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AISTMCT 

SYBTMESIS AMI CMAIACTEEISATIIB^ W CIAKE TMNSTO 
CT1PLEIES W WEB ELECTRIC AdWMRS. 

New electron acceptors, possessing various skeletal frameworks have 
been prepared and characterised. Complexation with a range of metal and 
organic cations reveal the suitabi l i ty of the electron acceptors in the 
f i e ld of conducting charge-transfer complexes. 

Unsuccessful attempts to synthesise s ter ical ly demanding TCNQ 
derivatives, directly from the corresponding p-benzoquinone in the 
presence of titanium tetrachloride, provided a convenient route to a 
range of mono(dicyanomethylated)alkyl-p-benzoquinones, which were 
converted into N,7,7-tricyanoquinomethaneimine derivatives. Semi­
conducting charge-transfer salts of these new acceptors are described. 

Reduction of 2-dicyanomethylene-1,3-indandione (DCID) with cationic 
iodides, initiated a fascinating rearrangement to afford crystal l ine 
salts of the isomeric 2,3-dicyano-1,4-naphthoquinone (OCNUj), as 
confirmed by X-ray analysis. 

1,3-Metadinitrobenzene and 1,3,5-trinitrobenzene both form neutral, 
insulating, diamagnetic complexes with tetrathiafulvalene. The crystal 
structure of each complex is characterised by mixed stacks of alternate 
donor and acceptor molecules. 

The study of tetrachloro-DCID and l,3-bis(dicyanomethylene)indane 
further establishes that a wide range of electron acceptors belong in 
the development of organic metals. 
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CHAPTER ONE 

INTRODUCTION TO ORGANIC METALS 



1.1 WY STUDY MANIC HETAiS ? 

Organic materials are traditionally considered to be e lec tr ica l 

insulators with room temperature conductivity ( ^ r t ) in the range 10^ -

10"^ S cm"*. Consequently, the possibi l i ty of high e l ec tr i ca l 

conductivity in organic solids is very exciting, and when eventually 

realised in the 1960'-s, paved the way for extensive research into the 

f i e l d of organic metals. Fruit ful interplay between organic chemists, 

solid state physicists and material scientists has resulted in the 

preparation and characterisation of highly conducting and super­

conducting materials, which offer great technological potential. Also 

the study of quasi one-dimensional (1-D) systems has enabled physicists 

to test and adapt previous theoretical predictions based upon 

hypothetical 1-D systems. 

The ultimate goal of much research on organic conductors is the 

attainment of high temperature superconductivity. However, i t is 

important not to neglect the study of organic insulators and semi­

conductors, as these materials offer further valuable insights into the 

chemistry and physics that underpins the organic solid state, thus 

aiding the development of systems possessing the more glamorous 

properties*. 

Although highly conducting polymeric systems constitute an 

important area of organic metals, this thesis wi l l focus solely upon the 

area of charge transfer (CT) complexes. 

1.2 ELECTRICAL C0NDUCTI0W IN WASI 1-D METALS 

Before concentrating on e lectr ica l conduction in a 1-D system, we 

wi l l brief ly review the band theory of traditional 3-D metals. 

- 2 -



Consider an atom which provides a valence s-orbital at energy 

level , E . Combination of two atoms, with the corresponding overlap of 

the s-orbitals , forms a bonding and an antibonding molecular orbital at 

energies E^ and E^ respectively (Ej < E; E^ > E ) . Combination of N 

atoms, in a linear array, results in the formation of N molecular 

orbitals , covering a band of f in i t e width. When N becomes suff ic ient ly 

large, the energy gap between the molecular orbitals is reduced such 

that a virtual ly continuous band results . The band formed from the 

overlap of s-orbitals is called the s-band. P-orbitals interacting in a 

similar manner, give r ise to a p-band (Figure 1.1). 

highest level of p-band 
(totally antibonding) 

p 
p-band 

+ + --

s,p-separation 
in atoms 

+ - + - + -

lowest level of p-band 
(totally bonding) 

highest level of s-band 
(totally antibonding) 

s 
s-band 

+ + + + + 

lowest level of s-band 
(totally bonding) 

Figure 1.1 Metal Molecular Orbitals: s and p-Band Structures; 
(reproduced from P.tf. Atkins, "Physical Chemistry", 
Oxford University Press, 1982). 
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Consider a situation in which each atom contributes one electron to 

the s-band (eg. an a lka l i metal). According to the Aufbau principle, 

this provides a h a l f - f i l l e d band (Figure 1.2a). 

r 

Fermi 
<o=> 

level 

(a) (b) ( c ) 

Figure 1.2 Band Filling Leads to a) Metal; b) Insulator; 
c) semiconductor; (reproduced from P.I/. Atkins, 
"Physical Chemistry", Oxford University Press, 1982). 

Consequently, empty, higher energy orbitals l i e very close to the 

uppermost f i l l e d orbitals (the Fermi level) and subsequent promotion of 

electrons, an essential requirement for conduction, is attained with the 

appliance of a small potential difference. Hence, metallic conductivity 

i s a property characteristic of a part ial ly f i l l e d band. 

I f each atom provides two electrons, the lower band wi l l be f u l l 

(Figure 1.2b). The energy level between the Fermi level and the empty 

conduction band corresponds to the very large potential difference 

required to promote the electrons, and hence the material is an 

insulator. In some materials this energy gap is suff ic ient ly small to 

allow thermal excitation of the electrons into the upper conduction 

band, leaving positive "holes" in the valence band (Figure 1.2c). In 

such circumstances, both electrons and holes contribute to the 
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conductivity. .This corresponds to semiconductor behaviour, which i s 

characterised by an increase in conductivity with increasing 

temperature, ie. as the number of charge carriers increases. Introducing 

impurities into a system is another, well established, method of 

providing charge carriers in semiconductors. 

E lec tr i ca l conductivity in 1-D metals can be understood in terms of 

the band theory described above. However, the physics of a 1-D system 

dif fers dramatically from that found in three dimensions, this 

difference being at the heart of the study of organic metals. A 1-D 

array of atoms/molecules is inherently unstable towards periodic 
2 

displacement along the 1-D chain . This so-called Peierls distortion is 

analogous to the familiar Jahn-Teller distortion. The driving force 

towards such distortion is the electronic s tabi l i ty gained from the 

spl i t t ing of the band into a ful ly occupied band of lower energy and an 

empty band of higher energy (Figure 1.3). 

| gap 

Figure 1.3 Band Splitting - the Driving Force Behind 
the Peierls Distortion. 

In the example of a ha l f - f i l l ed band, the singly charged 

atoms/molecules within the chain, dimerise, giving r ise to a new c e l l 

dimension double that of the original and an associated charge density 

wave (CDW) (Figure 1.4). 

In the dimerised state, the period of the CDW is commensurate with 

the period of the underlying latt ice . Conductivity resulting from 

- 5 -
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translational motion of the CBU is prevented by a potential energy 

barrier, represented by the band gap, E . 

o o o o o o o 

ATOMIC NUCLEI 

CHARGE-DENSITY WAVE 

o o o o o o o 

Figure 1.4 Peierls Distortion within a Linear Array of Atoms, 
and the Associated Charge Density f/ave (CDU) (Kef.3a). 

Consequently, the CDW is "pinned" to the underlying la t t i ce , giving r ise 

to an insulator. In an incommensurate system, it. one in which the 

number of electrons is not a simple fraction of the number of 

atoms/molecules, translation of the CDW through the 1-D latt ices does 

not affect the energetics of the system and hence translation occurs 

freely, giving r i se to metallic behaviour. Theory states that in an 

impurity free, truly incommensurate state, the CDW wi l l be 

superconducting. 

In a truly 1-D system, the distortions mentioned above, only occur 

at T = 0 K. However, in 'real ' quasi 1-D systems, interchain 

interactions giving r ise to 3-D ordering, force the phase transitions to 

occur at a f in i t e temperature above T = 0 K. Consequently, the 

incommensurate state w i l l undergo a phase transition at a f in i t e 

temperature. However, the energy gained upon distortion is less 

favourable than in the commensurate state and consequently the phase 
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transition occurs at lower temperatures. Both states exhibit phase 

transitions at low temperatures (typically 20 - 100 K) . 

The reader should be aware that the theory of conduction in organic 

materials i s continually being updated, and that the picture presented 

here is relat ively s implist ic . A far more comprehensive discussion of 

this topic can be found in the numerous review art ic les related to 

organic metals, as well as specific papers devoted to the conduction 
1 3 4 process ' ' . 

1.3 TTF-TCNQ AND ITS CENTRAL BALE IN CONDUCTING CT COMPLEXES 

The possibi l i ty of CT complexes exhibiting metallic properties was 

suggested as long ago as 1913. However, i t wasn't unti l the early 

1960's, when workers at Dupont prepared the powerful electron acceptor 

7,7,8,8-tetracyano-p-quinodimethane, (TCNQ) (1) , that this suggestion 

became reality^. 

A plethora of TCNQ salts were subsequently prepared, generating 

three distinct classes, namely: 

1) t- Complexes with aromatic hydrocarbons, amines and polyhydric 
alcohols. 

2) Simple salts of formula Mn +(TCNQ~)n, where M n + is a metallic or 
organic cation. 

3) Complex salts of formula M+(TCNQ")(TCNQ), where M+ is an alkyl or 
aryl substituted ammonium, phosphonium, arsonium, stibonium, 
sulphonium or oxonium cation. 

A comprehensive review of the three classes i s given by Melby 

et al . The complex salts received the most attention, as they 

displayed markedly anisotropic conductivities in the semiconducting 
- 2 - 5 -1 

regime (a ^ ~ 10 - 10 S cm ) . Particularly exciting was quinolinium 
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(TCNI^)2, which exhibits high conductivity [y^(single crystal) = 100 

S cm'*], indicative of metallic behaviour. 

CN NC 

X ) 
N NC 

TCNUJ (1) TTF (2) 

The attainment of semiconducting complexes, together with L i t t l e ' s 

proposal at about this time, that high temperature superconductivity was 

possible along a linear hydrocarbon chain surrounded by polarisable 

dyes , prompted further research into the f i e ld of organic metals, 

concentrating mainly upon the salts of TCNQ. 

In 1970, the highly symmetric (D^) and polarisable electron donor, 

tetrathiafulvalene (TTF) (2) was prepared, with a view to preventing 

build up of random potentials, associated with asymmetric cations, and 

reducing the Coulombic repulsion between electrons on neighbouring TCNQ 
Q 

anions . High conductivity in the chloride salt of TTF (a ^ - 0.2 S 

cm *) indicated that the TTF radical cation was not only capable of 

enhancing the conductivity along the TCNQ stacks, but could also 

contribute directly to the conduction process. In 1973, complexation of 
Q 10 11 

TCNQ with N-methylphenaziniunT ion and TTF ' , provided the f i r s t 

truly metallic CT complexes, displaying a values of 200 and 500 S cm"* 

respectively. 

Since i ts discovery, TTF-TCNQ has been extensively studied, aided 
12 

by the ease with which crystals of good size and quality are prepared . 

The complex exhibits most of the e l ec tr i ca l , magnetic, optical and 

structural properties characteristic of an organic metal. Consequently, 

this archetypal organic metal, is a reference point for a l l conducting 
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CT complexes made the rea f t e r , and hence is central to the development of 
1 13 

the whole f i e l d of organic metals ' 

TTF- TCNQ i s a 1:1 complex which exhibi ts h ighly anisotropic 

e l e c t r i c a l and o p t i c a l proper t ies , ind ica t ive of a quasi 1-D system. 

For example, the conduct iv i ty ( f r t ) along the crystal lographic b-axis i s 

500 times greater than that along the a or c axes. Also, at wavelengths 

corresponding to electron t r ans fe r , only l i g h t polarised p a r a l l e l to the 

conducting axis i s absorbed. At wavelengths corresponding to in t r a ­

molecular t r a n s i t i o n s , only l i g h t polarised in the plane of TCNQ 

molecules i s absorbed. 

Temperature, K 

Figure 1.5 Conductivity of TTF-TCNQ - Variation with 
Temperature ( R e f . l ) . 

The temperature dependence of the conduct ivi ty (Figure 1.5) shows 

meta l l ic behaviour (ie. increasing <r wi th decreasing temperature) down 

to 59 K, where the conduct iv i ty peaks with a value greater than 10^ S 

a(T)/a(300K) 
15 

ff(T)/cr!300) 

10 H> 

10 

9.1 

Temperature. K 

s 

© JL 
SOT o 163 
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cm . On f u r t h e r cool ing, the complex undergoes three phase t r ans i t ions 

at 53, 47 and 38 K leading to an insula t ing s ta te . 

X-ray crysta l lographic studies, show the s t ructure of TTF-TCNQ to 

be dominated by segregated stacks of donor and acceptor moieties, each 

running p a r a l l e l to the crystal lographic b - a x i s ^ . The normals of both 

TTF and TCNQ are t i l t e d by d i f f e r i n g degrees (24 .5° and 34 .0° 

respect ively) and in opposite d i rec t ions , g iv ing r i s e to the so-called 

"herringbone" s t ructure (Figure 1.6). 

S(1 
S(2) 
N(2) 

N(1) 

Figure 1.6 Crystal Packing in TTF-TCNQ (Ref.U). 

Within a stack, adjacent molecules do not l i e d i r e c t l y above one 

another, but exh ib i t a l a t e r a l displacement, such that the exocyclic 

double bond of one molecule, l i e s over the r i n g of i t s neighbours. 

Based on molecular dimensions from X-ray analysis , i n f r a red spectroscopy 

and d i f f u s e X-ray sca t ter ing techniques, the degree of charge t r ans fe r , 

p, from TTF to TCNQ has been estimated to be 0.59 electrons per 

molecule, ie. 59 electrons are d i s t r ibu ted over 100 TCNQ molecules. 

Close s t ruc tu ra l examination of the low temperature phase 

t r a n s i t i o n s , using d i f f u s e X-ray and neutron sca t t e r ing , reveals 

d i s to r t i ons along the long i tud ina l (b) axis , at 54 and 38 K. Between 49 

and 38 K, a s t r u c t u r a l modif ica t ion is observed i n the transverse 
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d i r e c t i o n , along the a-axis. The ove ra l l resul t of these t r ans i t ions i s 

the formation of a 3-D, insula t ing phase. Although decreasing, the 

conduct iv i ty between 54 and 38 K remains high (a > 10 S cm ) thus 

delaying entry in to the insula t ing phase u n t i l below 38 K. Such 

behaviour suggests that the donor and acceptor stacks undergo 

independent t r ans i t ions at 54 and 38 K. Thermoelectric power (TEP) . 

measurements reveal that conduction i n the meta l l ic regime i s dominated 

by the TCNQ stacks, and that the t r a n s i t i o n at 54 K occurs p r imar i ly on 

these, whereas the t r a n s i t i o n at 38 K is driven by the TTF stacks. 

What s t ruc tu ra l aspects of TTF-TCNQ determine i t s high conduct ivi ty 

and the phase t r ans i t ions at lower temperatures? Comparison wi th 

e a r l i e r synthesised TCNQ sal ts provides an adequate model f o r the h ighly 

conducting CT complex. The TCNQ sal ts chosen f o r comparison, namely 

TMPD-TCNQ, NMP-TCNQ, NNDP-TCNQ and DMPH-TCNQt are s imi la r to TTF-TCNQ in 

that they are a l l 1:1 complexes, the donor i s organic and nominally 

planar and the ground state of the sa l t i s at least p a r t i a l l y ion ic . 

Table 1.1 c l ea r ly shows that insu la t ing (or at best semiconducting) 

properties ar ise from a mixed stacking mode, whereas high conduct iv i ty 

i s favoured by segregated stacks of donor and acceptor. Direct 

comparison between NMP-TCNQ and TTF-TCNQ,infers that the smaller 

stacking distance between TCNQ molecules in the l a t t e r complex provides 

greater in te rac t ion of the j - o r b i t a l s and hence larger conduct iv i ty . 

Similar packing wi th in the TTF and TCNQ stacks, indicates that unl ike 

NMP, TTF contributes to the conduct iv i ty . This proposal has been 

confirmed by thermoelectric power measurements, mentioned e a r l i e r . 

F i n a l l y , i t would appear s i g n i f i c a n t that TTF-TCNQ, unl ike the other 

TCNQ s a l t s , does not exhib i t p a r a l l e l sheets of donor and acceptor 

tTMPD = N,N,N',N 1-tetramethy1-p-phenylenediamine; NMP = N-methyl-
phenazinium; NNDB e N,N'-dimethylbenzimidazolium; DMPH = N,N'-dimethyl-
dihydrophenazinium 
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moieties. 

COMPOUND STRUCTURAL 
MOTIF 

STACKING 
DISTANCE (sjcmj 

TMPD- TCN(J Para l le l sheets of 
cations and anions. 

Mixed stack of cation 
and anion (3.27A). 

10-6 

NMP-TCNQ Para l le l sheets of 
cations and anions. 

Segregated stacks of 
cations (3.36A) and 
anions (3 .26A). 

200 

NNDB-TCNQ Para l le l sheets of 
cations and anions. 

Discrete dimers cations 
(3.50A), anions (3 .07A) . 

1 

DMPH-TCNQ Para l le l sheets of 
cations and anions. 

Mixed stack of cation 
and anion (~3 .3A). 

10-5 

TTF-TCNQ Inter leaving 
herringbone packing 
of cations and 
anions. 

Segregated stacks of 
cations (3.47A) and 
anions (3 .17A) . 

500 

Table 1.1 Structural Characteristics and Room Temperature 
Conductivities of Several Organic Cation-TCNQ 
Structures; (Ref.14). 

In quasi 1-D systems, the degree of charge t rans fe r i s a c ruc i a l 

f a c t o r i n inf luencing the conduct iv i ty . Transfer of 0.59 electrons from 

TTF to TCNQ gives r i s e to a CDW which i s incommensurate wi th the under­

l y i n g l a t t i c e and hence allows f o r the observed high conduct iv i ty . The 

phase t rans i t ions are a t t r i bu t ed to Peierls d i s to r t i ons in the 

ind iv idua l stacks, which eventually lead to a f u l l y three-dimensional 

system through interstack in terac t ions . 

I t must be pointed out that p a r t i a l charge t rans fe r may be achieved 

in one of two ways: e i ther by de l i ca te ly balancing the ion isa t ion 

po ten t i a l of the donor wi th the electron a f f i n i t y of the acceptor, as 

seen f o r TTF-TCNQ, or by formation of a sa l t of stoichiometry other than 

1:1 (eg. TTF- Br Q n _ Q ? 6 ) . 

I n summary, design of a highly conducting CT complex has the 
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f o l l o w i n g constraints . Both donor and acceptor should be planar or 

nearly planar, wi th delocalised j r -o rb i t a l s . Highly symmetrical donors 

and acceptors of s imi la r size to each other favour ordered c rys t a l 

s t ructures , and the f r ee rad ica l sa l t of one or both components should 

be s table. Segregated stacking i s imperative, providing bands through 

the overlap of ^ - o r b i t a l s . Combined with p a r t i a l charge t ransfer and 

the associated incommensurate CBW's, a meta l l i c state i s a t ta inable . 

1.4 NEW ELECTRPW DflNCRS 

1 .4 .1 The Design of Organic Qetals 

Chemical modif ica t ion of the TTF-TCNQ system provides an 

outstanding opportunity to study systematic changes in e lectronic and 

crys ta l lographic s t ruc ture , and to examine the e f f e c t of these fac tors 

upon s o l i d state propert ies . The quest f o r new, highly conducting 

mater ials , and major advances i n synthetic methodology ' towards TTF-

type systems, have gone hand-in-hand to provide a phenomenal number of 

new electron donors. The major rewards f o r such extensive research have 

been the s t a b i l i s a t i o n of the meta l l i c state and the attainment of 

organic superconductivity. Although an extensive review of new electron 

donors is beyond the scope of t h i s thes is , we wish to use a few spec i f i c 

examples which have made s i g n i f i c a n t contr ibut ions to our understanding 

of the features c o n t r o l l i n g electron transport in CT complexes. 

