrathiafulvalene (TTF) 1 and tetracyano-p-quinodimethane (TCNQ) 2 - TTF + -
TCNQ"" showed a room temperature conductivity value of 500 Scm"1. 
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1.1.3 TTF-TCNO 

During the 1960s a number of CT salts were prepared using TCNQ as the 
electron acceptor:6 at best these materials were organic semi-conductors. This changed, 
however, soon after the first published synthesis of TTF 1 by Wudl et al. in 1970. 

CN NC 

NC CN 

1 2 

Me,N NMe 2 X 
Me 2 N NMe 2 

3 

The preparation of TTF 1 was developed by Wudl for the purpose of producing 
a better reducing agent than tetrakis(dimethylamino)ethylene 3. Although TTF is a 
poorer donor than molecule 3 (probably due to the stronger electron-withdrawing effect 
of the sulfur atoms over the nitrogen atoms, with respect to the central double bond), 
the former affords radical cations that are much more stable than those derived from 
structure 3. 

The electrochemistry of TTF shows two reversible oxidations (Figure 1.1), the 
first at E 1 / 2 = +0.34V followed by a second at E 1 / 2 = +0.7 IV, due to sequential 
formation of cation radical and dication species (Figure 1.2). 



E/V 

Figure 1.1: Cyclic VoUamrnogram of Telrathiafulvalcne. Pt working electrode, Pt gauze 
counter electrode, Ag/AgCl reference electrode, 0.2 mol dm" 3 Bu l4N+PF6", 10"4 mol 

dm' 3 TTF 1 in dry acetonitrile, under argon at 20°C, with iR compensation. 

C>-0 +e +e 
+0.71V +0.34V 

Figure 1.2: Redox Behaviour of TTF 



Despite the emergence of this interesting new electron donor, TTF was not 
reported to be complcxed with TCNQ until 1973. The crystal structure of TTF-
T C N Q 8 , 9 (Figure 1.3) shows 1:1 stoichiometry, with TTF radical cations and TCNQ 
radical anions aligned in interlocking, segregated slacks. 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 1.3: X-Ray Crystal Structure of TTF-TCNQ 

Charge transfer within the complex is incomplete, based upon infra-red and 
diffuse X-ray scattering techniques1 . Statistically, only 0.59 electrons are transferred 
from each TTF molecule to a corresponding TCNQ unit. Subsequently, the formation 
of partially filled electron bands gives rise to metallic conductivity within both stacks. 
Other factors arc also thought to favour high conductivity of the TTF-TCNQ salt: both 
the TTF and TCNQ molecules arc of a similar size, possess a high degree of symmetry 
(D2I1), and are planar, exhibiting good 7t-delocalisalion. Furthermore, the regular 'ring 
over bond' overlap results in extensive 7t-intcraction along the columns. 
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1.1.4 PHYSICAL REQUIREMENTS FOR CONDUCTIVITY 

Conduction in materials arises from the movement of ions or electrons, with the 
latter dominating in most cases. It is the valence electrons which are responsible for 
electron conduction, and not those from the inner core shells. The valence electrons 
arise from the highest occupied molecular orbital (HOMO), and it is the mobility of 
these electrons through the solid that determines how effective the conduction is. 

If we consider sodium as an example for metallic conductivity, the valence band 
arising from the 3s orbitals is only half full, because there is only one electron available 
per atom. With this resulting partially filled band (Figure 1.4a), on excitation the 
electrons close to the Fermi energy level (Ef - the energy state corresponding to the 
highest occupied level) can easily jump into the conductance band, the lowest 
unoccupied molecular orbital (LUMO), thus causing conduction. 

Ef 

• conductance 
band (empty) 

valence 
band (full) 

(a) (b) (c) (d) 

Figure 1.4: Band structures of (a) a metal, (b) a semi-metal, 
(c) a semiconductor, and (d) an insulator. 

With the abcaline earth metals the s band is full (a closed shell state), but there is 
an overall sp band overlap allowing good conduction (Figure 1.4b). This conductance, 
however, is reduced compared to Figure 1.4a, since there is a low population of 
electrons at die Fermi level. 

In some cases sp band overlap will not arise, but i f the energy gap (Eg) between 
the bands is sufficiently small then some electrons will be able to jump into the empty 



conductance band (Figure 1.4c). This process occurs with semi-conducting materials 

(e.g. Si, Eg=l.leV). 
With other species, Eg is too large for the efficient movement of electrons, and 

this gives rise to insulators (e.g. diamond, NaCl, Eg>4eV) (Figure 1.4d). 
The effect of temperature is an important factor for these materials. In the case 

of metals, as temperature decreases, crystallinity increases with a reduction in lattice 
vibrations. This results in more efficient intermolecular overlap, and conductivity will 
increase. 

With semi-conductors and insulators, increasing the temperature induces a 
Boltzmann-type factor: 

where n is the number of charge carriers, and these will increase if Eg is not 
greater than kT. Subsequently, in this case conductivity increases with temperature due 
to thermal excitation. 

1.1.5 CONDUCTION IN M O L E C U L A R SOLIDS AND T H E BASIS O F 
S U P E R C O N D U C T I V I T Y 

If a large number of atoms or molecules congregate to form a polymeric chain 
or crystalline solid, whose atomic or molecular orbitals provide sufficient interaction or 
mixing, then an energy gap may form. 

For a simple electron rich neutral species, e.g. ethylene, the resulting band gap 
between HOMO and LUMO will decrease as more molecules interact (Figure 1.5). 

In an ideal situation where an infinite number of molecules actively participate in 
molecular orbital overlap, the resulting band gap may be small enough to give rise to a 
semi-conducting or semi-metallic state. 

Conducting CT complexes can be either single-chain conductors (where the 
anion is a closed-shell species, e.g. CI", PF6~), or two-chain conductors (e.g. TTF + -
TCNQ" ). In each case, however, the complex contains stacks of open-shell radical 
moieties, which form partially filled bands capable of one-dimensional (anisotropic) 
conductivity. Up to this point band theory can be used to explain adequately the 
behaviour of conducting materials. The question remains, however, as to how a 
'metallic' species can transgress to a superconducting state. 



7t* 

LUMO 

Band Gap 

71 

HOMO 

2A nA 

Figure 1.5: MO diagram showing the formation of electronic bands arising from 
a chain of molecules. 

The theory of superconductivity (electrical current flowing with zero 
resistance), was first postulated in 1957 by Bardeen, Cooper, and Schrieffer, and is 
thought to be governed by the highly coordinated motion of electron pairs (Cooper 
pairs). Both electrons of a Cooper pair move at the same speed in opposite directions, 
and their properties are sufficiendy different from normal electrons to be classed as an 
entirely different type of particle. 

As mobile valence electrons travel through the lattice of a material, an attraction 
with the positive ions in the structure may lead to a ripple or distortion in the lattice. 
Thus, as an electron passes through a region, a cluster of positive ions will form at the 
point of nearest contact. Because the electron moves faster than the rate of vibrational 
motion will allow the positive species to relax to their normal state, a temporary zone of 
net positive charge is generated. Subsequently, a second electron can be attracted into 
the system, and a Cooper pair is formed. 



Electrical resistance, produced by the scattering of mobile electrons, is a result 
of imperfections and thermal vibrations within the atomic lattice. Resistivity, therefore, 
would be zero at OK for a perfect regular metallic lattice, since there is no vibrational 
energy present in the lattice for the scattering of electrons. Once the temperature rises 
above absolute zero, a small amount of energy is sufficient to cause scattering and 
subsequent resistivity. 

In superconducting materials, however, once the formation of Cooper pairs is 
achieved, the highly coordinated electrons acquire a unique net momentum. For this net 
momentum to be broken down, and hence produce scattering, much more energy is 
required than the binding energy of the Cooper electrons. In addition, due to the 
synchronisation of the Cooper pairs, a change of state in the momentum of one pair 
would require a similar change in the states of all other pairs as well. For this reason, 
superconductivity can remain at elevated temperatures since the energy needed to alter 
the momentum of Cooper pairs far exceeds the vibrational energy present in the lattice 
at low temperatures. 

1.1.6 P E I E R L S DISTORTION IN ORGANIC M E T A L S 

13 
The behaviour of anisotropic organic metals was considered by Frohlich and 
14 

Peierls, who predicted that at low temperature a quasi-one-dimensional metal could 
not support long-range order, and would be unstable to lattice distortions. 

As stated in Section 1.1.5, a stack of open-shell radicals can form a half-filled 
band, which in turn gives rise to conduction. In the presence of radicals, however, 
there is always some electronic driving force for dimerisation, and at a critical 
temperature spin pairing may occur. In consequence, a band gap (known as the Peierls 
gap) wil l emerge, separating the bonding and anti-bonding energy levels. Metallic 
conduction, therefore, will be reduced to a semi-conducting or insulating state. 