Or ig ina l modif icat ions of TTF concentrated on extending the a-

framework. Replacement of the hydrogens w i t h , f o r example, methyl 

groups, reduces the ion isa t ion po ten t i a l of the donor and hence a f f e c t s 

the e lec t ronic band structure of the CT complex. Similar to TTF-TCNQ, 

TCNQ sal ts of dimethyl-TTF (cis, trans)11, tetramethyl-TTF (TMTTF) 1 7 and 
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hexaraethylene-TTF (HHTTF) , structures ( 3 ) , (4) and (5) respect ively , 

exh ib i t <rrt values i n the range 200 - 1500 S cm" 1 . The meta l l ic 

behaviour observed on lowering the temperature i s disrupted by a metal-

insula tor (M-I) phase t r a n s i t i o n occurring below 100 K. Unfortunately, 

subtle crysta l lographic d i f fe rences , compared to TTF-TCNQ, obscure the 

e lect ronic e f f e c t of the substituents on the so l i d state propert ies . 

TMTTF-TCNQ, f o r example, displays reduced interchain coupling thus 

increasing the 1-D character of the complex. 

Subst i tu t ion of sulphur by selenium was the next l o g i c a l , but 

chemically demanding, step. The larger , more polarisable selenium atoms 

were expected t o reduce Coulombic repulsions and to increase the 

conduct iv i ty , due to the larger bandwidth associated with greater 

intrastack overlap between cation rad ica ls . Tetraselenafulvalene (TSeF) 
19 

(6) -TCNQ , having an isomorphous c rys t a l s t ructure to TTF-JCNQ, i s an 

ideal candidate to assess the e f f e c t of selenium on the transport 

propert ies . TSeF-TCNQ exhib i t s a conduct ivi ty value ~ 800 S cm" 1) 

nearly double that of TTF-TCNQ and the meta l l ic state is s t ab i l i s ed down 

to 29 K 2 0 , some 29 K below the M-I t r a n s i t i o n found in TTF-TCNQ. Hence, 

selenium would appear to have the desired e f f e c t upon the conduct iv i ty . 

As demonstrated by the f o l l o w i n g example, increased dimensionali ty, 

through interchain Se interact ions has a profound e f f e c t upon the 

transport propert ies . Consider tetramethyl- tetraselenafulvalene (TMTSeF) 
21 29 

(7) and hexamethylene-tetraselenafulvalene (HMTSeF) (8) , which from 

X X R 

R2 i R R i 

R2 R 

(3) R!=R3=Me; R2=R4=H (cis) 6) Ri=R 2=R3=R4=H 
Ri=R4=Me; R2=R3=H (trans) 7 Ri=R2=R3=R4=Me 

8) Ri - R 2 = R 3 - R 4 = - ( C H 2 ) 3 4) R1=R2=R3=R4=Me 
5 R 1-R 2=R 3-R 4=-(CH 2 3 
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spectroscopic, electrochemical and magnetic studies are e l ec t ron ica l ly 

indis t inguishable . However, t h e i r respective TCNQ sal ts display very 

d i f f e r e n t transport properties at lower temperatures (< 100 K) . TMTSeF-

TCNQ exis ts i n two phases, a red insu la t ing and a black conducting 

phase, of which only the l a t t e r is of relevance here. The black 

conducting phase exhibi ts a 0 ^ value of ~ 800 S cm~\ which increases 

seven-fold on cool ing, reaching a maximum at 57 K. On f u r t h e r cool ing, 

the material undergoes a single M-I phase t r a n s i t i o n . X-ray c rys ta l 

data show the TMTSeF cations and TCNQ anions exis t in separate, 

homologous stacks wi th interplanar spacings of 3.60A and 3.26A, 

respect ively , consistent wi th the structure expected f o r a highly 

conducting CT complex, susceptible to a M-I phase t r a n s i t i o n at lower 

temperatures. By comparison, HMTSeF-TCNQ has a <r ^ value ranging from 

1400 - 2200 S cm . On cooling the conduct ivi ty r ises three-four f o l d 

to a broad maximum between 70 - 45 K. On f u r t h e r cool ing, the 

conduct iv i ty decreases, but remains i n the meta l l i c regime down to 

1.1 K. Intrastack interact ions wi th in the donor and acceptor stacks, 

were found to be very s imi lar in both complexes, ind ica t ing that the 

profound d i f fe rence in the transport properties of the two complexes, 

resul t s from d i f f e r i n g interstack in terac t ions . HMTSeF-TCNQ displays 

four strong (3.10A) Se-N contacts ( c f . Se-N sum of Van der Vaals r a d i i = 

3.50A), whereas interstack interact ions i n TMTSeF-TCNQ consist of two 

Se-Se contacts (3.98A and 4.04A; c f . Van der Waals r a d i i of Se = 2.00A) 

and two Se-N contacts (3.36A) which are s l i g h t l y less than the sum of 

the Van der Waals r a d i i (3.50A). This comparison points to the fac t 

that increased dimensionality in quasi 1-D systems s tab i l i ses the 

meta l l i c s tate . Inevi tab ly the question arose as to how t h i s was 

ac tua l ly occurring. Present theories predict the in t roduct ion of energy 

states in to the band gap and/or d is rupt ion of the 3-D coupling between 
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chains, as possible mechanisms f o r the smearing of the Peierls 

t r a n s i t i o n i n these quasi 1-D Qetals. 

In view of t h i s profound e f f e c t of increased dimensionali ty, 

planar, aromatic donors were synthesised wi th S or Se atoms, and t h e i r 

associated spins, at the periphery of the molecules. High conduct ivi ty 

in te t ra thia te t racene (TXT) ( 9 ) - I 1 g (<r r t = 600 - 1200 S c m " 1 ) 2 3 , 

prompted research in to other TTT-halides, and analogous to the 

TTF-halides, these compounds enabled studies of electron transport 

sole ly i n the donor stacks. Also, wi th the TTT-halides ex i s t ing i n a 

range of s toichiometr ics , i t was possible to probe the subtle e f f ec t s 
24 

the donor/acceptor r a t i o has upon the observed properties . 

Disadvantages associated with TTT, namely i n h i b i t i o n of intermolecular 

S-S in teract ions by the per i hydrogens, i n s o l u b i l i t y and size 

incompa t ib i l i t y wi th TCNQ, prompted the synthesis of t e t r a th i a -

naphthalene (TTN) ( 1 0 ) 2 5 . 

TTT (9) TTN (10) 

I t was found that TTN is a poorer donor than TTT and TTF and that 

TTN-TCNQ is meta l l i c over only a narrow temperature range. Tetraselena-

tetracene sa l ts (TSeT^X (X = Br, CI) both show high conduct iv i t ies 
3 - 1 

(<T- t = 10 S cm ) , and upon cooling undergo a metal-semimetal 

t r a n s i t i o n at ca. 20 K. The absence of a M-I t r a n s i t i o n i s explained by 

the development of substantial 2-D character a r i s i n g from s i g n i f i c a n t 

Se-Cl ion in te rac t ions . 

In t roduct ion of disorder is another technique by which the uniform, 

- 16 -



periodic d i s t o r t i o n s , associated wi th 1-D metals can be prevented. 

Although bene f i c i a l i n t h i s respect, i t must be noted that random 

disorder generates random potent ia ls which hinder electron t ransport . 

However, the unsymmetrical donor complex dimethyl-diethyl- tetraselena-

fu lvalene (OMDETSeF)-TCN{} provides an in te res t ing study through two 
27 

e f f e c t s . The bulky e thyl groups s i g n i f i c a n t l y reduce intermolecular 

overlap and the cis/trans isomers (11) provide s t a t i c disorder. The 

conduct iv i ty as a func t ion of temperature, r e f l e c t s meta l l ic behaviour 

with a gradual progression in to the insula t ing regime at lower 

temperatures. Anomalies i n thermoelectric power (TEP) measurements 

point towards a smeared phase t r a n s i t i o n at 28 K, which i s otherwise 

unobservable from conduct ivi ty measurements alone. 

The technique of a l loy ing i s another method by which disorder i s 

introduced to a system. For example, introducing 107c methyl-TCNQ, MTCNQ 

(15), (vide infra) into TSeF-TCNQ, "blurs" the phase t r a n s i t i o n at 28 K c 

28 

and increases the Conductivity at 4 K by four orders of magnitude . 

I n t e r e s t i n g l y , doping with TTF has very l i t t l e influence on the 

conduct iv i ty as a func t ion of temperature. This is a t t r i bu ted to the 

fac t tha t , although the presence of TTF introduces disorder to the 

system, the TTF molecule has a s i g n i f i c a n t e f f e c t upon the band 

s t ruc ture , which counteracts the e f f e c t of disorder. The apparent 

absence of t h i s phenomenon, when doping wi th MTCNQ, implies donor stack 

dominance i n the transport propert ies . Similar resul ts are obtained, 

with s imi l a r conclusions from doping TMTSeF-DMTCNQ with 25% MTCNQ27 

Te 

X Me Ri R3 i 

Et Te 

(11) Ri=Me; R2=Et (cis) 
Ri=Et; R2=Me (trans) 

12 R 1-R 2=R 3-R 4=- CH2 3 

13 Ri=R2=R3=R4=H 
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(DMTCNQ = 2 > dimethyl-TCM|; (16) vide infra). 

Int roduct ion of t e l l u r i u m into the fulvalene skeleton has proved 

very d i f f i c u l t and consequently only a few TTeF derivat ives e x i s t . The 

ant ic ipated e f fec t s of t h i s change were enhanced conduct iv i t ies i n the 

sa l t s , due to increased bandwidths, a more polarisable donor and a 

s t a b i l i s a t i o n of the meta l l i c state due to increased dimensionali ty. 

Hexamethylene-tetratellurafulvalene (HMTTeF) (12) provided an 

encouraging s t a r t , forming a 1:1 complex wi th <rr^ (powdered sample) ca. 
- 1 29 

1 S cm" . Since then the most s i g n i f i c a n t advance has been the 
recent preparation of t e t r a t e l l u r a fu lva l ene (TTeF) (13) which enables a 

30 

comparison wi th the sulphur and selenium analogues . Although TTeF-

TCNQ possesses a higher <r value (1800 ± 300 S cm - 1 ) than i t s TTF and 

TSeF analogues, a deta i led analysis of the transport properties of TTeF-
31 

TCNQ at lower temperatures, i s hampered by poor qua l i ty crys ta ls . 

In summary, the phenomenal number of TTF derivat ives which have 

emerged over the past two decades provide a bet ter understanding of the 

f ac to r s governing electron transport i n these quasi 1-D, CT complexes. 

A few useful guidelines f o r the design of new materials can be drawn up: 
1) Subst i tu t ion of sulphur by selenium increases <r(rt) and lowers the 

M-I phase t r a n s i t i o n temperature. Also the selenium donor stacks 
dominate the transport propert ies . 

2) Bulky substituents tend to increase the anisotropy of the system. 

3) Introducing disorder in to a system resul ts in a "smearing" of the 
phase t r a n s i t i o n . 

4) Increased dimensionality tends to eliminate the M-I t r a n s i t i o n . 

I t should be stressed that these are only guidelines and that the 

c rys t a l s tructure is also c r i t i c a l l y important i n determining the 

observed propert ies . The cont ro l of c rys ta l packing has so f a r eluded 

the chemist, and thus our a b i l i t y to design materials i s s t i l l poorly 

developed. 
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1.4.2 (fflrg&aic Superconductors 

To complete t h i s section on new electron donors, we wish to b r i e f l y 

review the organic materials which have exhibited superconductivity, 

po in t ing out key features r e l a t i n g to t h e i r behaviour. The more 

enthusiast ic reader i s re fer red to excellent reviews on t h i s topic by 

W i l l i a m s 3 2 " 3 4 and W u d l 3 c . 

Arguably the most exc i t i ng discovery i n the f i e l d of organic 

metals, was superconductivity displayed by the Bechgaard sa l t s . Pr ior 

to t h i s , TMTSeF-DMTCNQ at ambient pressure, displayed a sharp M-I 
35 

t r a n s i t i o n at 42 K . However, under pressure (13 kbar) , the 
5 - 1 

conduct iv i ty rose to 10 S cm at 10 K, continuing to r i s e down to 1 K. 

This was the f i r s t organic sa l t i n which a t r u l y meta l l ic state was 

s t a b i l i s e d , by pressure, down to 1 K. Surpr is ingly , the d r i v i n g force 

f o r the M-I t r a n s i t i o n resided solely wi th in the TMTSeF donor stacks. 

These i n t r i g u i n g resul ts prompted Bechgaard to prepare a range of 

cat ion rad ica l s a l t s , ( T M T S e F ) w i t h inorganic anions (X = NO^, BF^, 

PFg, AsF 6 , SbFg, TaFg, C104 etc), the so-called "Bechgaard sa l t s" . The 

sa l t s (TMTSeF)2X (X = N0 3 , BF 4 , PF~, AsF"g) displayed unusually high 
5 - 1 

conduct iv i t ies at low temperatures ( 0 ^ ca. 10 S cm ) , as wel l as the 
36 

ant ic ipated M-I t r a n s i t i o n . In a bid to suppress the Peierls 

d i s t o r t i o n , pressure was applied to (TMTSeF^ PFg, providing the f i r s t 

organic superconductor (conduction with zero resistance) wi th a c r i t i c a l 
37 

temperature (T ) of 0.9 K . Shortly afterwards superconductivity at 

ambient pressure was observed in (TMTSeF)2 C104 (T = 1.3 K ) 3 8 . 

Subsequently, superconductivity under pressure has been observed and 

independently v e r i f i e d i n (TMTSeF)2X (X = AsF g , SbF"6, TaFg, R e 0 4 ) 3 1 ' 3 9 . 

I nev i t ab ly , the important features related to superconductivity i n 

these materials are r e f l ec ted i n the c rys ta l s t ruc ture . An unusual 
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fea ture of a l l these sal ts i s that they are a l l i sos t ruc tu ra l , belonging 

to the t r i c l i n i c class (space group P I ) . The essent ia l ly planar TMTSeF 

molecules arrange themselves i n zig-zag fashion, forming a quasi 1-D 

chain, which para l le l s the axis of highest conduct iv i ty . This feature 

i s observed in (TMTSeF^BrQ^, whose c ry s t a l s tructure is representative 

of the whole series of sal ts (Figure 1.7). 

(12*3.98 
02--3.38 d 5=3.916 

d,=3.9l2 
D, =3.59 d„= 3.839 

do= 3.946 
d. = 3.988 

i* = 4.093 4 3.841 

d,= 3.912 

3 

TftATSF 

Figure 1.7 Crystal Structure of (WTSeF)2BrOA Viewed Down the 
Stacking Direction ( l e f t ) and Showing the Zig-Zag 
Stacking of the TMTSeF Molecules (riqht side view) 
(Ref.32). 

Unusually short (d < 4.00A) Se-Se interstack interact ions give r i s e 

to an " i n f i n i t e sheet network", with associated 2-D character. 

Separation of the "sheets" by the supporting anions prevents the 

establishment of a 3-D network. On cooling (298 - 125 K) , the "sheet 
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network" contracts in a qui te remarkable manner. X-ray crysta l lographic 

studies reveal that the " v e r t i c a l chain" separation decreases, on 

average, by twice as much as the intrastack distances, and considerable 

bonding interact ions and e lect ronic de loca l i sa t ion through the Se...Se 

network r e su l t . Consequently, the anions appear to play no d i rec t ro le 

in the conduction process, although they do, i n d i r e c t l y , s i g n i f i c a n t l y 

modify the e l e c t r i c a l proper t ies . 

Unlike previously studied CT complexes, the M-I t r a n s i t i o n , i n the 

sa l ts of centrosymmetric anions, (TMTSeF^X (X = PFg, AsFg, SbFg and 

TaFg), i s driven by an antiferromagnetic spin density wave (SDW) ground 

s ta te . This t r a n s i t i o n does not involve electron-phonon coupling, and 

consequently s t ruc tu ra l changes are not observed. Under applied 

pressure the SDW state i s suppressed g iv ing r i s e to a superconducting 

ground s ta te . I n contrast , the (TMTSeF^X sal ts containing non-

centrosymmetric anions (X = CIO^, BrO^, ReO ,̂ NO^, FSQg and H ^ V , ) show 

s t r u c t u r a l phase t r ans i t ions at higher temperatures than those 

associated wi th magnetic (SDW) t r a n s i t i o n s . These t r ans i t i ons are 

associated wi th anion ordering phenomena and the formation of Se...O 

in te rac t ions . Wudl correlated the temperature of the phase t r a n s i t i o n 

to the nuc l eoph i l i c i t y of the anion and, consequently, provided an 

explanation f o r the absence of a M-I t r a n s i t i o n i n the CIO^ salt** 0. The 

r e l a t i v e l y "non-nucleophilic" CIO^ ion undergoes a "sof ter" t r a n s i t i o n 

which does not ob l i t e r a t e the meta l l i c s ta te , a l lowing a superconducting 

state to develop at ambient pressure. 

The anions are also found to play a c r u c i a l ro le i n the development 

of the superconducting s ta te . I t was noted that as the size of the 

anion i s var ied, there are systematic changes i n both the observed un i t 

c e l l volume, V c , and the average interstack Se...Se distances, d f t v ^ -

S i g n i f i c a n t l y , the minimum values of V and d„ centre around those 
C 3.V 
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observed f o r the ClO^ s a l t , from which i t was concluded that the 

appliance of pressure to the other TMTSeF anion sa l t s produces a 

contraction of the Se-Se network, y i e ld ing a c r y s t a l s t ructure s imi la r 

to that of (TMTSeF^ClO^, and hence one in which a superconducting 

t r a n s i t i o n i s s t r u c t u r a l l y favoured. 

F i n a l l y , the onset of superconductivity is probably associated wi th 

anion ordering, due to weak anion-methyl group in te rac t ions . Comparison 

of the anion environment i n (TlTSeF^AsFg 4 1 and (TMTSeF) 2 C10 4

4 2 , 4 3 , 

shows the d i s to r t ed AsFg ion ex i s t ing in an i so t rop ic sea of hydrogen 

atoms, with no short B-F separations, whereas the te t rahedral CIO^ ion 

"sees" an asymmetric hydrogen atom environment, wi th numerous short H-0 

contacts. Such contacts tend to p in the anion, g i v i n g r i s e to a 

sluggish anion ordering t r a n s i t i o n at 24 K, an apparent prerequis i te f o r 

superconductivity. Further evidence f o r t h i s phenomena i s provided by 

quickly cooled samples, which r e t a in t h e i r "disordered" anion 

conf igura t ion , r e su l t i ng i n complete loss of superconductivity or a 

severely depressed T . 

Another donor, whose sa l t s exh ib i t superconductivity, i s the 

sulphur based b i s (e thy lened i th io ) - t e t r a th i a fu lva lene (BEDT-TTF or simply 

ET) (14). The po ten t i a l of ET was soon realised when ET 2C10 4(1,1,2-

trichloroethane)Q ^ 4 4 remained meta l l ic between 298 - 1.4 K. Following 

t h i s , ET^eO^ under >4 kbar pressure, displayed superconductivity at 
45 

2 K . In the absence of pressure, an M-I t r a n s i t i o n developed at 81 K. 

The s tructure of ETrjReO^ was ascertained from the i sos t ruc tu ra l E T ^ r O ^ 

, and was found to d i f f e r from the Bechgaard sa l t s i n many ways. 

F i r s t l y , the ET cations are decidedly non-planar, wi th the CH2 groups 

protruding out of the molecular plane. Secondly, the ReO^ anion is 

ordered at room temperature, which, by analogy wi th (TMTSeF)2C104, 

appears to be a prerequis i te f o r superconductivity. T h i r d l y , there i s 
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an apparent lack of columnar stacking, the s t ructure of ET sa l ts being 

dominated by 2-D sheets a r i s ing from short S-S " inters tack" 

in te rac t ions . This anisotropy is h ighl ighted by ETgClQ^TCE^ ^ i n which 
2 3 

the conduct iv i ty i s 10 - 10 times greater along the sheets than i n the 

"columnar" d i r e c t i o n . Further, short inters tack S-S interact ions give 

r i se to the so-called "corrugated sheet network" (Figure 1.8), which by 

analogy wi th the Bechgaard sa l t s , provides the main pathway f o r 

e l e c t r i c a l conduction. 

The f i r s t example of ambient pressure superconductivity in an ET9X 

t r a n s i t i o n at 135 K) . /?-ET2lg also consists of a "corrugated sheet 

network" s t ruc ture , separated by l inea r , symmetric Ig anions, which are 

encapsulated by the hydrogen atoms of the CH^ groups. Predictions that 

the " inters tack" separations are dependent on anion size, led to the 

subs t i tu t ion of Ig f o r the shorter, i sos t ruc tu ra l IBr^ and the 

48 

subsequent r i se of T f i to 2.7 K . Use of the asymmetric, c rys t a l lo -

graphical ly disordered ^ B r " anion, suppressed the onset of super­

conduct ivi ty even at 5 kbar pressure 4 9 . An increased c r i t i c a l 

temperature ( T c = 7 - 8 K) was reported f o r /?-ET 2Lp when a pressure of 
50 

1.3 kbar was applied ; the pressure i s believed to prevent a s t ruc tu ra l 

X X X ) 
14) A 

B 

Figure 1.8 Structure of ET (14) and Two-Dimensional "Corrugated 
Sheet Network" Observed in (ET)2ReO^ and (ET)2Br04 

(Ref.W-

47 
sa l t was found i n j3- E T 0 I Q (T 1.5 K) (the a-phase undergoes an M-I 
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modif icat ion a r i s i n g from CB^ group disorder, re la ted to CHg-I 

in terac t ions . From these, and other data, Williams concluded that the 

optimum anion f o r ambient pressure superconductivity wi th increased 1Q, 

is a l inear , symmetrical chain, wi th a length intermediate between I B ^ 

and I g . Aul2 f i t s these c r i t e r i a and when incorporated in to an ET s a l t , 
e-i 

ambient pressure superconductivity occurs at 5 K . More recently the 
CO 

thiocyanate sa l t (ET)2CuNCS has exhibi ted superconductivity at 10.4 K . 

Considering the Bechgaard and ET sa l ts together, i t seems clear 

that superconductivity i s associated wi th the 2-D, chalcogen atom 

network, the cont ro l of which i s f i n e l y tuned by the supporting anions. 

Consequently, in the quest f o r higher T c ' s , p a r t i c u l a r l y i n the ET2X 

sa l t s , i t i s essent ial to el iminate molecular and anionic disorder and 

avoid s t ruc tu ra l modi f ica t ion : t h i s i s a very challenging task! 

1.5 m ELECTMN ACCEPTORS 

1.5.1 TCNIS Derivat ives 

I n t h i s section we sha l l review the area of new electron acceptors 

f o r organic metals, h igh l igh t ing the important advances that have been 

made since the discovery of TCNt}. I t must be borne i n mind that f a r 

fewer publ icat ions have been concerned with new acceptors than new 

donors. Consequently, our knowledge of the ro le of the acceptor in 

determining s o l i d state properties i s s t i l l rather l i m i t e d , leaving 

considerable scope f o r new studies. Without doubt a major f a c t o r 

cont r ibut ing to the lack of acceptors i s the d i f f i c u l t y of synthesis. 

The i n i t i a l step forward was the preparation and character isat ion 
C O 

of twenty one subst i tuted TCNQ der ivat ives i n 1975 . Complexes wi th 

TTF ( 2 ) , TTT ( 9 ) , and various other donors, displayed a whole range of 
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conduc t iv i t i e s , none of which were an improvement upon the corresponding 

TCNQ sal ts . TCNQ's, subst i tuted at the 2,5 posi t ions wi th halogens, 

a l k y l and alkoxy groups o f fe red a range of electron a f f i n i t i e s , s t e r i c 

fac to rs and heavy atom e f f ec t s which were correlated wi th the observed 
55 

conduct iv i t ies . Comparing <r r t wi th the degree of charge t rans fe r (p), 

revealed the former r i s i n g to a maximum wi th increasing p (TTF-TCNQ: 

- 500 S cm p - 0 .59). Further increase i n p it. towards simple sa l t 

formation resulted i n a decrease i n a^. Using redox potent ia ls to 

gauge the degree of charge t r ans fe r , i t became apparent that high 

conduct ivi ty was associated wi th moderate donors and acceptors, i n which 

the redox potent ia ls were closely matched [ie. AE^ = - E ^ < 

0.25 V ] . However, i t i s essential to bear i n mind that other important 

fac tors must be taken in to account. For instance, although the electron 

a f f i n i t i e s of 2,5-diethyl-TCNQ (DETCNQ) (17) and 2,5-diisopropyl-TCNQ 

(DiPrTCNQ) (18) are very s imi l a r , t h e i r respective TTF sal ts display 

conduct iv i t ies d i f f e r i n g by seven orders of magnitude (TTF-DETCNQ = 

10 S cm" 1; c f . TTF-DiPrTCNQ = 10" 6 S cm" 1) t h i s r e f l e c t s the e f f e c t 

of bulky substituents upon the c rys t a l s t ructure and the corresponding 

transport propert ies . The e f f e c t of bulky substituents i s also 

highl ighted by TCNQ(OMe)(0-iPr) (19) which does not complex wi th TTT 

(9 ) , whereas the TTT complex of TCNQ(OMe)(OEt) has a <r value of ca. 1 

S cm . As a general guideline i t was concluded that favourable 

crysta l lographic packing f o r high conduct iv i ty requires: i ) the absence 

of bulky substituents and i i ) a combination of donor and acceptor wi th 

s imi la r dimensions. I t was also suggested that replacement of chlor ine 

substituents by the more polarisable bromine and iodine atoms had a 

favourable e f f e c t upon the conduct ivi ty (TTF-TCNQC^ a T t = 3.4 x 10" 4 S 

cm" 1; TTF-TCNQBr2 ^ = 5 S cm" 1; TTF-TCNIJI2 a r t = 2.2 x 10" 2 S cm" 1 ) . 

However, the intermediate value observed f o r TTF-TCNQI9 indicates that 
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the p o l a r i s a b i l i t y is o f f s e t by other f ac to r s , the size of the iodine 

atom f o r instance. 

N NC 

R2 

Ri 

NC N 

(15) Ri=Me; R2=H (18) Ri=R2 = iPr 
(16) Ri=R2=Me (19) Ri=MeO; R2=iPrQ 
(17) Ri=R2=Et 

Of a l l substi tuted TCNQ's, the a l k y l der iva t ives , methyl-TCNt} 

(MTCNQ) (15), 2,5-dimethyl-TCNQ (DMTCNQ) (16) and (DETCNQ) (17), have 

received the most a t t en t ion . Study of the a l k y l der ivat ives was 

considered important f o r several reasons. F i r s t l y , although the 

presence of the a l k y l groups w i l l reduce the electron a f f i n i t y , as 

confirmed by cyc l i c voltammetry (CV), the e f f e c t upon band f i l l i n g and 

the corresponding transport properties should not be too dramatic. 

Secondly, the a l k y l groups act as "spacers", thus i so l a t i ng the donor 

and acceptor stacks and hence increasing the one-dimensionality of the 

system. F i n a l l y , there is in teres t i n the intrastack arrangement of the 

adjacent acceptor molecules. For instance, w i l l each molecule be 

inverted wi th respect to i t s neighbours, thus reducing s t e r i c 

interact ions between a l k y l groups, or w i l l a randomised arrangement 

ex i s t , thus introducing disorder in to the l a t t i c e? 

TTF-MTCNQ exhibi ted meta l l ic behaviour (<r = 200 - 500 S cm" 1) 

reaching a broad conduct ivi ty maximum ( f f

m a x / f f

r ^ - 1-2) at 210 K . 

Plots of log a vs T d id not reveal a wel l -def ined t r a n s i t i o n . However, 

below 100 K, the complex became semiconducting. Use of electrochemical 

half-wave potent ia l s (E^) as a measure of electron a f f i n i t y , showed 
2 

MTCNQ and TCNQ to be v i r t u a l l y i d e n t i c a l , which may account f o r the 

remarkably s imi la r a values of the corresponding TTF sa l t s . The 

methyl group, as wel l as providing a modified c rys ta l s t ructure and 
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stacking pat tern , also gives the acceptor molecule a small dipole 

moment. The influence of t h i s dipole moment was c l ea r ly seen by the 

absence of a sharp maximum in <r(T), which was explained by a pinning of 

the CDW above the t r a n s i t i o n temperature. Methyl group i n h i b i t i o n of 

the 3-D ordering process, was also considered to contr ibute to the 

broadening of the phase t r a n s i t i o n . In conclusion, the presence of the 

methyl group appeared to a f f e c t the so l i d state properties i n a wel l -

defined manner. 

Within the a l k y l der ivat ives , DMTCNQ (16) provided the most 

in te res t ing study. The 1:1 complex of DMTCNt} wi th TMTSeF (7) exhibi ted 

high ambient pressure conductivi ty (a^ = 300 S cnf * ) , r i s i n g to a 

maximum value of ca. 3000 S cm^ at 50 K, below which the complex 
57 

underwent an M-I t r a n s i t i o n . Comparison wi th TMTSeF-TCNQ revealed 

s imi l a r c rys ta l structures and conduct ivi ty data, although the M-I 

t r a n s i t i o n occurred at 20 K lower i n the DMTCNIJ s a l t . To explain these 

r e su l t s , possible disorder e f fec t s were considered, r e su l t i ng from the 

stacking arrangement of the acceptor. A cont r ibu t ion to the meta l l i c 

state was provided by the 10% increase i n un i t c e l l volume, observed in 

the DMTCNQ s a l t , thereby reducing the interchain coupling in te rac t ion . 

However, i t has already been noted (section 1.4.2), that the d r i v i n g 

force f o r the phase t r a n s i t i o n i n TMTSeF sa l t s , resides solely upon the 

donor stacks and can be removed by the appliance of pressure. 

Subs t i tu t ing hydrogen atoms f o r the bu lk ie r methyl/ethyl groups i n 

the acceptor (or donor), not only a f f ec t s the inters tack in terac t ions , 

but a lso , i nev i t ab ly , the intrastack separations and the associated 

bandwidths. The separation of TTF's in many 1-D systems is comparable 

with the Van der Waals separations, whereas, f o r example, the separation 

of TCNQ in TTF-TCNQ being 3.17A i s less than the sum of the Van der 

Waals r a d i i f o r aromatic carbon atoms (3.34A), and hence maintaining 
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close packing and meta l l ic behaviour i n substi tuted TCNJJ's i s not an 

easy task. TTF-DETCNH1, displays a segregated stacking motif i n which 

the perpendicular interplanar spacing of TTF and DETCNdJ i s 3.59A and 
. go 

3.25A respectively . These values, being greater than those observed 

in TTF-TCNJJ (3.47A and 3.17A r e s p e c t i v e l y ) 1 4 , almost ce r t a in ly 

contr ibute to the lower conduct ivi ty observed f o r the DETCNUJ sal t (a^ -
- 1 54 ° 10 S cm ) . Projections perpendicular to the planes of the donor and 

acceptor reveal the overlap of the TTF's to be iden t i ca l to that found 

in TTF-TCNQ: in contrast , the DETCNtJ molecules overlap in a s l i g h t l y 

less symmetric manner, due to the s t e r i c requirements of the e thyl 
58 

groups (Figure 1.9) 

Figure 1.9 Projection of the Overlap Between Neighbouring 
DETCNQ Molecules Viewed Perpendicular to the 
Molecular Planes (Ref.58). 

X-ray data concerning the stacking mode of DETCNQ indicate that 

close stacking i n t r i - and t e t ra - subs t i tu ted TCNQ, would be v i r t u a l l y 

impossible due to s t e r i c in te rac t ions . 

- 28 -



Subst i tu t ion of hydrogens in the TCNIJ skeleton by f l u o r i n e provided 

an excellent way of studying the e f f ec t s of increased electron a f f i n i t y 

while re ta in ing p l ana r i t y , s imilar molecular dimensions and favourable 

intrastack interact ions wi th in a complex. Comparing the HMTTF (5) sa l ts 

of TCNQ and tetrafluoro-TCNIJ (TCNJJF )̂ (20) showed the former sa l t to be 

meta l l ic at high temperatures, with a metal-semiconductor 0 transition at 

48 K, whereas the l a t t e r sa l t exhibited semiconductor behaviour at a l l 

temperatures; t h e i r respective values d i f f e r e d by s ix orders of 
59 

magnitude . These two acceptors also formed i sos t ruc tu ra l sal ts wi th 

HMTSeF ( 8 ) , whose transport properties compared i n a s imi la r manner . 

To explain such phenomena, two models were proposed. Either the 

f l u o r i n e atoms draw electron density in to the r i n g (ie. away from the 

dicyanomethylene groups) thus increasing the intermolecular Coulomb 

repulsion energy (U) of the dianion; or a l t e r n a t i v e l y the f l uo r ines 

resulted i n complete charge t ransfer from donor to acceptor, g iv ing r i s e 

to a Mott-Hubbard insula tor . Of these models, the second i s the 

accepted one. 

(20) R!=R2=R3=F 
(21) R,=R3=H; R2=F 
(22) R!=R2=R3=H 

A l o g i c a l way to reduce the p o s s i b i l i t y of complete charge 

t r ans fe r , was to prepare the d i f l u o r o analogue (21). The TTF complex of 

2,5-difluoro-TCNQ (TCNQF2) was found to be semiconducting (<r r t = 2 x 

10" 5 S c m " 1 ) 6 1 . In terms of electron a f f i n i t y , fluoro-TCNQ (TCNtJF) 

(22), would appear to be f a r more a t t r a c t i v e acceptor; moreover the 

single f l u o r i n e atom imparts an asymmetric e lec t ronic perturbat ion to 

the acceptor ion , which by analogy wi th N-methylphenazinium (NMP)-TCNQ, 
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could suppress the Peierls d i s t o r t i o n . TCNIJF (22) complexed wi th a 

range of TTF-type donors {eg. TTF, TOTTF, TOTSeF, HE3TTF and HHTSeF)6 2; 

a l l complexes displayed 0̂  (compaction) values which compare favourably 

with the corresponding TCN5J sa l t s . However, the Peierls d i s t o r t i o n i n 

these complexes was not suppressed. 

In the synthesis of cyclobutane-fused TCN1J (23), Japanese workers 

prepared the f i r s t d i subs t i tu ted TCNQ, whose substituents were not i n 
63 

the 2,5 posit ions . The ro le of the cyclobutane r i n g , as wi th other 

a lky l y subs t i t uen t s , was to a f f e c t both the i n t r a and interstack 

in terac t ions , while having the minimum e f f e c t upon the e lec t ronic state 

of the parent TCNQ. The electronic s i m i l a r i t y between cyclobutane-TCNQ 

and TCNQ was confirmed by cyc l i c voltammetry. A 1:1 complex of (23) 

wi th TTF, exhibi ted conduct iv i ty i n the meta l l ic regime [^ (compac t ion ) 1 = 0.3 S cm" ) . TCNQ subst i tuted wi th two cyclobutane r ings (24) also 

formed a TTF complex, whose cr^ value was f i v e orders of magnitude 

lower . Considering the small e f f e c t the ethane group has upon the 

e lectronic state of the parent TCNQ, t h i s s i g n i f i c a n t d i f fe rence i n 

conduct ivi ty must be due to s t e r i c fac tors a f f e c t i n g the c rys t a l 

s t ruc ture . Ster ic arguments also explained why the t e t r a - subs t i tu ted 

TCNQ der iva t ive (25) f a i l e d to complex wi th TTF. 

NC 

(23) Ri=R2=H 
(24) R 1 -R 2 =-(CH 2 ) 2 -

(25) Ri-R2=-(CH=CH)2-

(26) Ar=C 6H 5 

(27) Ar=p-MeOC6H4 

(28) Ar=p-N0 2C 6H 4 

(29) Ar=/?-Naphthyl 

(30) Ar=p-NH 2C 6fl 4 

I t has become increasingly clear that the multi-parameter 

opt imisat ion required f o r high conduct ivi ty in CT complexes i s not 

easi ly a t ta inable . Possibly, of a l l parameters, the problem of 

segregated, rather than mixed stacking, i s the most acute. In an 
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attempt to combat t h i s problem, a range of molecules containing both 

donor and acceptor moieties (D m -A n ) connected by a l k y l bridges was 

prepared. With a f i x e d stoichiometric r a t i o of donor and acceptor, and 

the a b i l i t y to vary donor and acceptor strengths, i t was possible to 

design molecules with predetermined degrees of charge t r ans fe r . Also, 

i t was hoped that the s t ruc tu ra l packing of such molecules would force a 

segregated stacking mot i f , or at least provide a new ins ight in to 

fac tors c o n t r o l l i n g t h i s phenomenon. The X-ray c rys t a l s t ructure of 

2,5-dibenzyl-TCNQ (26) showed some tendency f o r segregated stacks of the 

acceptor moiety and t h i s prompted the character isat ion of a range of 

der ivat ives (27)-(30) displaying variable donor a b i l i t y ie. substi tuted 
64 65 

benzyl groups ' . However, to date t h i s approach has not led to 

s i g n i f i c a n t advances, other than to establish that c rys t a l packing 

forces largely control the stacking mot i f . 

A greater control over the or ien ta t ion of the donor and acceptor 

molecules w i th in the s o l i d s tate , has recently been achieved wi th the 

use of Langmuir-Blodgett f i l m s . This point being adequately demonstrated 

by TMTTF-octadecyl-TCNQ (31), which as a 4 nm th i ck monolayer f i l m has a 

conduct ivi ty (<r ^ = 1 S cm" 1) two orders of magnitude greater than the 
66 

corresponding compaction value . Such high conduct iv i ty implies an 

ordered s tructure wi th in the f i l m , with close segregated stacks of the 

CT complex, despite the presence of long insu la t ing a l k y l chains. With 

the a b i l i t y to manipulate the so l id state s tructure i n such a manner, 

the Langmuir-Blodgett technique w i l l undoubtedly be extensively 

exploi ted i n f u t u r e research on organic metals. 

Continued research in to new TCNQ der iva t ives , led to the synthesis 

of tetramethyl-TCNQ (TMTCNQ) ( 3 2 ) 6 7 ' 6 8 . TMTCNQ, which was prepared in 

order to probe the forementioned e f f ec t s of methyl group subs t i t u t i on , 

suffered from a s i g n i f i c a n t loss of p lanar i ty due to the s t e r i c 
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i n t e rac t ion between the dicyanomethylene groups and the substi tuents . 

NC N N N 

n C l 8 ° 3 7 Me>. Me 

lie 

NC NC N N 

(31) (32) 

Electrochemical stud ies showed TMTCNQ to be a s i g n i f i c a n t l y poorer 

acceptor than TCNQ, as expected. I n t e r e s t i n g l y , the molecule underwent 

a simple, revers ib le , two-electron reduction rather than the more 

f a m i l i a r two, revers ib le , one-electron reductions observed wi th TCNQ, 

MTCNQ and DMTCNQ. The f a c t that diethano-TCNQ (24) undergoes two, one-

electron reductions, indicates that the redox charac ter is t ics are a 

resu l t of s t e r i c rather than e lec t ronic e f f e c t s . The X-ray c rys ta l 

s t ructure of TMTCNQ shows a very strong deformation of the TCNQ skeleton 
68 

in to a boat conformation ; t h i s explains the unsuccessful attempts to 

complex TMTCNQ with TTF, TMTTF and TMTSeF. 

F i n a l l y , with the aim of obtaining r i g i d , bulky modif icat ions wi th 

small e lec t ronic perturbations on TCNQ, Japanese workers prepared and 

characterised the complexes of a series of barreleno-TCNQ der ivat ives . 

Such bulky substituents were expected to have a p r o l i f i c e f f e c t upon the 

stacking mode of the component molecules and in t r a / i n t e r s t ack 

in te rac t ions . The highest conduct iv i t ies were found in the TTF sal ts of 

tetrahydrobarreleno-TCNQ and dihydrobarreleno-TCNQ; these complexes are 

best described as small bandgap semiconductors. Unfortunately, X-ray 

q u a l i t y crys ta ls are not formed, but high values (40 S cm" 1) f o r 

TTF-tetrahydrobarreleno-TCNQ suggest a segregated stack s t ruc ture . 
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1.5.2 TONS l e r i v a t i v e s UitLl Extenidledl a--Systens 

Early work by Berlinsky et al. , and Lowe , using £10 calculat ions 

on TCNQ" diraers, established that maximum overlap of the HOffl's (and 

hence, maximum bandwidth) occurred at exactly the geometry observed in 

TTF-TCNQ. Hence the slipped conf igura t ion w i t h i n each TCNIJ stack makes 

i t s maximum cont r ibut ion to the conduct iv i ty . I n contrast , calculat ions 

concerning TTF* dimers, showed that overlap of the HOMO's was poor f o r 

the geometry found i n TTF-TCNQ1^. The most stable conf igura t ion was 

computed to occur when TTF molecules are stacked d i r e c t l y on top of each 
72 

other, ie. the exact geometry observed in the conducting TTF-halides . 