Parallel to this scenario is the formation of a charge density wave (CDW). As 
dimerisation takes place, the conducting chain becomes contracted at the points where 
two radical entities come together, and stretched in the regions they have vacated. This 
results in alternating zones of high and low charge density, forming a charge density 
wave. In conjunction with the creation of a band gap this phenomenon is known as the 
Peierls distortion and is restricted to one-dimensional conducting systems - in a two or 
three-dimensional system lattice rearrangement of this order would be very difficult to 
simulate. 

Over the past 20 years variable temperature experiments have proved this theory 
to be correct; as an example TTF-TCNQ exhibits Peierls distortion below 4 0 K , 1 5 

where the complex is reduced to an insulating state. 
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1.1.7 TOWARDS T H E I D E A L ORGANIC M E T A L 

The key features of highly conducting organic CT materials have been briefly 
discussed. A more detailed account of the design constraints for organic metals and 
superconductors has been provided by Cowan 1 6 . In summary, the guidelines for 
obtaining successful conducting CT salts are as follows: 

1. Stable open-shell free radical components which form partially filled bands. 
Alternatively, orbital overlap between neutral molecular species should be sufficient to 
give increased bandwidths with a substantially reduced HOMO-LUMO energy gap. 

2. Planar molecules with delocalised Tt-molecular orbitals to aid effective overlap, and 

hence band formation. 

3. Inhomogeneous charge and spin distribution to compensate for the repulsion of like 
charged species in any one stack. 

4. Segregated stacks of radical species, since alternating donor-acceptor stacks wil l 
contain filled HOMO and empty LUMO bands with large energy gaps. 

5. An aversion to Peierls distortion. 

6. Little or no disorder in the structure which would otherwise lead to localised wave 
functions. 

7. Donor and acceptor molecules of the same size. It is postulated that this, as well as 
other factors, contribute to the successful growth of well ordered single crystals of the 
complex. (N.B. There are several exceptions to this guideline). 

8. Fractional charge transfer which can minimise Coulombic repulsion. 

9. Strong interchain coupling to suppress the formation of a CDW. 

10. A divalent cation and/or anion giving highly polarizable components, also helps to 
reduce Coulombic repulsion. 
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1.1.8 C O N D U C T I N G C T M A T E R I A L S B A S E D U P O N 
C H A L C O G E N A T E D F U L V A L E N E S AS f l -DONORS 

Since its first synthesis in 1970, TTF has initiated the birth of many analogous 
7t-donor molecules. Although not in chronological order, a brief overview of these 
systems is presented, with respect to increasing complexity of the structures. 

1.1.8.1 ANALOGOUS C O R E - T T F ' DONORS 

The substitution of sulfur by other chalcogens has been successfully achieved. 
17 

Although the syntheses of both tetraselenafulvalene (TSF, 4) and tetratellurafulvalene 
18 

(TTeF, 5) are more chemically demanding than for TTF, the resulting fulvalenes 
exhibit higher conductivity values on complexation with TCNQ. Indeed, room 
temperature conductivity values for the TCNQ complexes are 700-800 Son"1 for TSF, 
and 2200 Scm"1 for TTeF (c.f. a r t = 500 Scm' 1 for TTF-TCNQ). The gain in 
conductivity has been attributed to an enhancement in intrastack ^-interactions within 
the donor regions. This in turn is facilitated by the increasingly diffuse p and d orbitals 
of the selenium and tellurium atoms, leading to improved 7U-delocalisation throughout 
the molecule. 

Extending the a-bond framework of these donors with methyl groups has 
provided the compounds tetramethyl-TTF (TMTTF, 6 ) , 1 9 and tetramethyl-TSF 
(TMTSF, 7 ) . z u Tetramethyl-TTeF is still unknown. 

Although molecule 6 gave the first example of metallic behaviour with 
acceptors 2 1 (tetrahalo-/?-benzoquinones) other than TCNQ, the salts of donor 7 
aroused more interest in the field of organic conducting materials. By varying the 
anion, salts of the general formula (TMTSF)2X were formed (e.g. where X = PF 6 , 
AsF6", FS0 3 \ Re0 4\ and C104"), known as the Bechgaard salts. 

R R 

x x-"\ R R 

4TSF,X = Se,R = H 
5 TTeF, X = Te, R = H 
6 TMTTF, X = S, R = Me 
7TMTSF,X = Se,R = Me 



These salts display metal-insulator transitions between 10 and 200K. Under 
hydrostatic pressure, however, (TMTSF) 2

+ PF6" became the first organic 
superconductor at 0.9K, 12kbar. 2 2 a Under similar conditions, superconductivity was 
recorded with the remaining Bechgaard salts. One notable exception was the C104* salt, 
which proved to be a superconductor under ambient pressure at 1.4K.22b 

The X-ray crystal structure of (TMTSF) 2

+ Br0 4" can be seen in Figure 1.6.23 

The donor molecules are essentially planar and are stacked in a ring-over-bond fashion. 
The most striking aspect of the donor columns is that both interstack and intrastack Se— 
-Se distances are very similar. This gives rise to two-dimensionality, rather than the 
one-dimensionality of TTF-TCNQ, with the advantage that Peierls distortion is more 
likely to be suppressed. The formation of a three-dimensional array is foiled by the 
presence of the Br0 4 anions. 

D 2=3.58 

d7=3.912 

D i=3.59 
I 

d3=3.839 

d8=3.946 

d i =3.988 ai=J.y8H 

do=3.841 
dd=4.093 

d7=3.912 

B r Q 

Figure 1.6: X-ray structure of (TMTSF) 2

+ Br0 4". Interstack Se—Se distances are 

shown on the left, whilst the intrastack distances are on the right. 
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The hexamethylene derivatives 8 (HMTTF), 9 (HMTSF), and 10 
(HMTTeF) 2 6 have also been prepared. The conducting behaviour of the CT salts 
derived from these donors is inferior, compared to the related tetramethyl derivatives. 

27 
HMTSF-TCNQ, however, retains its metallic character down to <1K. This is 
probably due to increased dimensionality resulting from close interstack Se—N 
contacts. 

Another possible reason for the failure of the hexamethylene derivatives 8-10 
to match up to the tetramethyl donors 6 and 7, is the loss in planarity of the former, due 
to the incorporation of the methylene bridges, although consideration of salts derived 
from the donor bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) 11, suggests that this 
is not the only reason. 

After the first synthesis of BEDT-TTF in 1977, many salts were prepared 
from this new exciting donor with impressive results. Indeed, the majority of known 
ambient pressure superconductors are salts of BEDT-TTF; together with the 
Bechgaard salts they are the most commonly studied chalcogen-based rc-donor 
materials. A selection of complexes has been tabulated, and are shown in Table 1.1. 

OCXD 
8 HMTTF, X = S 
9 HMTSF, X = Se 
10 HMTTeF, X = Te 

11 BEDT-TTF 
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C T C O M P L E X C O N D U C T I V I T Y P R E S S U R E REFERENCE 

(BEDT-TTF)2C104 

(1,1,2-trichloroethane)o 5 

Metallic conductivity 
298-1.4K 

30 

P-(BEDT-TTF) 2 l3 T c 1.4K 

T C 8 K 

Ambient 

Anisotropic 

31 

32 

(BEDT-TTF)2Re04 T c 1.4K 4kbar 33 

(BEDT-TTF)2lBr2 T c 2.6K Ambient 34 

K-(BEDT-TTF) 2 CU(SCN)2 T c 10.4K Ambient 35 

K-(BEDT-T1F) 2 -

Cu[N(CN)2]Br 

T c 11.6K Ambient 36 

K-(BEDT-1TF) 2 -

Cu[N(CN)2]Cl 

T c 12.5K 0.3kbar 37 

(BEDO-'lTF) 2.4l3 Organic Metal 
a r t = lOO^OScm-1 

Ambient 38 

(BEDO-rrF)3Cu 2 (NCS)3 T c 12.5K Ambient 39 

Table 1.1: Conductivity values of sample BEDT-TTF - type complexes, where T c is the 

critical temperature at which the material undergoes the transition into a 

superconducting state. 

In the case of (BEDT-11 h)2C104( 1,1,2-trichloroethane)0 5 metallic conductivity 

is retained over a large temperature range; by tailoring the anion of the CT salts, the 

onset of superconductivity is observed over the range 1.4-12.5K, both at elevated and 

ambient pressures. 