I n the l i g h t of t h i s , acceptors were sought wi th a d i f f e r e n t size and 

shape to TCNQ, i n a b id to force the TTF molecules to stack d i r e c t l y on 

top of one another, thus enhancing the donor stack cont r ibu t ion to the 

conduct iv i ty . 
•JO 

Accordingly, TNAP (33) was synthesised, whose complexes wi th TTF 
and HMTSeF^ were both found to be segregated stack structures (<r r t = 

- 1 - 1 

40 S cm and 2500 S cm respec t ive ly ) . The TTF sa l t underwent a sharp 

M-I t r a n s i t i o n at 185 K, whereas the HMTSeF sa l t exhibi ted a 

conduct iv i ty maximum at 47 K, before entering a semi-metallic regime (a 

< 47 K = 250 - 3000 S cm" 1 ) . For TTF-TNAP, the interplanar ca t ionic and 

anionic spacing, 3.4A and 3 . l A respect ively, is very close to that 

observed f o r TTF-TCNQ. S i g n i f i c a n t l y greater penetration of the TTF 

ions in to the TNAP layers, and vice versa, compared to TTF-TCNQ, points 

towards greater interstack in te rac t ion and enhanced s t a b i l i s a t i o n of the 

meta l l i c s tate, i n the TNAP complex. However, i t should be noted that 

the M-I t r a n s i t i o n occurs at 185 K i n TTF-TNAP, compared to 54 K f o r 

TTF-TCNQ. For HMTSeF-TNAP, two r e l a t i v e l y short Se.. .N contacts per 

molecule and Se...Se in teract ions contr ibute to the t r a n s i t i o n in to a 
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semi-metal rather than an insu la tor . I n general, although i t was 

encouraging that TNAP sal ts exhibi ted meta l l i c behaviour, success has 

been hampered by poor qua l i t y c rys ta l s . 

N NC N N N N 
N N 

NC N 
NC NC N N NC N 

33) (34 (35) 36) 

Extended symmetrical analogues of TCNQ viz TCNDQ (34) , TCNTHPQ (35) 

and TCNPQ (36), were sought because the scope f o r reduced Coulombic 

repulsions w i t h i n the dianion, and greater overlap of the extended t 

system, could give r i s e to larger bandwidths. Unfortunately, i n i t i a l 

attempts to synthesise neutral TCNDQ f a i l e d , leading only to polymeric 

mater ia l . However, the rad ica l anion and dianion were isolated as t h e i r 
75 

a l k a l i metal and tetraalkylammonium sal ts . The radica l anion was 

read i ly i d e n t i f i e d i n so lu t ion by i t s complex ESR_sp.ec.trum: i n the s o l i d 

state the a l k a l i metal s a l t s , M+TCNDQ~-, have a s ing le , strong ESR signal 

reminiscent of M+TCNQ- sa l t s . The key feature to emerge from the 

electrochemical studies on TCNDQ was the small d i f fe rence between the 

f i r s t and second redox potent ia ls of the dianion, due to increased 

electron de loca l i sa t ion w i t h i n the system. A TTF complex of TCNDQ was 
2 2+ 

prepared by metathesis reaction between Na2(TCNDQ ) and (TTF )Br2, but 
76 

very l i t t l e s o l i d s tate data have been reported . Neutral TCNDQ was 

eventually obtained by con t ro l l ed-po ten t ia l e l ec t ro ly s i s of the 
7ft 

dianion . 
Pyrene der ivat ives TCNTHPQ (35) and TCNPQ (36) were the next 
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t a rge ts , wi th the aim of r e t a in ing the favourable e lec t ronic propert ies 

of TCNDQ, while suppressing i t s propensity to polymerise. Also the 

ethano and etheno bridges el iminate s te r ic in terac t ions between hydrogen 

atoms which cause a t w i s t about the central double bond of neutra l TCNDHj 

(34). TCNTHPIJ, l i k e TCNDQ, underwent two one-electron revers ible 

reductions, the small AE values pointed towards reduced Coulombic 
77 

repulsions i n the dianion compared to TCNQ . The s u i t a b i l i t y of 

TCNTHPIJ as an acceptor was confirmed by formation of a complex wi th 

TMTTF, which displayed a reasonably large conduct iv i ty value (<r t = 0 . 2 

S cm" 1 ) . Attempts to i so la te neutral TCNPQ (36) were less f r u i t f u l : 

chemical oxidat ion of pyrene-2,7-dimalononitr i le provided a purple s o l i d 

which was considered to be polymeric. Electrochemistry of the pyrene-

2 ,7-d imalononi t r i l e dianion showed a revers ib le , one-electron oxidat ion 

fol lowed by an i r r eve r s ib l e ox ida t ion , suggesting an unstable neutral 
78 

compound which undergoes f u r t h e r reactions at room temperature . 

Attempts to prepare TTF sa l t s of TCNPQ (36) by metathesis react ion wi th 

(TTF)g(BF^)2 and (TTF)Br2 with the n-butylammonium sa l t of the dianion 

f a i l e d 7 8 . 

Research in to TCNQ's wi th extended * systems continued wi th the 

synthesis of TCAQ ( 3 7 ) 7 9 " 8 1 . 

(37) X=C(CN)2 

(38) X=0 

NC^"N)N 

(39) 

UV spectra of the neutral species, suggested the molecule i s highly 

d i s t o r t ed . This was v e r i f i e d by the X-ray c rys t a l s t ructure which 

showed the centra l r i ng bent in to a boat form and the two non-coplanar 
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benzene rings buckling to form a b u t t e r f l y conformation. This re l ieves 

s t e r i c interact ions between the dicyanomethylene groups and the p e r i 

hydrogens. Similar boat-shaped quinonoid moieties are also exhib i ted , 
81 

to a lesser extent, by 9-dicyanomethylene anthrone (38) and benzo-TCNQ 

(39) . Electrochemical studies show TCAJJ to be a poorer acceptor 

than TCNQ, but more s i g n i f i c a n t l y , the f i r s t redox wave corresponds to a 
68 

revers ib le , two-electron reduction, as observed wi th TMTCNQ (32) . 

Comparison wi th c y c l i c voltammetric data f o r TCNQ and benzo-TCNQ shows 

an increasing coalescence of the f i r s t and second reduction potent ia ls 

wi th increasing benzo-substi tut ion. To explain the two-electron 

reduction i t has been suggested that the molecular d i s t o r t i o n i n TCAQ 

(37) causes the f i r s t reduction po ten t i a l (E 1 ) to s h i f t to a more 
2 

o 
negative range, while not a f f e c t i n g the second reduction po ten t i a l ( E j ) , 

2 

a l l s t e r i c in terac t ions being re l ieved in the dianion. A l t e r n a t i v e l y , 

TCAQ (37) may be considered as two independent e lectron sinks (two 

d i s to r t ed diphenyldicyanomethylene u n i t s ) . A second, revers ib le , redox 

wave a t t r i bu t ed to t r i a n i o n formation, and a f u r t h e r i r r eve r s ib l e redox 

wave due to tetraanion formation, are very s imi l a r to those observed f o r 

anthracene; these data suggest that i n the TCAQ dianion, the negative 

charges loca l i se upon the dicyanomethylene u n i t s , which subsequently 

tw i s t out of the plane of the r i n g , thus " i s o l a t i n g " the anthracene 

r i n g . In the l i g h t of the severe d i s t o r t i o n exhibi ted by TCAQ (37), i t 

i s not surpr is ing that a l l attempts to form s o l i d sa l t s wi th various 

TTF-type donors, a l k a l i metals etc., have f a i l e d . Continuing on t h i s 

theme, TBAQ (40) was synthesised and the X-ray s t ructure determined . 

Steric interact ions between two sets of p e r i hydrogens i n TBAQ, as wel l 

as wi th the dicyanomethylene groups, resul t i n possibly the most 

s t e r i c a l l y crowded TCNQ der iva t ive prepared so f a r . 
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(40) (41) 

OCNAQ (41) provided the f i r s t example of a coupled TCNGJ84. OCNAQ 

was found to be a stronger acceptor than TCNQ, wi th a reduced on-si te 

Coulomb repulsion in the dianion. X-ray s t ruc tu ra l data on Et^N + 

(OCNAQ") show that the quinonoid s t ructure is maintained in the 

monoanion, which i s inev i t ab ly re la ted to the ease wi th which a second 

electron is accepted. The centra l r i n g of OCNAQ is essent ia l ly planar, 

while s t e r i c in teract ions force the TCNQ nuclei in to d i s to r ted boat 

forms, the bows and sterns of each boat point ing i n opposite d i r ec t ions . 

The conduct ivi ty (a^ s ingle c ry s t a l = 4 x 10" 4 S cm" 1) i s larger than 

the corresponding compaction value of the TCNQ sa l t (<r r t < 10 S cm" ) , 

which has been a t t r i bu t ed to the reduction of on-si te Coulombic 

repulsion in OCNAQ. However, such deductions from a comparison of 

single c rys ta l and compaction conduc t iv i t i e s , d i f f e r i n g by^only two 

orders of magnitude, i s ce r t a in ly open to c r i t i c i s m . The TTF sa l t of 

OCNAQ, possesses an unusual stoichiometry (TTFj ^-OCNAQ) and exhib i t s 
- 2 - 1 

semiconductor behaviour (a. -10 S cm ) . 

NC N NC N 

*5s 

NC N NC N 

42 (43) 
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Two recently prepared electron acceptors (42) and (43) , from 

electrochemical studies, appear to be promising candidates f o r 
86 87 

conducting GT complexes ' . However, sa l ts of these acceptors have 

yet t o be reported. So, o v e r a l l , the resul ts of some extensive 

synthetic work directed towards extended TCNQ der ivat ives have been 

disappointing and early hopes that t h i s approach would a f f o r d h ighly 

conducting complexes has not been real ised. 

1.5.3 l e t e r o c y c l i c TCNQ Derivatives 

In order to overcome the s t e r i c problems in TCAQ, the benzo 

substituents were replaced by heterocycles, to y i e l d BTDA-TCNQ (44) 

NC N 

S N 

NC N 

(44) X=Y=S 

(45) X=S; Y=Se 

(46) X=Y=Se 

In l i n e wi th predic t ions , the c rys ta l s t ructure of neutral BTDA-

TCNQ (44) shows the molecule to be essent ia l ly planar, wi th bond lengths 
89 

ind ica t ing resonance s t a b i l i s a t i o n of the th iadiazole r ings . A 

columnar stacking arrangement involv ing only the th iadiazole r ings and 

extensive, transverse S-NC interact ions forming a two-dimensional 

network, suggests that the heteroatoms could increase in t ra - and 

interstack in te rac t ions , thus s t a b i l i s i n g the meta l l i c state of s a l t s . 

Electrochemical data showed that BTDA-TCNQ (44) i s a weaker acceptor 

than TCNQ, but the thermodynamic s t a b i l i t y of the rad ica l anions are 

very s imi l a r . BTDA-TCNQ interacts wi th a range of donors to form 1:1 

complexes, TTT-(BTDA-TCNQ) being the most highly conducting (<r t = 6 S 

c m " 1 ) 9 0 . TTF- (BTDA-TCNQ) i s a neutral insu la t ing {a = 4 x 10" 8 S 
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cm" 1) complex. TTF- (ETDA-TCNÎ ) exhib i t s the expected 2-D network 

r e s u l t i n g from strong heteroatom in terac t ions . However, i n contrast to 

the expected e f f e c t , the network provides cavi t ies i n which the TTF 

molecules reside, thus leading to a mixed stack m o t i f ^ 1 . TTT (9) being 

a larger donor, with lower oxidation p o t e n t i a l , w i l l not f i t in to the 

cav i ty and hence a h ighly conducting TTT complex resu l t s , presumably due 

to a segregated stack mot i f . The selenium analogues (45) and (46) were 

prepared and X-ray data show enhanced inter-heteroatom interact ions ( c / . 
no 

TMTSeF) . To date, complexes of (45) and (46) have not been reported. 

The enhanced interstack interact ions and reduction of the in t ra ­

molecular Coulombic repulsion i n BTDA-TCNQ (44), prompted research 

towards other heterocyclic fused TCNQ's. The preparation of TCNQ fused 
qo 

thiophenes provided four isomers (47)-(50) . 
NC N NC N 

NC N NC N 

47) 48) 

NC N NC N 

NC N NC N 

49) 50 

Isomers (49) and (50) were found to be weak acceptors that f a i l e d 

to y i e l d any complexes. This poor acceptor a b i l i t y was a t t r i bu t ed to 

the formation of an unstable te t ravalent sulphur species, upon 

reduct ion. In contrast , the remaining two isomers (47) and (48) gain 
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aromatic s t a b i l i t y upon reduction and hence are stronger acceptors than 

(49) and (50). Consequently isomers (47) and (48) do form 1:1 complexes 
- 1 

with TTF which display <? r t (compaction) values of 0.89 - 4.8 S cm . 

Several thiophene acceptors have been studied recent ly by Japanese 

workers. In the 1970's, 2,4-bis(dicyanomethylene)-1,3-dithietan (51) 

was prepared 9 4 . Although t h i s molecule i s i soelec t ronic wi th TCNQ, i t 

is a very poor acceptor and consequently forms an insu la t ing complex 

with TTF. The thiophene r i n g analogue (52) has the added advantage that 

the molecule can form an aromatic sextet upon reduction to the radica l 

anion. The s t a b i l i t y of the rad ica l anion was established by the 

Q5 
i s o l a t i o n of the l i t h i u m sa l t of compound (52) . 

S s 

N N 

O > N < N 

^CN N N n NC 

(52) n=l 
(53) n=2 
(54) n=3 

(51) 

Increasing the number of thiophene uni t s to two or three, forming 

compounds (53) and (54) , reduces the electron a f f i n i t y of the acceptor, 

as we l l as the e f f e c t i v e Coulombic repulsion i n the dianion. Molecules 

(53) and (54) are in te res t ing analogues of TCNDQ (34): in the trans 

conformation there i s a reduction of the s t e r i c in terac t ions found in 

TCNDQ. The room temperature conduct iv i t ies of complexes of acceptors 

(52)-(54) are given i n Table 1 .2 9 6 . 

This general trend that increasing the conjugation of the acceptor 

provides an increase i n the conduct iv i ty , points to the f a c t that 

conjugated acceptors wi th weak electron a f f i n i t i e s are capable of 

forming conductive CT complexes, because of increased overlap of the 

extended t systems and e f f e c t i v e diminution of the on-s i te Coulombic 

repulsions. 

- 40 -



ACCEPTOR 
<r( r t ) / S cm-' a 

TTF TTN 

52 
53 
54 

6.7 x 10 
2.2 x 10" 
3.3 x 10" 

-9 
3.3 x 10 
7.2 x 10" 

,-4 

Table 1.2 Conductivity Data for TTF and TTN Complexes of the 
Thiophene Based Acceptors (52)-f54); a=Compaction, 
four-probe measurements (Ref.96). 

A l o g i c a l e x t e n s i o n t o t h i s p a r t i c u l a r area o f research was t o 
study a c c e p t o r molecules c o n t a i n i n g f u s e d thiophene u n i t s . Both 
compounds (55) and ( 5 6 ) , which are p o t e n t i a l l y s i m i l a r t o TNAP ( 3 3 ) , 
form h i g h l y c onducting complexes w i t h TTF (<7 t = 13 and 2.3 S cm"1 

r e s p e c t i v e l y ) . S u r p r i s i n g l y , w h i l e (56) a l s o forms a conducting complex 
w i t h TTT (9) = 3.0 S cm t h e corresponding complex o f (55) i s 
i n s u l a t i n g (<r t = 10 S cm" ) . A b e t t e r understanding o f such 
phenomena r e q u i r e s X-ray c r y s t a l data. 

S 
CN 

IN 
(57) 

N C v ^ N 

1 
(56) (58) 

F u r t h e r research i n t o h e t e r o c y c l i c a c c e p t o r s , l e d t o t h e s y n t h e s i s 
o f 3,6-dicyano-1,2,4,5-tetrazine (57) and 2 , 4 , 6 - t r i c y a n o - S - t r i a z i n e 
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( 5 8 ) 5 t h e former y i e l d i n g a 1:1 TTF complex w i t h m e t a l l i c c o n d u c t i v i t y 
1 QR 

( < r r t = 35 S cm" ) . Th i s was an important breakthrough, b e i n g t h e 
f i r s t complex i n which t h e a t t a i n m e n t o f a r o m a t i c i t y i n t h e r a d i c a l 
anion was not a p r e r e q u i s i t e f o r h i g h c o n d u c t i v i t y . Compound (58) forms 

- 4 - 1 
a semiconducting TTF complex (a ^ = 2 x 10 S cm ) . Unexpectedly, upon 
exposure t o a i r th e a value f o r t h i s complex increased d r a m a t i c a l l y . 
T h is was considered t o be r e l a t e d t o a cyano group being r e p l a c e d by a 
hydroxy1 group. 

I n t r o d u c i n g n i t r o g e n atoms i n t o the TCAQ s k e l e t o n (37) had r a t h e r 
99 

d i s a p p o i n t i n g r e s u l t s . Tetramethyldipyrazino-TCNQ (59) forms 1:1 
i n s u l a t i n g complexes w i t h b oth ET (14) and TMTTF ( 4 ) . The t e t r a p h e n y l 
d e r i v a t i v e ( 6 0 ) , f a i l e d t o for m complexes w i t h these donors, presumably 
due t o s t e r i c i n t e r a c t i o n s o f t h e phenyl groups. 

N N 

NC N NC N N N 
N N R R (59) R=Me 

x A „ (60) R=Ph 
N N 

NC N NC N N N "̂CN (61 NC 
(62 

Aza-TCNQ ( 6 1 ) , a l t h o u g h possessing s i m i l a r geometry t o TCNQ, should 
e x h i b i t very d i f f e r e n t e l e c t r o n i c p r o p e r t i e s , t h e r a d i c a l anion having a 
diamagnetic p r o p e r t y r e l a t e d t o the presence o f C — f t y l i d bonding. 
Simple s a l t s o f (61) w i t h a range o f alkylammonium c a t i o n s e x h i b i t 
t y p i c a l semiconductor behaviour i n t h e temperature range 273 - 358 K, 
w i t h trrt between 10" 6 - 10" 9 S cm"1 1 0 0. Mixed s a l t s o f t h e g e n e r a l 
f o r m u l a [ C a t i o n ] + [aza-TCNQ"] x[TCNQ'-] l x (x < 0.17), d i s p l a y h i g h e r 
c o n d u c t i v i t i e s (a . - 10" 4 - 10" 6 S cm" 1) than t h e c o r r e s p o n d i n g TCNQ 
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s a l t s . This i n d i c a t e s t h a t i n c o r p o r a t i o n o f aza-TCNJJ i n t o t h e TCN(0| 
r a d i c a l anion stacks reduces t h e bandgap. (TMTSeF^-azaTCNtJ ( < r r t ~ 0.1 
S cm" 1) possesses an i n t e r e s t i n g c r y s t a l s t r u c t u r e : t h e THTSeF (7) 
molecules arrange themselves i n 1-D st a c k s , p r o v i d i n g t h e s o l e 
conduction p a t h . The donor stacks are surrounded by aza-TCNIJ1 s, 

101 
o r i e n t a t e d p e r p e n d i c u l a r t o the donors . 

To conclude t h i s s e c t i o n on h e t e r o c y c l i c TCNUJ d e r i v a t i v e s , TCJSQ 
(62) i s worth a mention. TCIJtJ was prepared because i ) t h e s y n t h e s i s was 
e a s i e r than t h e pyrene d e r i v a t i v e ( 3 6 ) , and i i ) t h e presence o f t h e 
n i t r o g e n atoms w i l l increase t h e e l e c t r o n a f f i n i t y o f t h e acceptor and 

102 
a l s o t h e number o f a v a i l a b l e o x i d a t i o n s t a t e s . U n f o r t u n a t e l y TCQHJ 
cou l d o n l y be i s o l a t e d as t h e d i a n i o n : attempted chemical o x i d a t i o n t o 
th e monoanion and n e u t r a l species f a i l e d . E l e c t r o c h e m i s t r y r e v e a l e d a 
s i n g l e r e v e r s i b l e , o n e - e l e c t r o n r e d u c t i o n t o t h e t r i a n i o n . A l l a t t e m p t s 
t o observe an o x i d a t i o n o f t h e d i a n i o n , a t h i g h e r , p o s i t i v e p o t e n t i a l s , 
were u n s u c c e s s f u l . Complex f o r m a t i o n w i t h v a r i o u s TTF-type donors has 
not y e t been r e p o r t e d . 
1.5.4 Qjjuinones and N-Cyanoimines 

A d i f f e r e n t and s u c c e s s f u l approach t o t h e choice o f new acceptors 
was made by Torrance et al., i n t h e l a t e 1970's 1 0 3 ' 1 0 4 . Torrance 
c o n f r o n t e d the problem o f meeting t h e two e s s e n t i a l requirements f o r 
h i g h c o n d u c t i v i t y , namely a segregated stack m o t i f and incomplete charge 
t r a n s f e r . For t h e l a t t e r requirement, e l e c t r o c h e m i c a l half-wave 
p o t e n t i a l s were used as a guide t o t h e i o n i s a t i o n p o t e n t i a l ( I P ) o f t h e 
donor and t h e e l e c t r o n a f f i n i t y (EA) o f t h e ac c e p t o r , t h e d i f f e r e n c e 
(AEi) (Equation 1.1) p r o v i d i n g a g u i d e l i n e t o t h e valency o f t h e 

2 
r e s u l t i n g complex. 
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AE^ = E j D - E J A = IP - EA (1.1) 

Torrance argued t h a t AE values g r e a t e r than +0.25 V would g i v e r i s e 
t o a n e u t r a l complex, AE values l e s s than -0.25 V an i o n i c complex, and 
i n t e r m e d i a t e values a mixed valence complex, p o s s i b l y e x h i b i t i n g h i g h 
c o n d u c t i v i t y . Support f o r t h i s t h e o r y came from t h e study o f two 
acc e p t o r s , TCNQ and DBQ ( 6 3 ) , and two donors, dibenzo-TTF (DBTTF) (64) 
and TTF, whose combinations should span t h e range o f v a l e n c i e s . As 
p r e d i c t e d , combination of t h e weakest donor (DBTTF) and weakest ac c e p t o r 
(TCNQ) (AE A = +0.32 V) gave a n e u t r a l complex* w i t h a a. v a l u e o f ca. 
1 0 " 7 S cm" 1. For DBTTF-DDQ (AE, = -0.01 V) a mixed valence complex was 

2 

p r e d i c t e d and confirmed by t h e h i g h , room temperature c o n d u c t i v i t y v a l u e 
( < r r t -= 8 S cm F u r t h e r evidence f o r a mixed valence, segregated 
stack s t r u c t u r e , came from o p t i c a l a b s o r p t i o n s p e c t r a , a broad band a t 
0.4 eV being c h a r a c t e r i s t i c o f a l l o r g a n i c metals (eg. TTF-TCNQ). Th i s 
complex provi d e d an important step f o r w a r d f o r research i n t h e area o f 
o r g a n i c metals, as i t was one o f t h e f i r s t h i g h l y c o n d u c t i n g complexes 
not t o c o n t a i n a TCNQ-type acceptor. The AE value f o r TTF-DDQ (AE, = 
-0.27 V) was such t h a t combination o f these two m o i e t i e s a f f o r d e d a 
f u l l y i o n i c , i n s u l a t i n g s a l t . 

oxo 
(64) 

Attainment o f segregated stacks i s c o n s i d e r a b l y more d i f f i c u l t ; 
most CT complexes p r e f e r t o e x i s t i n mixed s t a c k s . However, t h e ide a 

0 (63) X=CN; Y=C1 
(65) X=Y=F 
(66) X=Y=C1 
(67) X=Y=Br 

+A n e u t r a l complex r e f e r s t o a complex i n which t h e c o n s t i t u e n t 
molecules are present as n e u t r a l species and t h e r e i s no observable 
degree o f i o n i s a t i o n . 
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was i n t r o d u c e d t h a t segregated s t a c k i n g would be favou r e d when t h e 
f r o n t i e r o r b i t a l s o f t h e donors and acceptors had o p p o s i t e symmetry upon 
i n v e r s i o n , as i s t h e case w i t h TTF-TCNQ and NMP-TCNQ. With th e f o r e -
mentioned c r i t e r i a i n mind, TTF and TMTTF (4) were combined w i t h the 
tetrahalobenzoquinones ( 6 5 ) - ( 6 7 ) , g i v i n g 1:1 complexes, e x i s t i n g i n more 
than one phase . Only t h e most h i g h l y c o nducting phases are o f 
i n t e r e s t here, t h e compaction c o n d u c t i v i t i e s of which are summarised i n 
Table 1.3. 

TETRAHAL0BENZOQUINONE 
(r(300 K)/S cm"* 

(65) (66) (67) 
TCNQ 

TTF 10 8x10"4 6x10"4 70 
TMTTF 7 20 1 (5J) 35 

Table 1.3 Conductivity Data for the Host Highly Conducting TTF 
and WTTF-Tetrahalobenzoquinones Complexes (Ref.104) 
^Single Crystal Value. 

TMTTF-bromanil (67) has been s t u d i e d i n d e t a i l and comparison of 
i t s X-ray c r y s t a l s t r u c t u r e w i t h TMTTF-TCNQ, d e s p i t e obvious d i f f e r e n c e s 

105 
between t h e two a c c e p t o r s , r e v e a l s remarkable s i m i l a r i t i e s . 
P r e d i c t a b l y , t h e donor and acceptor i n b o t h complexes are e s s e n t i a l l y 
p l a n a r , and they form segregated s t a c k s . The o v e r l a p and i n t e r p l a n a r 
spacings o f t h e TMTTF molecules are v i r t u a l l y i d e n t i c a l i n both 
s t r u c t u r e s , and t h e " r i n g over bond" t y p e o v e r l a p a s s o c i a t e d w i t h TCNQ 
i s a l s o observed i n t h e bromanil s t a c k s . The s i m i l a r i t y o f the o v e r l a p 
i n b o t h acceptors i s u l t i m a t e l y r e l a t e d t o the s i m i l a r nodal p r o p e r t i e s 
o f t h e LUMO's i n both a c c e p t o r s , t h e s l i p p e d arrangement p r o v i d i n g t h e 
most f a v o u r a b l e i n t e r a c t i o n . The most noteworthy d i f f e r e n c e between t h e 
two s t r u c t u r e s i s t h e 0.1A g r e a t e r i n t r a - s t a c k s e p a r a t i o n between t h e 
b r o m a n i l molecules, compared t o the TCNQ s e p a r a t i o n . T h i s d i f f e r e n c e i s 
s u r e l y r e l a t e d t o t h e b u l k of the bromine atoms and accounts f o r t h e 
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lower c o n d u c t i v i t y found i n THTFF-bromanil. Correspondingly t h e <r r t 

v a l u e f o r TOTTF-chloranil i s h i g h e r than t h a t o f TMTFF-bromanil. 
P a r t i a l charge t r a n s f e r i n both t h e bromanil and c h l o r a n i l complexes i s 
confirmed by v i b r a t i o n a l s p e c t r a , each having a p value o f ca. 0.5 
e l e c t r o n s per molecule . Consequently, t h e two e s s e n t i a l c r i t e r i a f o r 
h i g h c o n d u c t i v i t y have been met, as p r e d i c t e d . Moreover, t h i s study 
e s t a b l i s h e d t h a t f o r h i g h c o n d u c t i v i t y i n complexes, t h e acceptors a r e 
not r e s t r i c t e d t o TCNQ-type molecules. Although very s i m i l a r i n many 
r e s p e c t s , TMTTF-bromanil and TMTTF-TCNQ have one importa n t d i f f e r e n c e . 
I n TMTTF-TCNQ t h e c o n d u c t i v i t y and magnetic s u s c e p t i b i l i t y become 
a c t i v a t e d a t t h e same temperature (T ca. 55 K) which i s t y p i c a l of 
or g a n i c metals undergoing a P e i e r l s t y p e t r a n s i t i o n . I n c o n t r a s t , t h e 
c o n d u c t i v i t y i n TMTTF-bromanil i s a c t i v a t e d a t temperatures w e l l above 
t h e magnetic s u s c e p t i b i l i t y t r a n s i t i o n temperature (T = 75 K). Thus, 
above 75 K, TMTTF-bromanil i s a magnetic semiconductor and not a simple 
quasi 1-D metal . The immediate q u e s t i o n a r i s i n g f r o m t h i s study i s : 
what causes t h e c o n d u c t i v i t y , but not t h e magnetic s u s c e p t i b i l i t y t o be 
a c t i v a t e d ? U n t i l such qu e s t i o n s are answered, i t i s premature t o c l a i m 
a f u l l understanding o f TTF-TCNQ type systems. 

I n c o n t r a s t t o the TMTTF s a l t s , t h e TTF s a l t s o f f l u o r a n i l ( 6 5 ) , 
107 108 c h l o r a n i l (66) , and bromanil (67) e x h i b i t a mixed stack 

arrangement, w i t h u n i f o r m spacing along t h e sta c k s . I n t e r e s t i n g l y t h e 
broma n i l complex has an i o n i c ground s t a t e , whereas t h e f l u o r a n i l and 
c h l o r a n i l complexes are n e u t r a l . T h i s suggests t h a t t h e l a r g e r 
p o l a r i s a t i o n of bromanil must p l a y an important r o l e i n s t a b i l i s i n g t h e 
i o n i c ground s t a t e i n TTF-bromanil. The mixed s t a c k i n g arrangement i n 
t h e TTF complexes a p p a r e n t l y c o n t r a d i c t s t h e a r g u m e n t 1 ^ , t h a t i f t h e 
HOMO of the donor and the LUMO o f the acceptor have o p p o s i t e symmetry 
w i t h respect t o i n v e r s i o n , then e c l i p s e d o v e r l a p o f the two molecules 
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should p r o v i d e zero s t a b i l i s a t i o n and hence segregated stacks form by 
d e f a u l t . Close i n s p e c t i o n o f t h e donor/acceptor o v e r l a p i n TTF-
c h l o r a n i l and T T F - f l u o r a n i l i n d i c a t e s t h a t o r b i t a l o v e r l a p determines 
the r e l a t i v e o r i e n t a t i o n i n one case ( T T F - f l u o r a n i l ) , but y i e l d s t o 

107 
l a r g e r s t e r i c i n t e r a c t i o n s i n t h e o t h e r ( T T F - c h l o r a n i l ) . I n both 
cases a non-eclipsed c o n f i g u r a t i o n i s achieved w i t h a net p o s i t i v e 
o r b i t a l o v e r l a p , w i t h o u t t h e need f o r segregated s t a c k i n g . T h i s work 
c l e a r l y emphasises t h e need t o d i r e c t research towards understanding t h e 
f a c t o r s c o n t r o l l i n g t h e a l l - i m p o r t a n t aspect o f c r y s t a l s t r u c t u r e . 

A most e x c i t i n g recent development due t o Hunig and coworkers, has 
been t h e use o f t h e N-cyanoimine group i n place o f t h e dicyanomethylene 
group, t o f u r n i s h new e l e c t r o n a c c e ptors. The s y n t h e s i s o f a whole 
range o f acceptors i n v o l v e s , w i t h o u t e x c e p t i o n , a c l e a n , one-step, h i g h 
y i e l d i n g r e a c t i o n from t h e corresponding q u i n o n e 1 ^ . This immediately 
makes t h e study o f such compounds an a t t r a c t i v e p r o p o s i t i o n . Another 
a t t r a c t i v e p r o p e r t y i s t h e f l e x i b i l i t y o f t h e N-cyanoimine group (cf. 

t h e r i g i d C(CN)2 g r o u p ) , thus e n a b l i n g r e t e n t i o n of p l a n a r i t y i n 
s t e r i c a l l y demanding d e r i v a t i v e s . The p o t e n t i a l o f t h i s c l a s s of 
acceptors was f i r s t r e a l i s e d i n 1984, when t h e complex between N,N'-
dicyano-1,4-napthoquinonediimine (68) and TTF e x h i b i t e d h i g h ambient 
temperature c o n d u c t i v i t y ( < r r t = 25 S cm" 1), and remained m e t a l l i c down 

110 
t o 140 K . These r e s u l t s were p a r t i c u l a r l y encouraging i n l i g h t of 
the f a c t t h a t benzo-TCNQ (39) does not complex w i t h TTF ( t h i s being 
a t t r i b u t e d t o t w i s t i n g w i t h i n t h e acceptor molecule t o a l l e v i a t e s t e r i c 
s t r a i n , vide supra). The most n o t a b l e p o i n t s concerning t h e c r y s t a l 
s t r u c t u r e o f TTF-(68) are i ) segregated u n i f o r m stacks o f e s s e n t i a l l y 
p l a n a r donors and a c c e p t o r s , i i ) s t r o n g S-NC i n t e r a c t i o n s between donor 
and acceptor, and i i i ) t h e syn c o n f i g u r a t i o n o f t h e N-cyanoimine groups. 
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4 R 

He 
(68 N N 

CN 

(69) R=He 
(70) R=C1 
(71) R = i r 
(72) R=I 

The most dramatic r e s u l t , w i t h o u t doubt, t o emerge from t h e study 
of t h e N,N'-dicyanoquinonediimines, has been t h e d i s c o v e r y of 
e x c e p t i o n a l l y h i g h c o n d u c t i v i t y i n t h e copper s a l t o f t h e 2,5-dimethyl 
d e r i v a t i v e , 2,5-DM-DCNQI ( 6 9 ) 1 1 1 . Cu(2,5-DM-DCN(1I)2 has a <r r t v a l u e o f 
800 S cm" 1, which upon c o o l i n g r i s e s t o a value of 500,000 S cm"1 a t 
3.5 K. This r e s u l t i s q u i t e amazing i n view o f t h e f a c t t h a t Cu(TCNQ)2 
i s a semiconductor. 

F i g u r e 1.10 Crystal Structure of Cu(2,5-DM-DCNQI)2; Viewed 
Down the Chain of Copper Atoms, Surrounded by Four 
Stacks of 2,5-DB-DCNQI Molecules (Ref.lll). 
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The c r y s t a l s t r u c t u r e of Cu(2,5-DM-DCNQI)2 ( F i g u r e 1.10) shows t h e 
copper ions arranged i n chains, each surrounded by f o u r stacks o f N,N'-
dicyanoquinonediimine. C o - o r d i n a t i o n t o t h e copper i o n through the 
t e r m i n a l n i t r o g e n atoms o f f o u r a c c e p t o r s , g i v e s r i s e t o a d i s t o r t e d 
t e t r a h e d r a l arrangement. 

The f a r g r e a t e r s e p a r a t i o n o f t h e copper ions w i t h i n t h e chain 
(388 pm) compared t o t h a t i n copper metal (Cu-Cu = 256 pm) makes i t 
u n l i k e l y t h a t t h e conduction pathway i s through t h e copper chains. 
C o n d u c t i v i t y , t h e r e f o r e , d e r i v e s from t h e stacks o f d e l o c a l i s e d i-
e l e c t r o n systems, w i t h t h e copper ions a c t i n g as a c o n d u c t i v i t y b r i d g e 
between i n d i v i d u a l s tacks. This l a s t p o i n t i s supported by i ) t h e 
o b s e r v a t i o n o f a broadened ESR s i g n a l , and i i ) t h e absence of a phase 
t r a n s i t i o n ; t h i s c l e a r l y suggests m u l t i - d i m e n s i o n a l c h a r a c t e r . Thus, 
t h i s i s t h e f i r s t example i n which t h e m e t a l l i c s t a t e i s s t a b i l i s e d t o 
low temperatures, where t h e conduction pathway i s s o l e l y t h r o u g h stacks 
o f acceptor molecules. 

A range o f 2,5-disubstituted-N,N'-dicyanoquinonediimine s a l t s w i t h 
v a r i o u s metal ions (Cu, Ag and a l k a l i metals) has s i n c e been 

112 113 
s t u d i e d ' . The copper s a l t s of ( 2 , 5 - d i m e t h y l ) , ( 2 - c h l o r o - 5 - m e t h y l ) 
and (2-bromo-5-methyl) d e r i v a t i v e s , compounds ( 6 9 ) - ( 7 1 ) r e s p e c t i v e l y , 
a l l e x h i b i t h i g h e r <r r t values (a ^ = 300 - 1000 S cm" 1) than t h e 
corresponding s i l v e r and a l k a l i metal s a l t s . Also, w i t h t h e exce p t i o n 
of Cu(2,5-DM-DCNQI)2, a l l these s a l t s , a t lower temperatures, undergo a 
phase t r a n s i t i o n i n t o t h e semiconducting regime. S u r p r i s i n g l y Cu(2-
iodo-5-methyl-N,N'-dicyanoquinonediimine^ (72) d i s p l a y s a continuous 
increase i n c o n d u c t i v i t y down t o 1.2 K. Th i s d i f f e r e n t behaviour i s 
a t t r i b u t e d t o t h e l a r g e i o d i n e atom, i n c r e a s i n g t h e s t r a i n w i t h i n t h e 
c r y s t a l , t h us suppressing t h e P e i e r l s t r a n s i t i o n . Poor o v e r l a p o f t h e 
qu i n o n o i d 7 r - o r b i t a l s a l s o e x p l a i n s t h e reduced c o n d u c t i v i t y o f t h i s s a l t 
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( < r r t = 0.2 S cm" 1). 
Comparing t h e c r y s t a l s t r u c t u r e s o f t h e s a l t s o f 2,5-DEI-BCNQI and 

2-ch.loro-5-methyl-DCNQI w i t h a l k a l i m e t a l , ammonium, copper and s i l v e r 
c a t i o n s , revealed v a r i o u s f e a t u r e s common t o them a l l . I n t h e case o f 
asymmetric ac c e p t o r s , w i t h i n t h e f a c e - t o - f a c e stacks each molecule i s 
superimposed upon i t s i n v e r t e d image. The i n t e r p l a n a r s e p a r a t i o n s range 
from 3.15A - 3.27A, which compare f a v o u r a b l y w i t h t h e anion s e p a r a t i o n 
i n TTF-TCNQ (3.17A). Also analogous t o TTF-TCNQ, i s t h e " r i n g over 
bond" t y p e o v e r l a p w i t h i n t h e BCNQI columns. S u r p r i s i n g l y , t h e 
s e p a r a t i o n along t h e s t a c k i n g a x i s i s l a r g e l y u n a f f e c t e d by d i f f e r i n g 
c a t i o n r a d i i . F i n a l l y , t h e geometry o f c o - o r d i n a t i o n i s very c a t i o n 
dependent. 

With t h e l a r g e number of N,N'-dicyanoquinonediimine d e r i v a t i v e s now 
a v a i l a b l e 1 ^ , t h i s c l a s s of compounds seems sure t o p r o v i d e f u r t h e r , 
very i n t e r e s t i n g s t u d i e s and p o s s i b l y a new c l a s s o f o r g a n i c super­
conductor. 