Substitution of two of the peripheral sulphur atoms with oxygen afforded the 
new donor BEDO-TTF 12. The subsequent CT complex (BEDO-TTF)3Cu2(NCS)3, 
although inferior to the BEDT-TTF salts, became the first superconductor in this class 
to contain oxygen. 
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O 0 C XxX J 
0 O 

12 BEDO-TTF 

With the Bechgaard salts in mind, it is surprising that no complexes of donors 
B E D S - T S F 4 0 , 4 1 13 and BEDS-TTF 4 2 14 exhibit superconducting properties. In 
particular, the salts (BEDS-TTF)2I3 and (BEDT-TTF)2I3 are isostructural, with only the 
latter showing superconductivity, both at ambient and applied pressures. 

Clearly there is a subtle difference between the structures of the Bechgaard salts 
and those of the BEDT-family, notably a deviation in the latter series from one of the 
guidelines previously outlined by Cowan 1 6 (Section 1.1.7). The non-planarity of the 
donor molecule BEDT-TTF, together with the large thermal vibration of the peripheral 
ethylene bridges, hinders the formation of good rc-overlap within face-to-face columnar 
donor stacks. As indicated from the values given in Table 1.1, however, 
superconductivity is still observed in these complexes despite this situation. 

The best example of this new type of assembly is seen in the X-ray 
crystallographic structure of the salt K-(BEDT-TTF)2Cu[N(CN)2]Br, Figure 1.7.42 

Se S e ^ S e Se Se Se 

Se 

13 BEDS-TSF 14 BEDS-TTF 
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CP LP 

(a 

r 
Br 

Cu Nl 
NO N2' 

C11 

C12 N2 

1 1 
(b) 

Figure 1.7: X-ray crystal structure of K-(BEDT-TTF)2CulN(CN)2]Br 

Figure 1.7(a) shows the formation of orthogonal BEDT-TTF dimers (K-
packing), with close inlet molecular S---S contacts shorter than 3.6t)A. Forming a 
highly ordered conducting three-dimensional S—S network, the material is able to 
support superconductivity at higher temperatures than seen previously. Indeed, the salt 
(BEDT-TTF) 2 I , forms four different types of stoichciomclric phases - termed a, (3, 9, 
and K - of which the latter three arc superconductors. • The anions of these salts 
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also play an important role. As seen in Figure 1.7(b), insulating linear V-shaped 

polymeric chains result with the anion; it has been suggested that increasing anion 
44 

length is responsible for the increase in T c of the BEDT-TTF salts. This can clearly 

be seen on inspection of Table 1.1. 
In summary, organic-based superconductors can now be synthesised without 

relying upon the formation of segregated donor/acceptor stacks. More recently, it has 
become a major challenge to produce further (3, 6, or K-type CT salts. 

45 
Other K-type dimer structures include (BMDT-TTF) 2Au(CN) 2 , (MDT-

T T F ) 2 A u I 2 , 4 6 ' 4 7 and (DMET) 2 AuBr 2 , 4 8 derived from the donors 15, 16, and 17, 
respectively. The above species provide evidence that a symmetrical donor is not 

necessary for superconductivity. Indeed, both MDT-TTF and DMET provide 

superconducting salts, whilst the parent symmetrical donors of the former (TTF and 

BMDT-TTF) yield, at best, only metallic CT materials. 

>XxX> <!>=< 
15 BMDT-TTF 16 MDT-TTF 

17 DMET 

It is worth noting that extending the 7t-orbital system, by fusing benzo-rings to 
the fulvalene framework, does not afford particularly interesting donors. 
Dibenzotetrathiafulvalene (DBTTF, 18) forms highly conducting CT materials [e.g. 
(DBTTF) 8 (SnCl 6 ) 3 ] , 5 0 ' 5 1 but on the whole is a poor comparison to the Bechgaard and 
BEDT-TTF salts. 
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oxo 
18 DBTTF 

As a summary, the variable temperature conductivity values of selected organic 
materials arc shown in Figure 1.8. In direct comparison with the more commonly 
known conducting materials - copper metal and doped polyacetylene - one can clearly 
see the Peicrls transitions of (TMTSF)2PF6 and TTF-TCNQ, as well as the shifts into 
superconducting states of the salt (TMTSF)2C104. 

Conductivity/S cm - 1 

1 0 « 

1 0 6 %. (TMISFg CIO 
Polyacetylene 

1 0 * 

Ni(Pc)l 
102 

(TMTSFtfPF 6 

TTF-TCNQ 

1 0 - 2 

Temperature/K 
1 0 102 1 1Q3 

I I 

Figure 1.8: Variable temperature conductivity values at ambient pressure for a range of 
highly conducting materials. 
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1.1.8.2 T H E INTRODUCTION OF SPACER GROUPS B E T W E E N T H E 
1.3-DITHIOLE RING SYSTEMS OF T T F D E R I V A T I V E S 

The concept behind the synthesis of vinylogous derivatives of TTF is 
minimisation of the intramolecular Coulombic repulsion of the dication state, via 
increased separation of the 1,3-dithiole rings. 

In 1983, Yoshida et al prepared the donor molecules ethanediylidene-2,2'-
bis(l ,3-dithiole) 5 3 19, and l,4-butenediylidene-2,2'-bis( 1,3-dithiole) 5 4 20. The 
redox behaviour of these compounds, and the related dibenzo analogues 2 1 5 5

 a nd 
22 5 2 , have been elucidated by cyclic voltammetry and can be seen in Table 1.2. 

In comparison with TTF 1 and DBTTF 18, donors 19 and 21 display 
substantially lower first and second oxidation potentials; the difference between the two 
redox waves, E^-Ej, is also reduced in the vinylogues. This proves, therefore, that the 
insertion of Csp2-derived spacer groups into the central bond of TTF systems, 
suppresses Coulombic repulsion and promotes the formation of the dication state at 
lower applied potentials. 

The incorporation of a second pair of Csp2 atoms into the spacer region does 
not correlate to a further reduction in redox values, but induces the 1,3-dithiole rings to 
act independently of each other. In both cases, a single two-electron oxidation is 
observed for molecules 20 and 22 (0.22V and 0.47V, respectively). 

Similar results are also seen with donors 23 (independently synthesised by 
three different g r o u p s ) , 5 6 ' 5 8 and 2 4 . 5 8 Although BEDT-TTF 11 forms 
superconducting salts, it is a weaker donor than TTF. The vinylogous derivative 23, 
however, displays reduced redox potentials comparable to TTF but with a much lower 
AE value. The same also applies to molecule 24, which is the first vinylogous donor of 
its type to be characterised by X-ray crystallography 5 8 Donor 24 is essentially planar 
with a small amount of puckering at the ethylene bridge. This arrangement is in slight 
contrast to the non-planar structure of BEDT-TTF 11 which exhibits a bowing in the 
TTF portion of the molecule, and can be seen in Figure 1.9. 
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20 19 

a: 
22 21 

Me 

Me 24 23 

DONOR E 2 /V (E 2 -E 1 ) /V 
1 TTF a 0.34 0.71 0.37 

19a 0.20 0.36 0.16 
20 a 0.22 --- — 

18 DBTTF a 0.61 0.93 0.32 
21 a 0.47 0.64 0.17 
22 a 0.47 --- — 

1 T T F b 0.34 0.78 0.44 
11 BEDT-TTF b 0.59 0.99 0.40 

23 b 0.48 0.71 0.23 
24 b 0.36 0.62 0.26 
25 b 0.43 — — 

27 b 0.14 

Table 1.2: Cyclic voltammetric data for TTF 1, DBTTF 18, BEDT-TTF 11, and 
donors 19-25. Pt electrode vs. Ag/AgCl, supporting electrolyte EuNClC^O.lM, 

20°C, in (a) CH2C12, (b) CH 3CN. 
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s 

a) 

(b) 

Figure 1.9: Molecular structures of donors (a) BEDT-TTF 11 and (b) molecule 24. 

The molecular structures of vinylogous compounds 25 , 5 9 and 26 6 ^ have also 
been solved. Both compounds are isostructural and stack uniform ally with several 
intermolecular S—S(Se) contacts close to the sum of the van der Waals radii (Figure 
1.10a). 

MeS 
XMe 

MeS 
XMe 

25X = S 
26 X = Se 



Donor 25 forms a 1:1 CT salt with TCNQ (Figure 1.10b), and in its oxidised 
stale adopts a totally different conformation from its neutral structure. The radical cation 
(Figure 1.10c) is non-planar with respect to the 1,3-dithiole units showing a dihedral 
angle of ca. 19" between the two llve-mcmbcrcd rings. Unfortunately, the 1:1 complex 
has a mixed-stack structure which leads to low conductivity; the formation and 
subsequent properties of the vinylogous TTF-TCNQ salts, on the whole, have been 
rather disappointing. 

* \ 7 

Figure 1.10a: X-ray crystal structure of neutral donor 25. 

Figure I . l()b: X-ray crystal structure of a 1:1 complex of compound 25 and TCNQ, 
viewed down the long axes of the molecules. 



Figure 1.10c: Structure of the cation radical 25* in the TCNQ complex. 

The insertion of aromatic rings between the 1,3-dithiole rings has also been the 
subject of recent work . 6 1 In contrast to the flexible structures of vinylogous 
derivatives, these systems provide more rigid molecules, for the successful formation 
of crystalline organic conductors/^ 

One of the most interesting donors in this series is molecule 2 7 / ^ studied in 
our laboratory. 

Me Me 

W 

I I 
t 

27 

Me Me 
From Table 1.2 we can deduce that the anthracene spacer group facilitates a 

simultaneous two-electron oxidation to the dicalion stale. The oxidation occurs at 



+0.34V and is not cleanly reversible, however, reduction of the dication can be delected 
at +0.07V. 

Donor 27 forms a highly conducting 1:4 complex with TCNQ. 6 4 The X-ray 
crystal structures of both the neutral donor and the TCNQ complex are shown in Figure 
1.11. 

In the neutral state, the donor molecule adopts a •butterfly' configuration 
[Figure 1.11(a)]. On translation to the dicalion slate in the 1:4 TCNQ complex [Figure 
1.11(b)], the 1,3-diihiolium cations become twisted, and are almost orthogonal to the 
planar anthracene ring with dihedral angles of 86°. The salt is most unusual because it 
is the first semi-metallic TCNQ complex based on TTF which adopts such a non-planar 
conformation. The room temperature conductivity of the 1:4 complex is 60Scnr !, and 
varies only slightly upon cooling to ca. 90K. Below this temperature, Peierls distortion 
rapidly predominates with conductivity becoming negligible at ca. 40K. 

a) 

I 

/ a 
b 

Figure 1.11: X-ray crystal structure of (a) neutral donor molecule 27 and (b) the 1:4 
TCNQ complex. 



1.2 MOLECULAR-BASED MAGNETS 

1.2.1 THE PRINCIPLE OF MOMENTS 

Virtually every household in the UK will contain at least one magnetic material 
in frequent use. Applications of magnets are found in motors and generators, magneto-
mechanical equipment (medical implants, frictionless bearings), acoustic devices 
(loudspeakers, microphones), and information technology (sensors, switches, 
magnetic resonance imaging, computer hardware/software).65 

As discussed in Section 1.1.4, there are several different types of conducting 
materials (superconductors, metals, semiconductors, etc.). Similarly, a material can be 
classified in terms of magnetism, by examining its behaviour in the presence of a 
magnetic field. Al l substances exhibit a magnetic moment, M , upon application of a 
magnetic field, H, such that M=^H, where % is the magnetic susceptibility - the degree 

to which a material responds to the field. Magnetic behaviour arises from the intrinsic 
spin of an electron, since every electron has a minute magnetic moment. The interaction 
and comparison with other electron spins on adjacent atoms or molecules is an 
extremely important factor. 

In a closed-shell species each orbital will contain paired electrons with anti-
parallel spins, resulting in zero net spin. The overall magnetic moment, therefore, will 
also be nil. This situation gives rise to a diamagnet (Figure 1.12a), where magnetic 
susceptibility is actually at a negative value. 

In an open-shell species containing at least one odd electron per atom/molecule, 
the bulk electron spins may form into a random arrangement. Inevitably, there will be 
some net spin which leads to a weak magnetic moment. Such a material is a paramagnet 
(Figure 1.12b). 

At sufficiently low temperatures the spins may approach closely enough for 
inter- or intra-atomic/molecular spin interaction to take place. Subsequent spin 
alignment can then take place in three different ways: 
(i) An antiferromagnet will have spins which oppose (Figure 1.12c). 
(ii) Aferrimagnetic material will have antiferromagnetic ordering, but the number of 
spins on neighbouring sites wil l be variable (Figure 1.12d). This results in a low 
magnetic moment 

(iii) A true ferromagnet (Figure 1.12e) will have spins perfectly aligned in parallel 
fashion throughout the bulk material. A high value of magnetic moment will be seen in 
the absence of an applied field. Ferromagnetic coupling is observed when certain 
materials transpose to a ferromagnetic state on induction of a low magnetic field. 
Similarly, a metamagnet acts as a more impulsive switch from antiferromagnetism to a 
ferromagnetic state on application of a comparably higher field. 
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tl tl tl 
(a) 

Closed-shell 
paired electrons 

\ 
(b) 

Random spins 

(c) 
ordered 

opposed spins 

t t 
t t 

(d) 
unequal, ordered 

opposed spins 

(c) 
ordered 

parallel spins 

Figure 1.12: two-dimensional spin representations lor a) diamagnet, b) paramagnet, c) 
antifenomagnel, d) ferrimagnel, and e) ferromagnet. 

The magnetic behaviour of these different types of materials over a variable field 
is shown in Figure 1.13.66 

ferromaqnet 
spontaneous magnetization 

M(H = 0) > O 
M m gJ 

1 ferromagnetic 
metamagnetic paramagnetic coupling 

Stope oc g -S(S^I ) femmagnet 

M 
emu G mol 

ferrimagnetic 
coupling 

antiterromaqnetic 
coupling 

0 diamagnetic H / G 

Figure 1.13: Plot of magnetisation (M) as a function of field (H) for several types of 
magnetic behaviour. 
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1.2.2 THE MAGNETIC BEHAVIOUR OF METALLOCENES 

Molecular based ferromagnets have been postulated since the 1960s. Whereas 
inorganic magnets prepared by metallurgy possess high density d or f orbital metal spin 
sites, an organic magnet must contain at least one type of spin site based on s and p 
orbitals. Organometallic compounds may have the freedom to use either type of electron 
source. 

The McConnell model 6 7 for organic ferromagnetic materials is based upon 
charge-transfer complexes. Ferromagnetic behaviour requires long range spin order 
throughout the bulk material. This phenomenon is almost exclusive to three-
dimensional interactions. There is a fundamental problem, therefore, in the case of CT 
salts (which at best are predominantly two-dimensional materials), since there is no 
secure mechanism to prevent antiferromagnetic alignment of electron spins between 
each donor-acceptor stack. 

There is evidence, however, that non-3D associations suffice in certain 
circumstances. For example, the complex Rb 2 CrCl 4

6 8 can be broken down to a two-
dimensional interacting structure by replacing Rb+ with bulky alkylammonium cations, 
yet T c (Curie temperature - the critical point at which ferromagnetism is observed), is 
not significantly altered. This suggests that the inclusion of CT salts as potential 
ferromagnets is feasible, and not exclusively reliant upon spin alignment beyond the 
two-dimensional level. 

From this basis Miller and Epstein developed a range of metallocene CT 
complexes with various electron acceptors. Of the metallocene family, Group 8 
transition metals (Fe, Ru, Os) form the most stable 'sandwich-type' structures. 
Consisting of an 18rc fully-paired electron configuration, they possess labile d-orbital 
electrons available for donation. 

The first of the Group 8 metallocenes, ferrocene 28, is more difficult to oxidise 
(by 0.5V) than decamethylferrocene 29, which forms a CT complex with 
tetracyanoethylene (TCNE) 30, whereas ferrocene 28 is too weak a donor to reduce 
this electron acceptor.6^ 

I NC 

X Fe Fe 
I 4 5 ^ NC 

CN 

CN 

28 29 30 



Decamethyl derivatives of ruthenium and osmium have provided complexes 
with TCNE but have been difficult to analyse. The TCNE complex of [Os , u (C 5 Me 5 ) 2 ] + 

produces various stoichieometries with low susceptibilities, and the subsequent crystals 
formed have been inadequate for crystallographic studies.70 A problem also arises with 
the ruthenium analogue, where the subsequent radical cation commonly 
disproportionates to Ru11 (C 5Me 5) 2 and [Ru I V (C5Me5)(C5Me4CH2)]+.7 1 

For these reasons, Fe11 (C 5 Me 5 ) 2 has proved to be the best and most popular 
candidate for highly magnetic CT salts. 

A range of metallocenes, together with a number of different electron acceptors, 
has provided with excellent examples of CT complexes displaying a range of magnetic 
behaviour. 6 5 ' 6 6 A selection of these is presented in Table 1.3. 