1.6 CflNCLUPINC SUSSAMS 

I n summary, research over the l a s t 20 years i n t o new e l e c t r o n 
acceptors f o r conducting CT complexes has f a i l e d t o e s t a b l i s h a c l a s s o f 
molecules which i s f a r s u p e r i o r t o TCNQ, i n terms of room temperature 
c o n d u c t i v i t y and s t a b i l i s a t i o n o f t h e m e t a l l i c s t a t e . The r e c e n t l y 
s y n t h e s i s e d DCNQI d e r i v a t i v e s , eg. (69) c l e a r l y p o i n t a way f o r w a r d . 
Study o f th e donors would appear t o have been f a r more f r u i t f u l w i t h t h e 
advent o f superconducting s a l t s . However, i t must be remembered t h a t 
f a r more a t t e n t i o n has been focused upon t h e donors, and who, f o r 
example, would have p r e d i c t e d s u p e r c o n d u c t i v i t y i n t h e Bechgaard s a l t s , 
two decades ago! 
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CHAPTER TOO 

NEW DERIVATIVES OF THE TCNQ AND DCNQI SYSTEMS 
FROM ALKYL BENZQQUINONES 



2.1 IITOIfflTOCTITO 

From t h e phenomenal amount o f work which has preceded t h i s t h e s i s 
(Chapter 1 ) , i t i s c l e a r t h a t t h e e f f e c t o f c e r t a i n f a c t o r s (eg. degree 
of charge t r a n s f e r , p) upon the c o n d u c t i v i t y of complexes i s w e l l 
documented and understood. E l e c t r o c h e m i c a l techniques a l l o w t h e v a l u e 
of p f o r any donor-acceptor p a i r t o be p r e d i c t e d w i t h a s a t i s f a c t o r y 
degree o f c e r t a i n t y . I n c o n t r a s t , many f a c t o r s , p a r t i c u l a r l y those 
concerned w i t h t h e a l l - i m p o r t a n t c r y s t a l s t r u c t u r e , are p o o r l y 
understood and have t o be expl a i n e d w i t h h i n d s i g h t . For example, i t i s 
w e l l known t h a t a segregated s t a c k i n g mode i s c r u c i a l f o r h i g h 
c o n d u c t i v i t y i n these m a t e r i a l s , however, d e s p i t e t h e advances made by 
Torrance et a 1 . 1 0 4 ' 1 0 5 w i t h TfflTF-bromanil, t h e format i o n of a mixed 

107 
stack arrangement i n T T F - f l u o r a n i l and T T F - c h l o r a n i l c l e a r l y 
emphasises t h a t t h e c o n t r o l l i n g f a c t o r s are f a r from p r e d i c t a b l e . 

What i s t h e optimum degree o f d i m e n s i o n a l i t y f o r h i g h l y c o n d u c t i n g , 
quasi one-dimensional complexes ? Work upon e l e c t r o n donors has f i r m l y 
e s t a b l i s h e d t h a t s u b s t i t u t i o n of s u l p h u r f o r selenium g e n e r a l l y 
increases t h e d i m e n s i o n a l i t y of t h e system, r e s u l t i n g i n a l o w e r i n g o f 
the temperature o f t h e m e t a l - i n s u l a t o r (M-I) phase t r a n s i t i o n o r i t s 

21 22 
e l i m i n a t i o n ' . By comparison, t h e presence o f t h e methyl s u b s t i t u e n t 
i n TTF-MTCNQ reduces t h e important i n t e r c h a i n c o u p l i n g compared t o TTF-

56 
TCNQ, w i t h subsequent broadening of t h e M-I t r a n s i t i o n . These two 
examples h i g h l i g h t how d i f f e r e n t e f f e c t s c o n t r i b u t e t o t h e s t a b i l i t y o f 
the m e t a l l i c s t a t e , o p t i m i s a t i o n o f which r e q u i r e s very f i n e t u n i n g : i n 
organ i c metals, b u l k molecular p r o p e r t i e s are very s e n s i t i v e t o smal l 
s t r u c t u r a l changes. The few examples h i g h l i g h t e d r e f l e c t t h e need f o r 
f u r t h e r research i n t o these systems, so t h a t one day h i g h l y c o n d u c t i n g , 
or superconducting complexes may be designed w i t h confidence. I n 
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p a r t i c u l a r , t h e r o l e of t h e acceptor molecule i n these quasi one-
dimensional m a t e r i a l s i s p o o r l y understood. 

The aim of t h i s t h e s i s i s t o prepare and c h a r a c t e r i s e new e l e c t r o n 
a c c e p t o r s , whose CT complexes should p r o v i d e v a l u a b l e i n s i g h t i n t o t h e 
f a c t o r s c o n t r o l l i n g c o n d u c t i v i t y and i t s a s s o c i a t e d phenomena. This 
chapter i s concerned w i t h our work on new a l k y l a t e d TCNQ d e r i v a t i v e s . 
Why study a l k y l a t e d TCNQ's ? Previous s t u d i e s have shown t h a t t h e a l k y l 
s u b s t i t u e n t s have t h e advantage t h a t , a l t h o u g h t h e e l e c t r o n a f f i n i t y 
(EA) o f t h e acc e p t o r i s reduced compared t o TCNQ, t h i s e f f e c t i s not t o o 
dra m a t i c (Table 2 . 1 ) 1 1 4 . 

COMPOUND E1! 
2 

E* 
2 

art(S cm 

TCNQ 0.19 -0.35 5 0 0 a 

MTCNQ 0.17 -0.34 5 0 0 a 

2,5-DMTCNQ 0.11 -0.35 l b 

2,5-DETCNQ 0.12 -0.365 50 0 a 

Table 2 .1 Half-Wave Reduction Potentials (V vs SCE) Determined by 
Cyclic Voltammetry at a Pt-Button Electrode in CH^CN-
[n-Bu^NHBFi] (O.ltt), and Room Temperature Conductivity 
(S cm'1) of the Corresponding TTF Complexes; a=single 
crystal measurement; b=compaction measurement (Ref.114). 

Consequently t h e value of p should not be t o o g r e a t l y a f f e c t e d , y e t 
c r y s t a l packing i s m o d i f i e d t o accommodate the methyl s u b s t i t u e n t ( s ) . 
Both i n t r a - and i n t e r - s t a c k s e p a r a t i o n s are a f f e c t e d , thus e n a b l i n g t h e 
e f f e c t of changes t o t h e bandwidth and i n t e r - s t a c k i n t e r a c t i o n s on s o l i d 
s t a t e p r o p e r t i e s t o be s t u d i e d . The <r ^ values o f t h e TTF s a l t s 
(Table 2.1) i n d i c a t e t h a t t h e e f f e c t o f m e t h y l / e t h y l s u b s t i t u t i o n upon 
the bandwidth i s s m a l l , a l l values e x i s t i n g i n t h e m e t a l l i c regime. The 
p a r t i c u l a r TCNQ d e r i v a t i v e s which i n t e r e s t e d us were 2,3-dimethyl-TCNQ 
( 7 3 ) , 2,6-dimethyl-TCNQ (74) and 2,3,5-trimethyl-TCNQ ( 7 5 ) . The 
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p r e p a r a t i o n and c h a r a c t e r i s a t i o n of these t h r e e TCNQ d e r i v a t i v e s would 
complete t h e range o f p o s s i b l e methylated TCNQ's and, hence, a l l o w t h e 
d e r i v a t i v e s t o be s t u d i e d as a whole r a t h e r than i n d i v i d u a l l y . Although 
(73) was a known compound (from p r e v i o u s work by Bryce et al. ) , f u l l 
s y n t h e t i c d e t a i l s and data concerning complex f o r m a t i o n had y e t t o be 
r e p o r t e d . 

N N NC N N N 
Me Me M M 

Me 
NC N NC N NC N 

(73) (74) (75) 

2.2 SYNTHESIS W KM DERIVATIVES 

The c r u c i a l s t e p i n t h e sy n t h e s i s o f TCNQ d e r i v a t i v e s , t h a t 
f r e q u e n t l y poses many problems i s t h e c o n s t r u c t i o n o f the dicyano-
methylene group. I n i t i a l syntheses o f TCNQ d e r i v a t i v e s (Scheme 2.1) 
in v o l v e d condensation of m a l o n o n i t r i l e w i t h 1,4-cyclohexandione t o g i v e 

1 1 f\ 
1,4- bis(dicyanomethylene)cyclohexane (76a) . 

0 NC N NC N 0 y NC N NC N H 
(76a) (76b 

NC N 

NC N 
(1) 

Scheae 2.1 Synthetic Steps: (i) ̂ -Alanine; (ii) Br^/Pyridine. 
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Condensation i n benzene s o l u t i o n gave a mixt u r e o f (76a) and (76b) 
whereas, i n aqueous s o l u t i o n a hi g h y i e l d (97%) o f (76a) was ob t a i n e d . 
O x i d a t i o n of (76a) i n the presence o f p y r i d i n e and e i t h e r N-bromo-
su c c i n i m i d e (NBS) or bromine gave TCNQ (1) i n good y i e l d ( 8 0 % ) . T h i s 
approach a l s o a f f o r d s MTCNJJ (15) and 2,5-DMTCNQ ( 1 6 ) 1 1 6 . 

Wheland and M a r t i n have d e s c r i b e d a v e r s a t i l e s y n t h e t i c r o u t e 
53 

(Scheme 2.2) s t a r t i n g w i t h t h e corresponding p - x y l e n e d i h a l i d e (77) 
Reaction o f (77) w i t h sodium cyanide gave t h e p - x y l e n e d i c y a n i d e ( 7 8 ) , 
which on treatment w i t h sodium methoxide i n benzene-dimethylcarbonate 
e s t a b l i s h e d an e q u i l i b r i u m w i t h d i a n i o n ( 7 9 ) . A d d i t i o n o f cyanogen 
c h l o r i d e then a f f o r d e d t h e t e t r a c y a n o d i a c e t a t e ( 8 0 ) . Treatment o f (80) 
w i t h hydroxide i o n hydrolyses the e s t e r group and d e c a r b o x y l a t i o n g i v e s 
d i a n i o n ( 8 1 ) , which i s converted t o t h e dihydro-TCNH] (p-phenylenedi-
m a l o n o n i t r i l e ) (82) w i t h h y d r o c h l o r i c a c i d . F i n a l l y , o x i d a t i o n w i t h 
bromine a f f o r d e d t h e corresponding TCNQ. C02Me C02Me 

NC N N e CHoCN CHoX 
W ( i ) Y ( i i Y ( i i i Y W o o o o 

e CHoX CH2CN N NC N 
X=Br,Cl co 2Me COoMe 

77) (78 79 (80 
H e NC NC N N NC N i v ) 

( v ) w w w o o 
NC NC N N NC N e H 

TCNQ D e r i v a t i v e (82) (81) 

Scheme 2.2 Synthetic Steps: (i) NaCN; (ii) Na0Me/(Me0)2C0 
[-MeOH]; (iii) CICN; (iv) KOH [-C02J; (v) UCl. 
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Condensation i n benzene s o l u t i o n gave a mi x t u r e of (76a) and (76b) 
whereas, i n aqueous s o l u t i o n a h i g h y i e l d (977.) o f (76a) was o b t a i n e d . 
O x i d a t i o n o f (76a) i n t h e presence o f p y r i d i n e and e i t h e r N-bromo-
su c c i n i m i d e (NBS) o r bromine gave TCNQ (1) i n good y i e l d ( 8 0 % ) . T h i s 
approach a l s o a f f o r d s MTCNIJ (15) and 2,5-DMTCNQ ( 1 6 ) 1 1 6 . 

Wheland and M a r t i n have de s c r i b e d a v e r s a t i l e s y n t h e t i c r o u t e 
53 

(Scheme 2.2) s t a r t i n g w i t h t h e corresponding p - x y l e n e d i h a l i d e (77) 
Reaction o f (77) w i t h sodium cyanide gave the p-xylenedicyanide ( 7 8 ) , 
which on tre a t m e n t w i t h sodium methoxide i n benzene-dimethylcarbonate 
e s t a b l i s h e d an e q u i l i b r i u m w i t h d i a n i o n ( 7 9 ) . A d d i t i o n of cyanogen 
c h l o r i d e t h e n a f f o r d e d t h e t e t r a c y a n o d i a c e t a t e ( 8 0 ) . Treatment o f (80) 
w i t h h y d r o x i d e i o n hydrolyses t h e e s t e r group and d e c a r b o x y l a t i o n g i v e s 
d i a n i o n ( 8 1 ) , which i s converted t o t h e dihydro-TCNQ (p-phenylenedi-
m a l o n o n i t r i l e ) (82) w i t h h y d r o c h l o r i c a c i d . F i n a l l y , o x i d a t i o n w i t h 
bromine a f f o r d e d t h e corresponding TCNQ. C02Me C02Me 

N NC N e CH2X CHoCN 
w ( i ) Y i i Y i i i ) Y w w o o o o t 

9 CH2X CH2CN N NC N 
X=Br,Cl cooMe C02Me 

77) 78 79) (80) 
H e NC NC N N NC N i v ) 

v w w I o o < 

NC N NC N NC N e H 

TCNQ D e r i v a t i v e (82) (81) 

Scheme 2.2 Synthetic Steps: (i) NaCN; (ii) NaOMe/(tieO)2CO 
[-tteOH]; (iii) CICN; (iv) KOH [-C02]; (v) HCl. 
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Although many TCNQ derivatives have been successfully synthesised 

by this route, i t i s disadvantaged by numerous steps and the use of the 

toxic and noxious cyanogen chloride. Consequently, other routes to the 

key intermediate (82) were sought. One approach has been to change the 

cyanating agent. 2,4-Dimethylphenylcyanate (83) has been employed, for 

example, in the treatment of 4-methoxybenzylcyanide (84) in the presence 

of sodium hydride to give 4-methoxyphenylmalononitrile (85) 

(Scheme 2 . 3 ) 1 1 7 . 

M e ^ ^ ^ - O C N + MeO^^>-CH 2 CN - ^ L MeQ-<(O^H(CN)2 

(83) (84) (85) 

Scheae 2.3 Synthetic Steps: ( i ) NaH. 

Although this i s a one-step synthesis from the benzyl cyanide (84), 

the yields are low and reagent (83) i s i t se l f prepared from cyanogen 

chloride! Davis and Cava chose 2-chlorobenzylthiocyanate (86) (prepared 

from 2-chlorobenzyl chloride and potassium thiocyanate) and established 

the clean conversion of (87) to (88) (Scheme 2 . 4 ) 1 1 8 . 

CI 
j ^ p S C N - W 

(86) (87) 

+ Ph-CH2CN » PhC(CN)2Li + 2 R2NH 

+ LiCN + (0-ClPhCH 2S) 2 

( i i ) 

( i i i ) 
PhC(CN)3 < X PhCH(CN)2 

(89) (88) 

Scheiae 2.4 Synthetic Steps: ( i ) LDA; ( i i ) H*; ( i i i ) Reagent (86). 

They noted that the anion of (88) does not react further with reagent 

(86) to yield phenyltricyanomethane (89), in contrast to cyanogen 

chloride. This method has now been used by Dr. Hasan in our laboratory 
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for the synthesis of several TCNIJ derivatives , but i t i s not 

applicable to our target alkyl derivatives, as the p-xylene dicyanides 

we would require are not readily available. 

Another cyanating agent to be employed in TCNIJ synthesis is 

cyanotrimethylsilane, TMSCN ( 9 0 ) 1 2 0 . Terephthaloyl chloride (91) treated 

with excess (90) in the presence of pyridine gives l ,4-bis(dicyanotri-

methylsiloxymethyl)benzene (92) in good yield (70%). Compound (92) was 

also prepared in 627. yield by reaction of the same reagents, (90) and 

pyridine, with terephthaloyl cyanide (93) which was prepared from (91) 

and copper ( I ) cyanide. Compound (92), when treated with a POClg-

pyridine mixture at room temperature, afforded TCNQ (1) and the 

dichloride (94), which was readily converted to TCNQ by sodium 

borohydride (Scheme 2.5). 2,5-Dimethyl-TCNQ (16) and 2-bromo-TCNQ were 

prepared by the same method, using the corresponding terephthaloyl 

chlorides. This methodology was ut i l i sed to prepare the s ter ica l ly 

demanding tetramethyl-TCNQ (32), although in modest yield (287.) 6 8. 

CI TMSO 
NC N NC N NC N COCl 

i i i o o o 
COCl 

NC N NC NC N N 
91 CI TMSO 

92) 1) 94 

iv) (v) ( i i i ) 

COCN 

O 
COCN 

(93) 

Scheme 2.5 Synthetic Steps: ( i ) and (v) TMSCN (90), Pyridine; 
( i i ) POCh, Pyridine; ( i i i ) NaBHA; (iv) Cu(I)CN. 

- 57 -



alternative route to 
68 

(32) via the di-iodoarene has been 

ut i l i sed by Staab et al. (Scheme 2.6). 

I CH(CN)2 

I i K ^ J f e ( i ) M e v ^ v J i l e ( i i ) 

Scheme 2.6 Synthetic Steps: ( i ) CH2(CN)2, MaOUe, Cul, HSPT, 
2h, 10WC; ( i i ) Br. 

Similar syntheses involving nucleophilic substitution of di-

iodoarenes with the malononitrile anion, in the presence of palladium 

catalysts, namely dichloro-bis(triphenylphosphine)palladium(II) or 
121 

tetrakis(triphenylphosphine)palladium(0), have also been reported . 

Titanium tetrachloride (TiCl^) has proved a particularly useful 

reagent in the synthesis of TCNQ derivatives, when used to mediate 

Knoevenagel condensations by the procedure originally developed by 
122 

Lehnert . For example, tetramethyl-TCNQ (32) has been recently 

prepared in a one-step reaction from duroquinone (95) in 55% yield, in 

the presence of T i C l ^ , a side product being the phenolic compound (96) 

(Scheme 2.7) 

67 

Me 

Me' 

-Me I 1 
Y 

( i ) Me 

(95) (32) (96) 

Scheme 2.7 Synthetic Steps: ( i ) CH2(CN)2) TiCh, Pyridine, 
CU2Cl2, 24h, RT,. 

In the absence of T i C l ^ , quinones do not yield quinodimethanes when 
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reacted with malononitrile, but a range of phenolic and heterocyclic 
123 

products arising from conjugate additions . Another attractive 

feature of the T iCl^ mediated Knoevenagel condensation is that i t allows 

the formation of s ter ica l ly demanding TCNtl derivatives, TCAHJ (37) being 

another example^. 

2.3 SYOTMESIS JDF NEU TOj DERIVATIVES 

One aim of this section of work was to repeat the synthesis of 2,3-
115 

dimethyl-TCNUJ (73) , and hopefully to improve on the overall yield. 
115 

The synthetic route of Bryce et al. i s outlined in Scheme 2.8. 

0 NC N NC N N N 

0 i i i ) ( i i i 

NC N NC N NC N 

(97 98) 73 

Scheae 2.8 Synthetic Steps: ( i ) CR<i(CN)i, ft-Alanine; ( i i ) Br2, 
Pyridine; ( i i i ) Se, tO(PC. 

The preparation of (97) and (98) were repeated according to the 

l i terature . The reproducibility of the third step, (98) to (73) 

however, proved to be a major problem. This was overcome by ensuring 

that the selenium (pellets, 99.9997c from Aldrich) was ground under an 

atmosphere of nitrogen and the reaction temperature was increased to 

220°C. Unfortunately the yield of (73) was very poor (17.). Consequently, 

insuff icient quantities of 2,3-dimethyl-TCNQ (73) were available to 

enable investigations into the structural properties and complexes of 

this compound. Attempted oxidations of (98) to 2,3-dimethyl-TCNQ (73) 

using N-bromosuccinimide/pyridine, N-chlorosuccinimide/pyridine, 107. 
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palladium on charcoal in the presence of sulphur, and manganese dioxide, 

a l l fa i led . Oxidation of (97) to (98) with excess bromine (greater than 

two equivalents), unexpectedly introduced one rather than both double 

bonds. However, as revealed by * I NMR (250 MHz), the reaction converts 

an isomeric mixture (cis/trans) of (97) to a single isomer (presumably 

trans) of (98). This conversion requires the abstraction of the methine 

hydrogen radical , which i s returned in preference to a bromine radical , 

providing the least s ter ica l ly hindered, trans isomer. From th i s , we 

conclude that entry of the bromine radical is s ter ical ly prohibited by 

the methyl substituent. To combat this problem, we unsuccessfully 

attempted to incorporate a chlorine atom, using N-chlorosuccinimide. 

Palladium on charcoal and sulphur are two commonly used dehydrogenation 

reagents, a mixture of which has been successfully used to prepare 2,3-

dimethyl-TCNQ (73) in 107. yield from the dihydro-TCNQ ( 9 8 ) 1 2 4 . Our 

attempts to reproduce this work proved f ru i t l e s s . Active manganese 

dioxide, which in refluxing chloroform is an effective dehydrogenating 
125 

agent for electron-deficient systems , also fai led to oxidise (98) to 

2,3-dimethyl-TCNQ (73). 