DONOR 

Fe u(C 5H 5) 2TCNE 
Fei"CpY +[C 3(CN) 5] 

Fe n lCp7 +TCNE" 
NimCpVTCNE-
Mn uiCpY +TCNE-
Cr"iCpY +TCNE" 
Fe"iCpVTCNQ 
MnroCpY+TCNQ 
Cr m CpY + TCNQ 

MAGNETIC 
BEHAVIOUR 

Diamagnet 
Paramagnet 
Ferromagnet 

Antiferromagnet 
Ferromagnet 
Ferrimagnet 
Metamagnet 

Ferromagnetic couple 
Ferromagnetic couple 

TtJK 

4.8 

8.8 

3.65 (H=0.15G) 
2.55 (H=1600G) 

6.3 (H=50G) 
3.3 (H=15G) 

Table 1.3: Magnetic behaviour of selected complexes of general formula 
[M(Cp/Cp*)2][A], with critical temperatures (T c) where applicable; Cp*=(C5Me5). 

As seen from Table 1.3, highly magnetic states can be achieved with 
metallocenes using TCNQ and TCNE as electron acceptors. With respect to T c , the 
doublet state decamethylferrocene derivatives are second best only to the triplet state 
manganese analogues. 
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1.3 CONCLUSION 

A large number of symmetrical and non-symmetrical tetrachalcogenofulvalene 
derivatives (including the analogous 'stretched' systems), are known to form highly 
conducting CT materials. Some are even found to be superconducting at below ca. 
12K. The redox behaviour of the neutral donors is variable and highly dependent upon 
substituents attached to the periphery of, and within, the fulvalene framework. 

In parallel, the metallocenes are also able to form interesting CT complexes. In 
this case, however, rather than producing conducting salts, they form materials with 
outstanding magnetic properties. Again, metallocene redox behaviour varies according 
to substituents. 

The study of molecules comprising two different redox centres that are 
covalently linked is a burgeoning topic within supramolecular chemistry, with 
applications in molecular electronic devices, sensors, electrocatalysis, and energy 
conversion. 7 2 Current research includes the study of redox behaviour between 
combinations of organic and organometallic components, e.g., bipyridinium cations, 
quinones, metallocenes, and metal coordinated macrocycles.7^ 

It is, therefore, a fascinating challenge to covalently link ferrocene and 
tetrathiafulvalene derivatives. The successful incorporation of such redox systems into 
one molecule could ultimately foster CT complexes with novel conducting and magnetic 
properties. 
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C H A P T E R 2 

FUNCTIONALISATION OF 
TETRATHIAFULVALENE: THE SYNTHESIS 

OF COVALENTLY LINKED 
TTF-FERROCENE DERIVATIVES 

2.1 INTRODUCTION 

The functionalisation of TTF is usually achieved by one of two methods. The 
most direct route is by lithiation of TTF itself, while a more complicated method 
involves coupling of two 1,3-dithiole-2-one (or 2-thione) units. 

This chapter briefly reviews the synthesis of functionalised TTF systems by the 
above methods, focussing on those derivatives that we have used extensively, and then 
reports the successful attachment of ferrocene units to the reactive TTF derivatives 
developed in Durham. 

2.2 LITHIATION OF TTF 

Green first demonstrated that the hydrogen atoms of TTF are sufficiendy acidic 
for metallation to take place (using equimolar amounts of BuLi or L D A ) , 7 4 thereby 
pioneering the chemistry of tetrauhiafulvalenylhthium (TTFLi) 31. This species is stable 
under nitrogen, at temperatures below -70°C in ether or THF and is highly susceptible 
to electrophilic attack. The reactivity of anion 31 was investigated by Green, who 
presented a number of substituted products in reasonable yields (30-80%; Scheme 
2.1) 74c 
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1 

BuLi/LDA r 

-78°C,Et20 

Li OCT 
31 

32-38 

Scheme 2.1: 

Electrophilic Reagent (E) Reaction Product Yield (%) 
DMF TTF-CHO 32 44 

ClC02Et TTF-C02Et 33 50 
CO2 TTF-CO2H 34 60 

MeC(0)Cl 1TF-C(0)Me 35 67 
Me2S04 TTF-Me 36 80 
HCHO TTF-CH2OH 37 34 

Et30+PF6- TTF-Et 38 ca. 45 

Lithiation of substituted TTF derivatives is dependent upon the side-chain 
substituents.74c Green proved that an electron donating component, such as a methyl 
group, will reduce the acidity of the adjacent hydrogen on the same dithiole ring. 
Subsequently, metallation, followed by substitution, will take place on the other ring. 
Using ethylchloroformate as the electrophile, monolithiation of methyltetrathiafulvalene 
36 (Scheme 2.2), afforded compound 39 (35%), while dilithiation of 36 with two 
equivalents of LDA gave compound 40 (30%). 

Me 

s 
C0 2 Et 

(i) 
39 

Me 

36 
(ii) Me COoEt xxx 

CO,Et 

40 

Scheme 2.2: (i) LDA, ClC02Et (1 equiv.); (ii) LDA, ClC02Et (2 equiv.). 
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An electron withdrawing substituent will increase the acidity of the adjacent 
proton. For example, substitution takes place on' the same ring when 
ethylchloroformate is reacted with the lithiated derivative of compound 33, to give 
derivative 41 (33%; Scheme 2.3). 

S s s C0 2 Et 

33 41 

Scheme 2.3: (i) LDA (1 equiv.), CICQzEt. 

We have used the computer program CAMEO to examine the effect that a range 
of substituents on the TTF frame has on the pK% values of the remaining protons. It has 
been shown previously that there is agreement to within 1-2 pK% units between 
calculated and experimental values for protons on unsaturated sites adjacent to sulfur.75 
The calculated data for TTF derivatives are collated in Table 2.1 It can be seen that 
attachment of an electron withdrawing ester or acyl substituent increases the acidity of 
the adjacent proton by 3 p#a units; a bromine atom or a methylthio group has less 
effect, but, nonetheless, the data for these compounds are consistent with deprotonation 
being favoured at the adjacent site, giving rise to observed 4,5-disubstituted products. 
According to CAMEO, however, a methyl substituent on TTF does not change any of 
the p#a values of the remaining protons. 
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R H 

H H 

R 5-H 4 -H 5 - H 
H 48 48 48 
Me 48 48 48 

C02Me 45 48 48 
C(0)Me 45 48 48 

Br 47 48 48 
SMe 47 48 48 

Table 2.1: pKa values of hydrogen atoms in TTF derivatives, calculated using the 

computer program CAMEO. 

At temperatures above -70°C, TTFLi 31 disproportionates to a mixture of TTF 
and mono-, di-, tri- and tetra-lithiated TTF species. Even at -78°C, small amounts of 
multi-substituted products are formed. Green found that addition of two equivalents of 
LDA at -78°C gave the 4,4'(5')-disubstituted adduct 42 with ethylchloroformate. The 
4,5-disubstituted product was not observed. 

B 0 2 C 4 >=< T 

42 

The above results indicate the problems that are frequently encountered during 
the iithiation of TTF. For optimum yields of mono-substituted derivatives one must 
strictly adhere to certain conditions: the addition of a precise equimolar amount of LDA 
or BuLi is vital; the reaction temperature must be kept below -70°C under vigorously 
anhydrous conditions; the concentration of the ethereal solution should also be 
sufficiently dilute, to prevent precipitation of TTF on cooling to -70°C, which would 
result in a higher ratio of LDA (or nBuLi):TTF, leading to multi-substituted products. 



A more profitable route to aldehyde 32, developed recently in our laboratory, 
utilises N-methylformanilide as the formylating agent, rather than DMF, resulting in a 
yield of 82%. 7 6 TTF-carboxaldehyde 32 is highly reactive towards Wittig and Wittig-
Horner species; a selection of corresponding derivatives is shown below. 

^ W T T F R R OHC 
76 (62%) S 8 X TTF H 

^ W T T F ROOC 
R=H, Me, SMe 

76 R=Me (89%) R-R=S(CH2)2S 
76 R=C 1 6 H 3 3 (76%) 77 (60-90%) 

TTF 

TTF 
I 

TTF 
TTF 

78 (74%) 79 (53%) 

Reduction of 32 with sodium borohydride affords the versatile 
tetrathiafulvalenylmethanol 37, with an overall yield (75%) much higher than Green's 
one-pot synthesis (34%) involving formaldehyde and TTFLi 31. As expected 
compound 37 undergoes classical Williamson syntheses (e.g. to yield 43 and 44),76 
and reacts well with acid chlorides (e.g. to yield 45 and 46). 7 6 The most elaborate of 
these ester derivatives, which was synthesised very recently, is the third generation 
dendrimer 47, containing 12 TTF units (Scheme 2.4). 8 0 
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CHoOR 

76 43 R=Me (79%) 
(i") 76 44 R=C 1 8H 3 7(71%) 

CH 2OC(0)R (i) Co S x j 
s 

(!!!) 32 37 

76 45 R=Me (92%) 
76 46 R=C 1 7 H 3 5 (81%) 

TTF 

O 0 TTF 

J 6 
r 
o 5̂ I TTF O x5 O O I o TTF O TTF 1 O O I o o o 

o, o TTF A r i 
TTF O O o o I o o 

o I o TTF O I 
o o o 

o o I 
I o 0 o 

r 
o TTF TTF 

r 
TTF TTF 

80 47 (32%) 

Scheme 2.4: (i) NaBH4, IPA, EtOH; (ii) NaH, PhMe, RI; (iii) RC(0)C1, NEt3. 
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An improvement in the yield of TTF-carboxylic acid 34 (86% from 31 on a 
multi-gram scale), has also been achieved recently by isolating the lithium carboxylate 
salt 48. 7 6 Acid chloride 49 is thus now available as another reactive TTF building 
block81 (Scheme 2.5). 

TTFLi • TTFC0 2 Li 
31 48 

(96%) 

(ii) 
!' 

TTFC0 2 H 

34 
(90%) 

TTFCOC1 

49 
(80%) 

Scheme 2.5: (i) CO2; (ii) aq. HC1; (iii) oxalyl chloride, PhMe, MeCN, DMF. 
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2.3 CHALCOGENATIQN OF TTF 

The insertion of sulfur into TTFLi 31 affords TTF-thiolate 50, which is a more 
reactive species than 31. Indeed, the thiolate anion 50 reacts with alkyl halides 
(whereas 31 does not): alkylation and acylation of 50 yield 51 and 52, respectively82 

(Scheme 2.6), both of which are synthetically versatile TTF derivatives 8 3 - 8 5 (see 
Scheme 2.7 for reactions of 51). It is noteworthy that 51 is an analogue of 37. 

Li 

31 

X jf 
s 

51 
(75%) 

(i) ( H j f 
50 

(iii) 

rxr T Ph 

52 
(78%) 

Scheme 2.6: (i) Elemental sulfur, -78°C, 8h; (ii) bromoethanol; (iii) benzoyl chloride. 

Compound 51, generated from 50 and bromoethanol, is a synthetic analogue to 
alcohol 37, but can be prepared in identical yield by a one-pot reaction. Again, the 
reactivity of this alcohol has been extensively explored; preliminary examples are 
shown in Scheme 2.7. 
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(iii) 

( S H T " ^ - ^ O S O a M e (j V ) 
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56 55 

(87%) (95%) 

37 

Scheme 2.7: (i) CH2CRC(0)C1, NEt3, dioxane, 20°C, 2h; 
(ii) Na, PhMe, C18H37I, 20°C; (iii) MeS02Cl, NEt3, dioxane, 20°C, 2h; 

(iv) NaOEt, EtOH, 20°C, lOh. 

Thioester 52 is an important compound as upon the addition of sodium 
ethoxide in ethanol at -10°C, derivative 52 can be deprotected to the sodium salt of 
TTF-thiolate 57. Compound 52, therefore, serves as a shelf stable equivalent of TTF-
thiolate 50; examples of its synthetic use are the syntheses of molecules 58-60 8 4 

shown in Scheme 2.8. 
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58 52 (96%) 
(ii) (i) 

S- Na 

57 

iii 

I o-or C>=<T I 

60 59 
(50%) (43%) 

Scheme 2.8: (i) NaOEt, EtOH, -10°C, lh; (ii) Mel; (iii) I(CH2)4l; (iv) I(CH 2)3l. 
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2.4 USE OF THE ZINCATE COMPLEX FOR THE SYNTHESIS O F 
FUNCTIONALISED TTF DERIVATIVES 

In 1927, Fetkenheuer examined the chemical reduction of carbon disulfide by 
sodium metal.86 The major product, trapped by alkylation with methylchloride, was 
assigned as dimethyl tetrathioxalate 62. The precedence for this conclusion arose from 
direct comparison of the analogous reaction performed by Kolbe 8 7 in 1868: using 
carbon dioxide and sodium metal, Kolbe synthesised oxalic acid via its oxalate 
intermediate. It was not until 1974 that Wawzonek et al.,%% using an electrochemical 
reduction, correctly identified the product as 4,5-di(methylthio)-l,3-dithiole-2-thione 
63 (Scheme 2.9). 

S M e 
(0 

C S 2 + 4e 2M 
S M e 

61 63 

S M e 

S M e 

62 

Scheme 2.9: (i) MeCl. 

Dithiolate intermediate 61 was subsequently isolated by Steimecke et a/.,8 9 as 
the zincate complex 64 (70% yield; Scheme 2.10). Complex 64 is a shelf stable source 
of dithiolate 61. 



4Na 

(i) 

2NEt 

64 

Scheme 2.10: (i) Z11CI2, NEt4Br. 

Zincate complex 64 can be alkylated or acylated to give, for example, 
compounds 65-67. Coupling of the thione species can be performed by using alkyl 
phosphites or dicobalt octacarbonyl, at ca. 60°C (Scheme 2.11). The choice of coupling 
reagent depends upon the thioalkyl substituents, and yields can vary from zero to ca. 
80%. Thione 66 couples in the presence of triethyl phosphite to give TTF derivative 
69, but only in a yield less than 1%, whereas the use of Co2(CO)8 gives the same 

product in 25% yield. 
Transformation of the thione functionality to a ketone, using mercuric acetate, 

may lead to a more reactive dithiole species. Thiones 65 and 67 have been converted to 
ketones 71 and 72 in excellent yields (82% and 99%, respectively). Coupling of 
dithiole 72 with P(OEt)3 gives compound 70 in 72% yield. A similar result is seen 
with ketone 71 (giving derivative 68 in 71% yield), whereas thione analogue 65 gives 
68 in only 27% yield. 

Deprotection of TTF derivatives 68-70 under basic conditions, affords the 
highly reactive tetrathiolate-TTF species 73. Although the same intermediate can be 
generated directly from TTF, at -78°C, with four equivalents of LDA and elemental 
sulfur (tetraselenolate and tetratellurolate can also be prepared with elemental selenium 
and tellurium, respectively),95 the longer route is much more economical and can be 
carried out easily in multigram quantities. 
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S SR 65 R = -p-CH2-C6H4-OAc (68%) 
64 0 ) » S = j ( jf 66R = C(0)Ph 

SR 67 R = (CH2)2CN (87%)91 

ii (iv) 
(„i) 

94 69 (25%) SR 
RS SR O 

SR 
90 RS SR 71 R = -p-CH2-C6H4-OAc (82%) 

91 90 72 R = (CH2)2CN (99%) 68 R = -/?-CH2-C6H4~OAc (27%) 
92,93 69R = C(0)Ph(<l%) 

(iii) 
(v) 

SR RS I K * RS SR 
4M + 

90 68 R = -/?-CH2-C6H4-OAc (71%) 
91 70 R = (CH2)2CN (72%) 

73 

Scheme 2.11: (i) RX, MeCN or Me2C(0); (ii) Hg(OAc)2; (iii) P(OEt)3; 
(iv) Co2(CO)g; (v) Base. 

Other functionalised TTF systems derived from coupling reactions include 
compounds 76 and 77 (Scheme 2.12).8 3 The coupling of thione 74, however, does 
not take place; this is a common feature for other alcohol containing dithiole units. 



64 (i) -oc OH (ii) =<x CI 
CI 

74 (76%) 75 (83%) 

(iii) 

(iv) CI 
CI 

77 (89%) 76 (76%) 

Scheme 2.12: (i) Br(CH2)20H, Me2C(0), reflux, 10 h; (ii) SOCl2, DCM, 0°C, 0.5 h, 
then reflux; (iii) P(OEt)3; (iv) NaOEt, EtOH, 20°C, 10 h. 

Unsymmetrical, functionalised TTF derivatives are more difficult to obtain by 
the cross-coupling of two different thione (or ketone) dithiole species. Due to inevitable 
self-coupling reactions competing with cross-coupling, separation of the desired 
product is often a demanding task. Relevant examples of cross-coupling are shown in 
Scheme 2.13. Compared to the self-coupling reactions seen in Scheme 2.11, the yields 
of the cross-coupled products, 80, 81 and 84, are greatly reduced.83,90 T n e 

component ratios of the resulting mixtures are also variable, and are dependent upon the 
thioalkyl substituents. 
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S ^ S R 
71 + S = < J 

SR 

(a) 78 R = Me 
(b) 79 R = nBu 

(i) 

x>=<x 
R S ^ S S - ^ S R ' 

(a) 80 R = Me, R' = CH2-C6H4-OAc (30%)90 

(b) 81 R = nBu, R* = CH2-C6H4-OAc (17%)90 

(a) 68 R = R' = CH2-C6H4-OAc (28%) 
(b) 68 R = R' = CH2-C6H4-OAc (15%) 

+ 

(a) 82R = R=Me (26%) 
(b) 83 R = R' = nBu (24%) 

75 + 

(ii) 

84 (27%)83 

BEDT-TTF 11 
+ 
76 

CI 
.CI 

s s -^s^ oo-cc 
85(91%) 83 

Scheme 2.13: (i) P(OEt)3, PhMe, reflux; (ii) P(OEt)3,100°C; (iii) NaOEt, EtOH. 