Al l attempts to synthesise 2,6-dimethyl-TCNQ (74) and 2,3,5-

trimethyl-TCNQ (75) fa i led . Much time was concerned with establishing 

conditions for alky1-TCNQ (74 and 75) synthesis via a TiCl^ mediated 

Knoevenagel condensation between malononitrile and the appropriate p-

benzoquinone. Most reactions led to the synthesis of the mono(dicyano-

methylated) products (99) and (100). In a l l second product was 

obtained, which although impure, was tentatively assigned the 

corresponding phenolic structures (102) and (103) from spectroscopic 

data. To substantiate these assignments, compound (102) was prepared 

from (99) and malononitrile in DMF, and the spectroscopic data of this 

analytical ly pure sample used for comparative purposes. In order to 
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elucidate the essential experimental details necessary for 

synthesis, we attempted to repeat the preparation of tetramethyl-
67 

(32), as reported by Cowan et al. In our laboratory, this reaction 

provided the mono(dicyanomethylated) (101) and phenolic products (96). 

Although on one occasion tetramethyl- TCN(̂ ) (32) was obtained in 21 yield 

{vide infra). 

e (99) Ri=R2=H Mev^Nv^Me (102) Ri=R2=H 
(100) Ri=Me;R2=H f | (103) Ri=Me;R2=H 

Me 

R 2 (101) Ri=R2=Me a " ft' ( 9 6 ) R1=R2=Me 

Before discussing the successful work we performed with compounds 

(99)-(101) (Section 2.4) we w i l l brief ly consider our fru i t l e s s attempts 

to synthesise TCNQ derivatives (74) and (75). The i n i t i a l route proposed 

for the synthesis of 2,6-dimethyl-TCNQ (74) and 2,3,5-trimethyl-TCNQ 

(75) i s outlined in Scheme 2.9. Reduction of 2,6-dimethyl-p-benzoquinone 

(104), under an atmosphere of hydrogen (140 atm.), in the presence of 
126 

activated nickel catalyst , gave the corresponding diol (105) in 

effectively quantitative yie ld, as a yellow o i l . A previously reported 

synthesis of diol (105) involving reduction of 2,6-dimethylhydroquinone 

with a 5% rhodium on alumina catalyst, provided the product as a mixture 
1 97 

of isomers which could be separated and isolated as white solids . 

The crude diol (105), identified by i . r . spectroscopy, was oxidised 

directly to dione (106) in good yield (78%), using modified Jones' 

reagent (CrOg, H 2SQ 4 , fl20 and MnS04). Condensation of the diketone 

(106) with malononitrile using the procedure of Acker and H e r t l e r 1 1 6 (an 

aqueous solution of diketone (106), malononitrile and /?-alanine, 45 min, 

100°C), afforded compound (108), rather than the desired l ,4-bis (di -
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cyanomethylene)cyclohexane (107). The reaction was repeated for 3h and 

24h with exactly the same outcome. 

0 OH 0 

e ( i ) M 2e ( i i ) Me Me 

OH 
104) 105) (106) 

i i i 
X v 

0 0 NC N 

V 
e (iv) Me Me Me Me 

NC NC N N NC N 
99) 108 107 

(vi) 

N N 

M 

NC N 
74) 

Scheme 2.9 Synthetic Steps: ( i ) Ni, Hi; ( i i ) CrOz; ( i i i ) and (v) 
C\(CN)<i, 0-Alanine; (iv) and (vi) Br<i, Pyridine. 

In a bid to force the second dicyanomethylene group into (108), a melt 

of compound (108), malononitrile and j3- alanine was heated at 150°C for 

5h. This resulted in decomposition and no product was obtained. 

Compound (108) was also prepared from (106) and malononitrile using 
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benzene as solvent. Oxidation of (108) to (99) was achieved by an 
116 

extension of well established methods . In view of these results , i t 

was considered pointless to pursue this route with the trimethyl 

analogues. 

To overcome the apparent steric interaction between the two methyl 

groups in diketone (106) and malononitrile, thus preventing the 

formation of the bis(dicyanomethylene) compound (107), we focused our 

attention on other routes to TCNQ derivatives and, in particular, the 

use of T i C l ^ . T iCl^ is an attractive reagent to use in TCNQ synthesis, 

providing one-step syntheses from the corresponding quinone, and more 

importantly, enabling introduction of the dicyanomethylene group into 

s ter ica l ly crowded environments similar to those found in compounds (99) 

and (100). Tetramethyl-TCNQ (32) and TCAQ (37), both formed via T i C l 4 

mediated Knoevenagel condensations, adopt a severely distorted structure 

to al leviate the s ter ic interactions between the dicyanomethylene groups 

and methyl substituents ' 

In a search for the elusive conditions required for TCNQ synthesis, 

we found that concentration, reagent rat io , reaction temperature, 

reaction time and order of reactant addition had a marked effect upon 

the percentage yield of the mono(dicyanomethylated) products (99)-(101). 

We also believe that the yields of the tricyanovinylphenols (96), (102) 

and (103) are affected by these changes, although we lack concrete 

evidence to support this , due to our inabil i ty to purify these 

compounds. Column chromatography revealed the presence of many other 

unidentifiable products in a l l cases: but we are confident that TCNQ 

derivatives were not formed in any significant yield. 

Both the 2,6-dimethyl (99) and 2,3,5-trimethyl (100) derivatives 

are prepared by adding TiCl^ (2.5 equivalents) to a mixture of quinone 

(1 equivalent), malononitrile (2.5 equivalents) and pyridine (5 
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equivalents). Compound (100) i s also prepared by addition of the 

quinone to a mixture of malononitrile, pyridine and T i C l ^ . This points 

to the fact that the order of addition does not adversely affect the 

reaction. However, when T i C l ^ is added to 2,3,5-trimethylquinone (109), 

forming the adduct f i r s t , which is then treated with a mixture of 

malononitrile and pyridine, the mono(dicyanomethylated) product (100) 

was not isolated. St irr ing at room temperature for 60h afforded the 

phenolic product (103) only, whereas s t i rr ing for 18h yielded a mixture 

of starting material and phenol (103). Incidently, this order of 

addition i s the one described by Cowan in the synthesis of tetramethyl-

TCNQ ( 3 2 ) 6 7 . 

Increasing the reaction temperature not only fai led to yield the 

desired TCNQ derivatives, but also had an adverse effect on the yield of 

the mono(dicyanomethylated) products (99) and (100). Treating 2,6-

dimethyl-p-benzoquinone (104) with a solution of malononitrile (2.5 

equivalents), pyridine (5 equivalents) and TiCl^ (2.5 equivalents) in 

dichloromethane and then refluxing for 24h, afforded compound (99) in 

only 67o yield. 

Recently, Panetta et al. have reported the synthesis of a range of 

substituted TCAQ derivatives from anthraquinones, in the presence of 
128 

T i C l ^ . They note that in the absence of /?-alanine, their experimental 

procedure leads to a material which was assigned the mono(dicyano-

methylated) structure. Introducing /?-alanine into our reaction mixture 

did not affect the formation of the mono(dicyanomethylated) product (99) 

which was obtained in 237. y ie ld , but again the desired TCNQ derivative 

(74) was not obtained. 

Increasing the concentration of the reaction solution (to ca. 5 

mmol scales in 10 ml dichloromethane), s ignif icantly reduced the yield 

of the 2,6-dimethyl derivative (99) and afforded unidentifiable products 
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with 2,3,5-trimethyl-p-benzoquinone (109). 

Ia a f i n a l bid to elucidate the conditions required for TCNQ 
67 

formation, we repeated the work of Cowan et al. A l l attempts to 

repeat their experimental procedure down to the f inest deta i l , even 

after personal communications with the group, fa i led to yield the 

tetramethyl-TCNQ (32), giving instead the mono(dicyanomethylated) (101) 

and phenolic (96) products. Identical products were obtained when 

duroquinone (95) was added to a mixture of malononitrile, pyridine and 

T i C l 4 , although on one occasion we did obtain tetramethyl-TCNQ (32) in 

27c yield after chromatography. 

To summarise, the desired TCNQ derivatives (74), (75) and (32) have 

proved inaccessible in our hands. We conclude that reaction of the 

malononitrile anion with the p-benzoquinones (95), (104) and (109) 

results in dicyanomethylation at the least hindered s i te for the 2,6-

dimethyl and 2,3,5-trimethyl derivatives. Reaction with a second 

malononitrile anion results in the formation of the tricyanovinyl 

phenols (96), (102) and (103) (Scheme 2.10). OH 
0 0 

Me Me CH2(CN) CH2(CN) 
R2 

Ri R2 Ri R2 
N 

NC NC N 
N 

(104): Ri=R2=H (99) : Ri=R2=H (102): Ri=R2=H 
(109): R1=Me; R2=H (100): R1=Me; R2=H (103): R1=Me; R2=H 
(95): Ri=R2=Me (101): R»=R2=Me (96): R*=R2=Me 

Scheme 2.10 

After a l l the work conducted on these systems we are s t i l l unable 

to answer the question: Why does the second malononitrile anion attack 

the a-carbon atom to the n i t r i l e groups in preference to the carbonyl 

functionality ? Steric hindrance from the methyl substituents can be 
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ruled out, as we have shown ourselves that a dicyanomethylene group can 

be introduced into such an environment [eg. formation of compound 

(101)]. Arguments that attack on the dicyanomethylene group is 

s ter ica l ly or energetically favoured compared to attack on the 

s ter ica l ly hindered carbonyl group (hence favouring sole formation of 

the phenolic product), seem unlikely in view of the synthesis of 
67 

tetramethyl-TCNQ (32) . I t would appear that after mono(dicyano-

methylation) there are two possible reactions: "Cowan's conditions" 

allow TCNQ formation as well as the phenolic by-product, whereas "our 

conditions", without doubt, favour sole formation of phenolic product. 

A difference in the purity of the titanium tetrachloride available to us 

is a possible explanation, as the reactions clearly depend upon titanium 

activation of the carbonyl group. We have used neat, commercial 

reagent, before and after d i s t i l l a t ion , and the commercial solution of 

T iCl^ in dichloromethane, a l l with no change in results. 

Another approach towards the synthesis of s ter ica l ly demanding TCNQ 

derivatives has been via the formation of phenylenedimalononitriles from 

the corresponding di-iodoarene: tetramethyl-TCNQ (32) once again being 
68 

the leading example . Our proposed route to 2,6-dimethyl-TCNQ (74) 

using this methodology is outlined in Scheme 2.11. Iodination of 2,6-

dimethylaniline (110), using iodine monochloride was achieved using the 
129 

synthesis described by Holland et al. The product was isolated as 

the hydrochloride salt (111), a l l attempts to liberate the free base 

having fa i led . This was not inconvenient as (111) was directly 

converted to the diazonium sa l t , which in the presence of potassium 

iodide, afforded the diiodide (112). Attempted substitution of both 

iodines with malononitrile anion in the presence of copper ( I ) iodide, 
1 3 0 

using the experimental procedure of Suzuki and co-workers , gave the 

monosubstituted product (114), with complete absence of the desired 
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phenylenedimalononitrile (113) 

NH2 

(110) 

Me. 
NB3CI 

e ( i ) M e ^ A ^ e ( i i ) 

I 
(111) 

( i i i ) 

(v i i ) (vi) (v) 

II 
Me 

NC^XJN 

(114) 

Scheae 2.11 Synthetic Steps: ( i ) ICl; ( i i ) NaN02; ( i i i ) KI; 
(iv) and (vi) Cul, CH2(CN)2, NaOUe, HMPT; (v) Br2, 
Pyridine; (vii) NaN02 followed by CH2(CN)2. 

130 
In light of the fact that Suzuki et al. point out categorically 

that s ter ic congestion around the reaction s i te does not provide a 

serious problem to the substitution of the iodine atom, and that Staab 
68 

et al. used the same experimental procedure to synthesise tetramethyl-

TCNQ (32), i t is puzzling that we can only isolate the monosubstituted 

product (114). Al l attempts to introduce the second malononitrile group 

under an atmosphere of nitrogen and/or in the dark, fai led to yield 

(113). Further attempts to introduce the malononitrile group, between 

the methyl substituents, involved direct reaction between the diazonium 

salt of (111) and the malononitrile anion. Unfortunately, rather than 

the desired substitution product, compound (115) was isolated in ca. 11% 

yield; structural assignment for (115) followed simply from micro-

analytical and spectroscopic data. The reaction sequence (Scheme 2.11) 

was, therefore, abandoned. 
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2.4 4- (ilCYAKifflDHlYIiEPJE)- p- ffimillliMBnSS AMD K- 7,7- mCYMHHPIHir 

Although our studies into TiCl^ mediated Knoevenagel condensations 

between quinones (95), (104), (109) and malononitrile fai led to yield 

the desired TCNQ derivatives (74), (75) and (32), we had developed a 

very convenient synthesis to three 4-dicyanomethylene-p-benzoquinones 

(99)-(101). In view of the recent advances made by Hunig et al. with 

N,N'-dicyano-p-quinonediimines (DCNQI's) and in particular the copper 

salt of 2,5-dimethyl-DCNQI (1:2 stoichiometry) which does not undergo a 
111 5 

Peierls distortion, and exhibits a conductivity ^ = 5 x 10 

S cm we turned our attention to introducing the N-cyanoimine 

functionality into compounds (99)-(101). This would give r ise to new 

electron acceptors, which can be considered as hybrids of TCNQ and DCNQI 

systems, with the potential to form highly conducting complexes. 

Compounds (99)-(101) being hybrids of TCNQ and p-benzoquinone systems, 

also possess the potential to form highly conducting CT complexes. 

Torrance et al. have already shown that the tetrahalo-p-benzoquinones 

are capable of forming conducting CT complexes by virtue of their 

quinonoid structure and electron a f f i n i t y ^ ' ^ 4 . TCNQ speaks for 

i t s e l f . 

Acceptors (116)-(119) were prepared cleanly in one step from the 

corresponding mono(dicyanomethylated)quinones (99)-(101) and (38), by 

reaction with bis(trimethylsilyl)carbodiimide in the presence of TiCl 

N 

Me 

R2 R1 

NC N 

CN 
X 

(116) Ri=R2=H 

(117) Ri=Me; R2=H 

(118) Ri=R2=Me 

NC N 

^ (38) X=0 
A (119) X=NCN 
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the reaction conditions being essentially those described by Aumiiller 

and Ehmig on the route to-MJNP d e r i v a t i v e s 1 0 9 . Compounds (116)-(119) 

were isolated as a i r stable, orange, crystal l ine solids. 10-(Dicyano­

methylene) anthrone (38) was prepared from anthraquinone, using similar 

conditions described for the synthesis of (100) and (101). The product 

was obtained in low yield (27%) after a d i f f i c u l t separation from the 

starting material. An alternative synthesis of (38) from anthrone which 

provides the product in high yield (80%) has been described by Takimoto 

and Krbechek 1 3 1 . 

COMPOUND 
2 

E2i 
2 

AE (V) A (nm) f 

max v ; 

(116) a +0.11 -0.43 0.54 387.0 
(117) a +0.07 -0.41 0.48 387.5 
(118) a 

(119) b 

-0.03 -0.23 0.20 358.5 (118) a 

(119) b -0.43 342.0 
278.0 

TMTCNQC -0.40(2e) 375S 
TCAQd -0.29(2e) 347 

305 
283 

TMDCNQIe +0.05 -0.39 0.44 346 
DCA(JIe -0.11 -0.46 0.35 322 

251 

Table 2.2 Cyclic Voltammetric and U.V. Spectroscopic Data for the 
Tricyanoquinomethaneimines (116)-(119); (a) This work vs 
Ag/AgCl, 0.02M [Bu4N][C104], HeCN, Pt Electrode, scan rate 
= 100 mV/sec; (b) As (a) except CHoCl2 solvent, scan rate 
= 50 m\'/sec; (c) Ref.67, vs Ag/AgN03 in MeCN; (d) Kef.80, 
vs Ag/AgN03 in MeCN; (e) Ref.132, vs Ag/AgCl in CH2Cl2; 
( } ) Solvent: CH2Cl2 for (116)-(119) and TCAQ (Kef.79,80); 
MeCN for TMDCNQI and DCAQI (Kef.109); not given for TMTCNQ 
(Ref.67); (g) c£- ^(">ax) TCNQ = 393 nm, 2,5-dimethyl-TCNQ 
= 396 nm (Ref.67). 

Table 2.2 contains cyc l ic voltammetric and U.V. spectroscopic data 

for compounds (116)-(119) along with previously reported data for TMTCNQ 

(32), TCAQ (37), TMDCNQI (120) and DCAQI (121), for comparison. 
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IN 

1 

R2 R2 

NC 

(120) Ri=R2=He 
(121) Ri-R2=- (CH=CH)2-

For the alkyl-TCNQI derivatives (116)-(118) the f i r s t reduction 

wave is reversible (anodic-cathodic peak separation of ca. 60 mV 

established a one-electron process), while the second reduction is fu l ly 

reversible only for the tetramethyl derivative (118) (Figure 2.1) . The 

difference, AE, between the f i r s t and second reduction potentials for 

the tetramethyl derivative (118) (0.2 V) is s ignif icantly reduced 

relative to the di- and tri-methyl derivatives (0.54 V and 0.48 V 

respectively). This behaviour for (118) is intermediate between that 

for TMTCNQ (32) (AE = 0.00 V ) 6 7 and TMDCNQI (120) (AE = 0.44 V ) 1 3 2 . 

This comparison lends support to Cowan's assertion that the coalescence 

of the two reduction waves of TMTCNQ (32) occurs for s t e r i c , rather than 

electronic reasons, it. to relieve the severe crowding in neutral (32) 
(Ml f\Q 

which has a severely distorted ring skeleton ' . The NCN group is 

both smaller and more f lexible than the rigid C(CN)2 group, as noted by 

Hunig et al.^®®, and hence s ter ic hindrance decreases progressively 

along the series TMTCNQ (32), TMTCNQI (118) and TMDCNQI (120), with an 

associated increase in AE. 

Within the alkyl-TCNQI series (116)-(118) there is a predictable 

lowering of the electron af f in i ty with increasing methyl substitution. 

The anthraquinone derivative (119) is a considerably weaker acceptor 

than the alkyl derivatives (116)-(118). This trend is paralleled by the 

N,N'-dicyanoimine series (DCNQI derivatives, Table 2.3) prepared by 
132 

Hunig et al. , although the trimethyl derivative s l ightly disrupts the 
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Figure 2.1 Cyclic Voltammograms of the Tricyanoquinomethaneimines 
(a) Compound (116); (b) Compound (117) 
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Figure 2.1 Cyclic Voltammograms of the Tricyanoquinomethaneimines; 
(cont 'd) (c) Compound (118); (d) Compound (119). 



general t rend. As noted e a r l i e r , methyl subs t i tu t ion [eg. HTCNIJ (15) 

and 2,5-DMTCNCJ (16)] upon the TCNdJ skeleton reduces the e lectron 

a f f i n i t y by a small , but f i n i t e amount. 

X 

DC R2 St3 

SUBSTITUENTS [X = N-CN] d [X = C(CN) 2] 

Ri R2 R 3 R 4 

2 
E2i 

2 
A i E* 

2 

H 11 H H +0.39 -0.25 +0.39 0 .28 a 

+0.13 0 .29 b 

+0.17 0 .37 c 

Me H H H +0.31 -0.31 +0.17 0.34 d 

Me H Me H +0.21 -0.38 +0.10 0 .38 c 

Me H II Me +0.21 -0.37 Compound Unknown 

Me Me Me H +0.25 -0.38 Compound Unknown 

Me Me Me Me +0.05 -0.39 -0.40 (2e) a,e 

DCAQI (121)/ -0.11 -0.46 -0.20 ( 2 e ) d 

TCAQ (37) -0.23 (2e ) f 

-0.28 ( 2 e ) s 

Table 2.3 Cyclic Voltammetric Data (V) for a Series of Methylated 
1,4-Benzoquinoid Compounds; (a) Ref.132, vs Ag/AgCl in 
CH2Cl2; (b) Ref. 116, vs SCE in MeCN; (c) Ref.54, vs SCE 
in MeCN; (d) Ref. 114, M SCE in MeCN; (e) Ref.67, vs 
Ag/AgNOz in MeCN; ( f ) Ref.132, vs Ag/AgCl in MeCN; 
(g) Ref.79, vs Ag/AgCl in MeCN. 