2.5 SYNTHESIS OF NEW FUNCTIONALISED TTF SYSTEMS 

To explore further the chemistry of 51 with the aim of obtaining crystalline 
derivatives for X-ray analysis, urethane derivatives 86 and 87 were prepared from the 
reaction of alcohol 51 with phenylisocyanate and chloroethylisocyanate, respectively 
(Scheme 2.14). Donors 86 and 87 are compounds capable of hydrogen bonding, but 
attempts at forming single crystals proved futile. A highly crystalline TTF derivative 
containing a hydroxyl group, and exhibiting hydrogen bonding, was finally 
synthesised; the preparation of this fascinating compound involves a novel type of 
reaction for the TTFLi 31 species, and, therefore, will be discussed in detail in Chapter 
5. 
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(Hj OH 

(i) (ii 

51 

0 o 
A X...R. 

C>=< J 0 N 
H H 

CI 

86 (56%) 87 (63%) 

Scheme 2.14: (i) PhNCO, NEt3, DCM, 20°C; (ii) Cl(CH2)2NCO, NEt3, DCM, 20°C 

The reactions of TTF anion 31, with elemental sulfur or selenium (1.5 
equivalents), followed by the addition of 1,2-dibromoethane (0.5 equivalents) formed 
the known donors EDT-TTF 88 and EDS-TTF 89, respectively, in optimised yields of 
10-20%.85 Varying the molar ratios of either LDA, sulfur or dibromoethane, did not 
improve the yield of EDT-TTF 88. For instance, the molar ratio of 1:1:2:1 for TTF, 
LDA, S8 and dibromoethane gave no EDT-TTF 88; a mixture of unreacted TTF and 
BEDT-TTF11 was obtained instead. 

89X = Se (EDS-TTF) 1 1 D E U 1 " u r 

Evidently, a new one-pot route to the unsymmetrical donors 88 and 89 has 
been recognised, and although the yield is only modest, it is considerably shorter than 
the previous method involving phosphite-mediated cross-coupling of the two 1,3-
dithiole half units.96 

On route to alcohol 51, a new minor product 90 was isolated and by varying 
the ratios of the reactants an optimum yield of 20% was obtained (Scheme 2.15). 

X 

S; s^ x ^ S ^ s s - S ^ 
88 X = S (EDT-TTF) 
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Surprisingly, regioisometric disubstituted products 91 and 92 were not detected in the 
reaction mixture (TLC and NMR spectroscopic evidence). 

1 
OH 

(i) 
OH 51 

90 (20%) 

RS SR SR 

S ^ RS 
92 91 

R = CH2CH2OH 

Scheme 2.15: (i) LDA, sulfur, bromoethanol (1:3:10, relative to TTF), Et2Q, -78°C. 

The structure of 90 as the 4,5-isomer was inferred from the *H NMR 
spectrum, which showed a singlet for the two TTF protons at 56.35, whereas the TTF 
proton adjacent to the pendant group on alcohol 51 is shifted downfield to ca. 86.45. 
Further evidence for structure 90 was provided by NMR data: inequivalence of the 
central alkene carbon atoms of the TTF frame is unique to the 4,5-isomer; they are 
observed at 5c 116.9 and 8C 104.5. 

The disubstituted by-product obtained during the formation of hexylseleno-TTF 
93, was likewise assigned structure 94 (Scheme 2.16). The mass spectroscopic 
fragmentation pattern of compounds 90 and 94 was also consistent with the two 
substituents being on the same 1,3-dithiole ring. 
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(i) ( H j f 
SeCgHi3 

1 

93(13%) 

+ 
S e C 6 H 1 3 

S©C 6H 13 
94 (2%) 

Scheme 2.16: (i) LDA, selenium, hexyltosylate, -78°C, Et20. 

We recognised the potential of dialcohol 90 as a building block for new 
disubstituted TTF systems, and, therefore, sought conclusive proof of its structure 
from an unambiguous synthesis. As previously mentioned (Section 2.4), phosphite or 
dicobalt octacarbonyl coupling does not proceed with hydroxyl-containing species, e.g. 
74, so direct reaction of 95a with 74 was futile. Several protected forms of compound 
74 were therefore investigated. 

Diester 96 was prepared by the reaction of diol 74 with acetyl chloride. 
Coupling of 96 with triethyl phosphite failed to produce tetraester 97, and, together 
with thiones 95a or 95b, the related cross-coupled diesters 98a and 98b were not 
obtained (Scheme 2.17). 

R 
OH 

R 

95a R = H 
95b R = SMe 

74 
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) |<(iii) 
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/ - c S ^ S ( C H 2 ) 2 O A c 
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FT S 

98a R = H 
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Scheme 2.17: (i) AcCl, DCM, NEt3,16h; (ii) P(OEt)3, reflux, 45min., 
(iii) 95a or 95b, P(OEt)3, reflux, 45min. 

Attempts were made using Co2(CO)s as the coupling reagent, but again the 
desired targets 97, 98a and 98b were not achieved. This problem was overcome, 
however, by the use of the corresponding benzoyl ester 99 which was synthesised 
from 74 and benzoyl chloride (Scheme 2.18). Phosphite cross-coupling with vinylene 
trithiocarbonate 95a and ketone 100 failed to produce TTF-derivative 101. Diol 102, 
however, was obtained from the hydrolysis of diester 103: the latter being synthesised 
from the phosphite-mediated cross-coupling of 95b and ketone 100 (15% yield). 
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Scheme 2.18: (i) PhC(0)Cl, NEt3, DCM, 20°C, 16h; 
(ii) Hg(OAc)2, CHCl3:AcOH 3:1 v/v, 20°C; (iii) 95a, P(OEt)3, reflux, 4h; 

(iv) 95b, P(OEt)3, reflux, 4 h; (v) NaOEt, EtOH, 20°C, 0.5h. 

Finally, the cross-coupling of vinylene trithiocarbonate 95a with silyl derivative 
104, followed by removal of the protecting groups, gave a product in modest yield that 
was identical with compound 90 (prepared in Scheme 2.15) by melting point and *H 
NMR spectroscopic analyses (Scheme 2.19). 
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Scheme 2.19: (i) TBDPSiCl, DMF, imidazole, 20°C 16h; (ii) Hg(OAc)2, 
CHCl3:AcOH 1:3 v/v, 20°C; (iii) 95a, P(OEt)3, 60°C, 16h; (iv) BU4NF, THF, 20°C. 

The mechanism for the formation of the disubstituted products 88-90 and 94 
directly from TTF is unclear. Disproportionate of TTFLi 31 may occur to yield 
transient dianion species, however, Green stated74 that 4,4'(5')-disubstituted products 
should predominate. An alternative, and perhaps more likely mechanism does not 
involve dianion species, but, instead, alkylation of thiolate 50 (and its selenolate 
analogue) occurs prior to the second deprotonation and chalcogenation of the TTF 
system. The directing influence of an alkylthio- or alkylseleno-substituent on further 
substitution onto the TTF ring has not been investigated previously, although Becker et 
al. assigned a different substitution pattern, namely the 4,4'- or 4,5'-regioisomer, to a 
bis(ethyltelluro)TTF derivative.953 

From the CAMEO results presented in Table 2.1, methylthioTTF would favour 
a second substitution at the 5-position {i.e. on the same ring). Further studies with the 
CAMEO program gave similar predictions for ethylthioTTF and TTF-alcohol 51 (ptf a 

values: 5-H = 47, 4-H = 48, and 5'-H = 48, in both cases). The formation of the 4,5-
disubstituted compounds 88-90 and 94 is, therefore, consistent with these results. It is 
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also likely that lithium coordination to the mono-chalcogenated species plays a role in 
directing the second metallation to the adjacent site. 
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2.6 COVALENTLY LINKED TTF-FERROCENE SYSTEMS 

The first synthesis of ferrocene 28 was reported in 1951 by two independent 
groups: Kealey and Pauson 9 7 and Miller, Tebboth and Tremaine 9 8 It was discovered 
soon after that this fascinating stable complex could undergo classical organic reactions 
typical of aromatic species. With a reactivity greater than that of benzene, and more akin 
to toluene, ferrocene 28 is able to perform, for example, standard Friedel-Crafts and 
Mannich reactions, electrophilic substitution, Vilsmeier formylation and metallation 
(Scheme 2.20). 
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Scheme 2.20: (i) Ac 2 0, BF3;99 (ii) Me2NCH2CH2NMe2, H3PO4, AcOH;100 
(iii) ArN2+; (iv) DMF, POCl3;99 ( v ) tfiuLi; (vi) BuLi, TMEDA (or PMDT);101 

(vii) electrophile (E+). 



Our first attempts to synthesise covalently linked TTF-ferrocene systems 
involved the preparation of ferrocenylacyl chlorides 118 and 119 from commercially 
available ferrocenyl mono- and di-carboxylic acids 116 and 117, respectively (Scheme 
2.21). 

COoH COC! 
I I (i) 
Fe Fe 

116 118 

Fe 

117 

C 0 2 H 

C 0 2 H 
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Scheme 2.21: (i) PC15, PhMe; 1 0 2 (ii) oxalyl chloride, pyridine, D C M . 1 0 3 

Acyl chloride 118 was reacted with TTFLi 31, and also with TTF-thiolate 50 
(via benzoyl derivative 52), to give ketone 120 and thioester 121 (12% and 27%, 
respectively; Scheme 2.22). 

118 
Li 

31 

(i) 

O 
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cvrrT S Na ii (>=<X 118 

121 50 
(Generated from 52) 

Scheme 2.22: (i) -78°C, Et20; (ii) -10°C, EtOH. 
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Monosubstituted acid chloride 118 was reacted with TTF alcohols 51 and 90, 
and also with thione 74, to form esters 122-124 (80%, 60% and 64%, respectively; 
Scheme 2.23). Unfortunately, the attempted coupling of half-unit 124 with phosphite 
or dicobaltoctacarbonyl did not furnish the expected tetraesler 125; an intractable 
mixture was obtained. 

I O o Fe 
I o 
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^X 
s^s 

I o X TTF[SCH2CH2OC(0)Fc] 

125 
(ii) 

O I 
124 

Scheme 2.23: (i) FcC(0)Cl 118, NEt3, DCM; (ii) POEt3 or Co2(CO)g. 

Given the low yield of 120 (Scheme 2.22), the synthesis of l,l'-bis(TTF-
carboxy)ferrocene 126 (from acyl chloride 119 and TTFLi 31) was abandoned. 
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Reaction of diacid chloride 119 with benzoylthio-TTF 52 did not afford 
compound 127, however, alcohols 51 and 37 provided TTF-a-feiTocene-a-TTF triad 
systems 128 and 129 (20%, and 65%, respectively; Scheme 2.24). 
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Scheme 2.24: (i) NaOEt, EtOH, -10°C, 0.5 h, then Fc(COCl)2 119; 
(ii) Fc(COCl)2 119, NEt3, DCM, 20°C. 
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Alcohol 51 was also reacted with ferroceneacetyl chloride 131, which was 
prepared from commercially available ferroceneacetic acid 130. TTF-derivative 132, 
with an extended spacer unit between the redox species, was isolated in low yield 
(8%), as an orange, waxy solid (mass spectroscopy, NMR and IR evidence). 
Surprisingly the compound decomposed over a short period of time. It was the only 
TTF-ferrocene derivative found to be unstable under ambient conditions, perhaps due 
to the presence of trace amounts of impurities. 

To obtain ferrocene-Tt-TTF derivatives linked via a conjugated spacer unit, the 
versatile ferrocene Wittig salt 1 3 4 ^ was prepared (Scheme 2.25). Reaction of the 
ylide intermediate 135 with TTF-carboxaldehyde 32, and the previously unknown 
dicarboxaldehyde 136 (known to be a mixture of 4,4'- and 4,5'-isomers from 
incontrovertible *H NMR spectroscopic data), afforded mixtures of the ethene bridged 
cis/trans derivatives, 137 and 138, respectively. The many isomers of compound 138 
proved to be inseparable; the trans-isomer of 137, however, was isolated pure by 
fractional recrystallisation from toluene with an overall yield of 58%. 

Fe 

JO-O 0 

Fe O 

130 X = OH 
131 X = CI 132 
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Scheme 2.25: (i) Mel, MeCN, 0°C; (ii) PPh3, EtOH, reflux; (iii) nBuLi, THF, 20°C; 
(iv) TTFCHO 32; (v) LDA (4 equiv.), Me(Ph)NCHO (2 equiv.), Et 20, -78°C (40%). 
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Scheme 2.26: (i) Me2NCH2NMe2, H3PO4, AcOH, 115°C, 20h; 
(ii) Mel, MeCN, 0°C; (iii) PPh3, EtOH, reflux. 
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The preparation of U'-disubstituted ferrocenyl diphosphonium salt 140 was 
attempted in the first instance from the known diamine derivative 1 1 0 1 0 5 (Scheme 
2.26). Diammonium salt 139 was isolated in 63% yield; nucleophilic substitution by 
triphenylphosphine, however, did not take place and compound 139 was recovered. 
The dibromide analogue of 140 was reported by Beer et a/.,1^6 and was synthesised 
from the unstable dibromide derivative 142, 1 0 7 which was prepared in turn from 1,1'-
bis(hydroxymethyl)ferrocene 1 4 1 1 0 8 (Scheme 2.27). 
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Scheme 2.27: (i) PBr3, Et20, 0°C, 6 h; (ii) PPI13, 16 h. 

Treatment of 143 with two equivalents of butyllithium afforded the bisylide 
1 4 4 1 0 6 , which was trapped with TTF-carboxaldehyde 32 (Scheme 2.28). From the 
l H NMR spectrum of the resulting TTF-ferrocene derivative 145, a mixture of three 
isomers is evident. Neither chromatographic nor recrystallisation techniques were able 
to separate the trans-trans, cis-trans and cis-cis isomers. 
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PPh3 
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Scheme 2.28: (i) n BuLi (2 equiv.), THF, 20°C; (ii) TTF-CHO 32. 
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2.7 CV DATA AND DISCUSSION 

Starting from functionalised ferrocene and TTF derivatives, the generation of a 
series of new covalently linked TTF-ferrocene compounds has been achieved. Between 
the redox centres of these molecules are spacer groups of varying lengths; additionally, 
the intramolecular TTF:ferrocene ratios have been varied: viz. 1:1 (120-122,132 and 
137), 1:2 (123 and 138), and 2:1 (128, 129 and 145). These criteria have provided 
us with a fascinating collection of novel redox active species, which have been 
investigated in detail by cyclic voltammetry. The data for these compounds, together 
with those of other relevant redox-active species are collated in Table 2.3, with a 
selection of voltamograms presented in Figure 2.1. 

With the above TTF-ferrocene compounds the reversible electron transfer 
oxidations taking place correspond to: TTF -> TTF+", TTF+' TTF 2+, and ferrocene 
-» ferricinium. In all cases the first oxidation is assigned to TTF -» TTF+\ since non-
ferrocene containing TTF derivatives (e.g. 51, 86, 90,102), exhibit only a slight 
change in their redox potential, compared to TTF 1. In contrast, substituted ferrocene 
derivatives (e.g. 116), usually display a significant increase in redox potential. 

Identification of TTF+* —» T T F 2 + and ferrocene —> ferricinium oxidations 
requires a more thoughtful approach, with speculative conclusions relying heavily upon 
model compounds. Results show that the functionalised TTF compounds 51 and 90 
possess very similar redox values to TTF 1 and are only slightly higher (by ca. 0.08V 
in both cases). The data on molecule 86 represent the covalent incorporation of a non-
redox active moiety into compound 51. The difference between the redox values of 51 
and 86 are negligible; we should be able to conclude, therefore, that any increase in 
TTF redox potentials arising from the inclusion of a second different redox active centre 
into a derivative of 51, will be directly due to the second redox species. TTF-ferrocene 
122 displays its first oxidation at 0.47V, which is 0.05V higher than for 51. I f the 
ferrocene unit is responsible for this effect, then we can assume the second oxidation of 
TTF is seen as the redox wave at 0.80V. 

In contrast, the TTF units of compounds 120 and 121 have been largely 
unaffected by the closely linked ferrocene species: both 120 and 121 have almost 
identical E i 1 / 2 and E 2 1 / 2 values to their respective non-ferrocene containing model 
compounds 147 and 52. The redox wave corresponding to ferrocene in compound 
121 has been lost (as expected), in the broad two electron wave at ca. 0.83V, but the 
ferrocene —> ferricinium value for species 120 has been raised to 0.90V - on this 
occasion an effect of the TTF unit on the metallocene. 
























































































































































































































