However, as shown i n Table 2.3, the e f f e c t of tetramethyl 

subs t i t u t i on is s u f f i c i e n t to reduce the e lectron a f f i n i t y of TMTCNQ 

(32) below that of TCAQ (37), a trend which i s not observed in the TCNQI 

and DCNQI series. Cyclic voltammetric behaviour of the anthraquinone 

de r iva t ive (119) contrasts markedly wi th both the TCNQ analogue, TCAQ 

(37) and the DCNQI analogue, DCAQI (121): compound (119) undergoes a 
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revers ib le , one electron reduction and the dianion of (119) i s not 

detected (Figure 2 . I d ) , whereas f o r both TCAJJ ( 3 7 ) 7 9 and DCAJJI ( 1 2 1 ) 1 3 2 , 

dianion formation i s c lea r ly observed. As ye t , we cannot provide an 

explanation f o r t h i s anomalous behaviour of compound (119). 

The U.V. spectra of compounds (118) and (119) are s t r i k i n g l y blue 

s h i f t e d and weaker compared to compounds (116) and (117). This i s 

c l ea r ly ind ica t ive of non-planar structures f o r (118) and (119), but 

wi th less deviat ion from p lana r i ty than the respective TCNJj analogues 

( 3 2 ) 6 7 and ( 3 7 ) 7 9 , 8 0 (Table 2 .2 ) . 

The s u i t a b i l i t y of the tricyanoquinomethaneimines (116), (117) and 

(119) f o r the formation of c r y s t a l l i n e charge-transfer sa l t s has been 

confirmed by the formation of the corresponding copper sa l t s . We chose 

to prepare and characterise the copper sa l ts i n the hope of emulating 

the successful work of Hunig et al. re la ted to the copper sa l t of 2,5-
111 

DMDCNJJI . Another advantage of copper sa l t formation i s the 

r e l a t i v e l y simple preparation, involv ing immersion of a shiny copper 

wire in to an a c e t o n i t r i l e so lu t ion of the appropriate acceptor under an 

atmosphere of ni t rogen. This led to the copper sa l ts of (116) and (117) 

as black powders [(116a) and (117a) r e spec t ive ly ] . Microanalysis 

revealed an unusual stoichiometry of copper:acceptor of 4:3. The 

tetramethyl der iva t ive (118) did not y i e l d a copper sa l t under these 

condit ions. This is a t t r i bu t ed to the non-planar s t ruc ture , r e su l t i ng 

from s t e r i c in te rac t ion of the dicyanomethylene group and the two 

adjacent methyl substi tuents. However, the f a c t that TMTCNQ (32), which 

i s d i s to r t ed to a greater extent, forms a 2:1 sa l t with copper, 
67 

indicates that other fac tors have to be taken in to consideration . I n 

view of the f a c t that (118) d id not form a copper s a l t , we were 

surprised to f i n d that the anthraquinone der iva t ive (119) d id form a 

copper sa l t (119a). Unfortunately, microanalysis does not allow a 
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confident determination of the stoichiometry. The observation of copper 

sa l t formation wi th (119) implies that the anthraquinone der iva t ive 

(119) i s less d i s tor ted than the tetramethyl analogue (118). [Obviously, 

X-ray analysis of both neutral species would shed some l i g h t upon t h i s 

problem]. 

The room temperature, compaction conduct iv i t i es of (116a) and 
- 5 

(117a) are both in the semiconducting regime wi th values of ca. 6 x 10 

S cnf Magnetic s u s c e p t i b i l i t y data on both sa l t s show each to be 

diamagnetic, which indicates a pa i r ing of the acceptor rad ica l anions, 

which i s consistent wi th the r e l a t i v e l y low values. Comparing our 

copper sa l ts wi th Cu(2,5-DMDCNQI^, we f e l t that a higher conduct ivi ty 

could be at tained wi th a sa l t of the "correct" stoichiometry (1 :2 ) . 

Preliminary experiments, preparing the sa l t s i n the presence of CuB^, 

[ie. the conditions used f o r Cu(2,5-DMDCNQI)2], provided a copper sa l t 

of (116) wi th 1:1 stoichiometry. Although the conduct iv i ty of a 1:1 

copper sa l t i s expected to be semiconducting at best, these experiments 

provide encouragement that the stoichiometry of the sal ts can be 

cont ro l led wi th ca re fu l modif ica t ion of the react ion condit ions. 

We now wish to b r i e f l y discuss complex formation of the mono-

dicyanomethylated quinones (99)-(101) which we had avai lable . Table 2.4 

contains C.V. data f o r these three compounds, and TCNQ f o r comparison, 
n A 

together wi th the d i f fe rence (AE = EA - E_,) between the f i r s t oxidat ion 
2 2 

po ten t i a l of TTF (0.34 V vs Ag/AgCl) and the f i r s t reduction po ten t i a l 

of the acceptor under the same condit ions. The conduct iv i t ies (^ r^.) of 

the corresponding TTF complexes are also l i s t e d . Compound (99) i s the 

only der iva t ive to undergo a reversible one-electron reduction (Figure 

2.2a). However, f u r t h e r reduction viz. r ad ica l anion to dianion, i s 

i r r e v e r s i b l e . Both the t r ime thy l and tetramethyl der ivat ives (100) and 

(101) respect ively , exh ib i t i r r eve r s ib l e redox waves upon reduction to 
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the rad ica l anion (Figures 2.2b and c ) . I n t e r e s t i n g l y , the c y c l i c 

voltammogram of (101) shows reduction to the rad ica l anion upon the 

cathodic sweep, fol lowed by the generation of two peaks on the reverse 

(anodic) sweep. The f i r s t of these anodic peaks (-0.21 V vs Ag/AgCl) i s 

t e n t a t i v e l y assigned as being coupled to the reduction peak (-0.39 V vs 

Ag/AgCl). The second anodic peak (+0.14 V) i s a t t r i bu ted t o a new 

species, formed via the rad ica l anion of (101), which i t s e l f i s 

e lec t roac t ive . The i r r e v e r s i b i l i t y of the f i r s t reduction i n compounds 

(100) and (101) r e f l e c t s i n s t a b i l i t y i n the rad ica l anion, a s i t u a t i o n 

which does not hold wel l f o r the formation of a conducting charge 

t rans fe r complex. 

COMPOUND E*. ( V ) d E\ ( V ) d AE (V) a (S cm"i) 

(99) -0.19 - - - - 0.53 2.3 x 10-3 0 

(100) - 0 . 2 2 d - - - - 0.56 < lO-io c 

(101) -0 .30 d - - - - 0.64 No Complex 
TCNQ (1) +0.22 -0.34 0.12 500 b 

Table 2.4 Cyclic Voliammetric Data for (99)-(101); (a) vs Ag/AgCl, 
Pt electrode, MeCN, 0.02M [BuAN][Cl0A]; scan rate = 100 
mV/sec; (b) single crystal conductivity; (c) compaction 
conductivity; (a) irreversible reduction. 

Comparison of the reduction potent ia ls of compounds (99)-(101) wi th 

TCNQ, shows the former three to be f a r weaker acceptors. Using the 

guidelines set down by Torrance et al., the large pos i t ive values of AE 

indicate that acceptors (99)-(101) w i l l form neu t ra l , insu la t ing 
10*} 

complexes with TTF . Both the 2,6-dimethyl (99) and 2 ,3 ,5 - t r ime thy l 

(100) derivat ives form green 1:1 complexes wi th TTF. The f a i l u r e of the 

tetramethyl der iva t ive (101) to complex wi th TTF i s not wholly 

unexpected and i s a t t r i bu t ed to the loss of p lanar i ty w i th in the 

acceptor, analogous to TMTCNIJ68. 
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Figure 2.2 Cyclic Voliammmztry of the Hono(dicyanomethylated)-
(con t 'd ) p-benzoquinones; (c) Compound (101). 

The two TTF complexes, wi th (99) and (100) exh ib i t vas t ly d i f f e r e n t a 

values (Table 2 . 4 ) . A <r r t value i n the semiconducting regime (2.3 x 
- 3 - 1 

10 S cm ) f o r TTF-(99), c lear ly points to a segregated stack motif 

wi th p a r t i a l charge t r ans fe r , thus con t rad ic t ing the e a r l i e r predic t ions 

of a n e u t r a l , i n su l a t i ng complex. Charge t r ans fe r between the donor 

(TTF) and acceptor (99) i s confirmed from E.S.R. measurements, which 

show a strong s ignal wi th a g-value of 2.0003 which i s charac te r i s t i c of 

an unpaired e lect ron i n an organic molecule. By contras t , the very low 

conduc t iv i ty (< 1 0 " 1 0 S cm" 1) of the TTF complex of (100) i n f e r s zero 

charge t r a n s f e r . This point is confirmed by an extremely weak E.S.R. 

s i g n a l . Combined w i t h the small value, the extremely weak E.S.R. 

s ignal i s most l i k e l y to ar ise from impur i t i es w i t h i n the neutral 

complex. This p o s s i b i l i t y i s supported by the C.V. data, which point 

towards (100) being a very weak acceptor whose rad ica l anion i s 

inherent ly unstable. Further support f o r a neutra l complex requires 

X-ray analys is , wi th spec i f i c reference to the bond lengths in TTF which 
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vary s i g n i f i c a n t l y i n the neutral and ca t ionic species 

CONCLUSIONS 

(Bur attempts to improve upon the reported synthesis of 2,3-

dimethyl-TCNQ (73) f a i l e d . We have also f a i l e d to synthesise the 

s t e r i c a l l y demanding and unknown 2,6-dimethyl-TCNQ (74) and 2 , 3 , 5 - t r i -

methyl-TCNQ (75). Instead, we have established a convenient one-step 

synthesis of the mono(dicyanomethylated)-p-benzoquinones (99)-(101). 

These molecules, which can be considered as hybrids of p-benzoquinone 

and TCNQ systems, are intermediates to other acceptors (116)-(119) as 

wel l as being acceptors i n t h e i r own r i g h t . This l a t t e r point i s 

confirmed by the high conduct ivi ty exhibited by the TTF complex of (99). 

Low conduct iv i ty i n the TTF complex of (100) i s mainly a t t r i bu t ed to 

zero charge t r ans fe r , which indicates that f u t u r e work wi th molecules 

containing the same skele ta l framework, should be directed towards 

acceptors wi th a larger electron a f f i n i t y , ie. a reduced number of a l k y l 

substi tuents and/or the presence of electron withdrawing substi tuents 

such as the halogens. 

Conversion of the mono(dicyanomethylated)-p-benzoquinones (99)-

(101) in to the N,7,7-tricyanoquinomethaneimines (TCNQI der iva t ives) 

provided another new class of acceptors. The s u i t a b i l i t y of these 

molecules as electron acceptors can be seen from the formation of copper 

sa l ts wi th 2,6-dimethyl-TCNQI (116), 2,3,5-trimethyl-TCNQI (117) and the 

anthraquinone der iva t ive (119). Cyclic voltammetric data indicates that 

(116) has the po ten t i a l to form a mixed valence complex wi th TTF. 

Consequently, f u t u r e work i n t h i s area should be directed towards TTF 

complexes of (116) and other derivat ives wi th increased electron 

a f f i n i t i e s . 
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CHAPTER THREE 

REARRANGEMENT OF 2-DICYANOMETHYLENE-1,3-INDANDIONE fDCID) 

TO 2,3-DICYANO-1,4-NAPHTHOQUINONE (DCNQ), AND SOLID STATE 

PROPERTIES OF RADICAL ION SALTS OF DCNQ 



3.1 IOTMWCTIIM 

Since the discovery of TTF-TCNJ} ' , several hundred molecular 

conductors have been characterised. Although s i g n i f i c a n t advances have 

been made, i t is notable that the s t ruc tu ra l var ia t ions of the component 

molecules are very l i m i t e d ; the vast major i ty of these materials 

comprise derivat ives of the parent TCN5J (1) and TTF (2) skeletons 

(Chapter 1 ) . I n view of t h i s , and as part of our program towards the 

synthesis and character isat ion of new electron acceptors, we chose to 

study acceptors with d i f f e r e n t skele ta l s t ructures , i n the search f o r 

novel organic conductors, focusing our a t ten t ion upon 2-dicyano-

methylene-1,3-indandione, DCID (122). 

0 

OCX N 

N 

(122) 

For the formation of highly conducting charge t ransfer (CT) 

complexes, two essential prerequisi tes must be s a t i s f i e d ^ 8 " . These are: 

i ) the formation of highly-ordered, segregated stacks of donor and 

acceptor molecules along which there i s extensive J T - e lectron 

de loca l i sa t ion - the character is t ics of molecules which generally 

f a c i l i t a t e t h i s are p lanar i ty and a high degree of symmetry; and ( i i ) 

the energy band formed from electrons responsible f o r conduction should 

be p a r t i a l l y f i l l e d ; t h i s s i t u a t i o n arises as a resu l t of p a r t i a l charge 

t r ans fe r from donor to acceptor (eg. TTF-TCNQ, p - 0.59 e lec t rons) , or 

by c r y s t a l l i s a t i o n of a sa l t i n a stoichiometry other than 1:1 [eg. 

Quinolinium(TCN(]) 2]. A completely f u l l or vacant energy (conduction) 
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band gives r i se to an insula tor . 

Acceptors other than simple der ivat ives of ICNJJ (1) that are of 

current in teres t include fused r i n g TCNflJ der ivat ives [eg. TCAd| (37) and 

TBA{J ( 4 0 ) ] , Hunig's quinoneimines, cyano-substituted heteroaromatics and 

nitrobenzenes (Chapter 5 ) . Recent resul t s published on these acceptors, 

reviewed in Chapter 1, place the present chapter in to context. 

3.2 UMY STOW MM) ? 

We were a t t racted to DCIB (122) as an acceptor f o r the formation of 

CT sa l t s f o r the fo l lowing reasons: 

(1) The molecule should be planar or very near planar, thus 

f a c i l i t a t i n g wel l ordered c rys t a l s tructures of s a l t s . 

(2) Radical anion species derived from DCID should be delocalised and 

stable. 

(3) Previously reported syntheses are one-step, high y i e l d i n g 
123 

conversions from e i ther ninhydrin or 1 , 2 , 3 - i n d a n t r i o n e . 

(4) Charge t ransfer complex formation wi th a range of aromatic t- donors 

in so lu t ion ( C I ^ C ^ ) , and the subsequent determination of the 

electron a f f i n i t y (EA) (ca. 1.36 eV compared to ch lo ran i l 1.37 eV) 

viz. CT bands (450 - 750 nm) i n the UV-visible spectrum and 

polarographic half-wave reduction po ten t i a l s , provide good 

precedents that DCID w i l l form conducting, so l id - s ta te CT 

c o m p l e x e s 1 3 4 ' 1 3 5 . 

(5) The reported l i t h i u m sa l t of DCID ( 1 2 2 ) 1 3 5 , by analogy wi th TCNQ 

(1) , and many other acceptors, should be a ve r sa t i l e precursor to 

a wide range of organic and metal-cat ion sa l t s of DCID, formed by 

metathesis react ion. 

Despite i t s obvious po ten t ia l to provide a conducting CT complex wi th a 
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range of TTF-type donors, such complexes have yet to be reported. 

3.3 PK1PAMTI1K IF TOIID) (122) AW SALTS (123a)-(123D) 

DGID (122) was prepared i n good y i e l d as yel low, a i r - s t ab l e 

crys ta ls by reaction of ninhydrin and malononi t r i le i n water. This 

method was found to be as convenient as the previously described 

synthesis by Junek and Sterk, from 1,3-indandione and tetracyano-

e t h y l e n e 1 3 6 . 

I n i t i a l experiments established that reduction of DCID (122) by 

react ion wi th l i t h i u m iodide or methyltriphenylphosphonium iodide led to 

the i so l a t i on of c r y s t a l l i n e sal ts i n good y i e ld s . Elemental analysis 

established a cation:DCID r a t i o of 1:1. The dark green l i t h i u m sa l t 

(123a) is an insula tor (<r r t compaction = 10"^ S cm"*), which is 

consistent wi th that found f o r f u l l y ionic 1:1 cation-TCNQ sal ts which 

137 
are Mott insulators according to the theories developed by Soos and 

1 

l a t e r stressed by Torrance . However, doubts that the anionic 

component of these sa l ts was DCID (122) were quickly aroused by the f a c t 

that the n i t r i l e absorption in the in f r a red spectrum moved to a s l i g h t l y 
larger wavenumber on formation of the l i t h i u m sa l t (v - 2230 cm"* f o r ° v max 

neutral DCID, c f . L i + sa l t = 2235 cm" 1 ) . This behaviour contrasts wi th 

the expected bathochromic s h i f t observed with TCNQ on formation of the 

rad ica l anion ( c f . neutral TCNQ absorbs at v = 2215 cm"* while L i + 

max 

TCNQ"- absorbs at i/ = 2180 c m " * ) 1 3 8 . Single c rys t a l X-ray analysis of 

the methyltriphenylphosphonium sa l t (123b) (vide infra) confirmed that 

DCID (122) had isomerised to 2,3-dicyano-1,4-naphthoquinone (DCNQ) (123) 

and therefore , the sa l ts (123a) and (123b) we had isola ted were 

naphthoquinol (DCNQ) and not DCID sa l t s . I den t i ca l i . r . spectra of 

samples prepared from DCID and the authentic quinone, DCNQ (123)* 3 ^ 
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confirmed the s t ructure of the l i t h i u m s a l t . Furthermore, both l i t h i u m 

and phosphonium sa l t s (123a) and (123b), prepared from DCID (122), when 

treated wi th concentrated hydrochloric ac id , as described previously f o r 
1 

authentic sa l t (123a) , gave neutral 2,3-dicyanonaphthoquinone (123) 

in 657o and 40% yie lds respect ively. Under i d e n t i c a l condit ions, DCID 

(122) was recovered unchanged in quant i ta t ive y i e l d wi th no 

isomerisation t o compound (123). Single c rys t a l X-ray analysis of DCID 

(122) confirms that the structure i s as stated (vide infra) and hence an 

isomerisation occurs upon sa l t formation. Chat ter jee 's e a r l i e r claim to 

have prepared L i + DCID" i s therefore considered erroneous. 

The rearrangement of DCID (122) to y i e l d sa l t s (123a-m) out l ined i n 

Scheme 3.1 i s a fasc ina t ing isomerisation which we had not anticipated 

would occur. The notable features are the r i n g expansion of the 

indandione skeleton in to the naphthoquinone skeleton wi th the formal 

1,2-migration of a cyanide group. At t h i s stage i t was necessary to 

establ ish whether the rearrangement is driven by nucleophi l ic attack of 

iodide ion on DCID (122) and/or single electron t rans fe r from iodide to 

(122). Reaction of DCID (122) with sodium suspended in THF yielded the 

rearranged sodium sa l t (123c) in 22% y i e l d , which was iden t i ca l ( I .R . 

comparison) wi th the sodium sal t obtained (507. y i e l d ) by metathesis 

react ion of the l i t h i u m sa l t (123a) and sodium iodide. This provided 

conclusive evidence that nucleophil ic attack on DCID (122) i s not 

required f o r the rearrangement. In view of t h i s , a possible mechanism 

f o r the isomerisation i s suggested (Scheme 3 .1 ) . I t i s i n i t i a t e d by a 

single one-electron t rans fe r to the dicyanomethylene group of DCID 

(122). This leads to the symmetrical rad ica l anion (124) which i s 

s t ab i l i s ed by the two adjacent ketone groups. Nucleophil ic attack onto 

e i ther of the n i t r i l e groups gives r i se to a spirocyclopropane 

intermediate (125). Rearrangement of (125), as shown, leads to formal 
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1,2-migration of the n i t r i l e group and the formation of a second 

cyclopropane compound (126). Compound (126) can r i n g open to form the 

delocalised naphthoquinol rad ica l anion, and hence sa l ts (123a-m), which 

we i so la te . 

0 0 0 

V N ( i ) N 

N N 

DCID (122) (124) (125) 

0 0 0 

N N 
fir < N 

0 
DCNQ (123) (123a-m) (126) 

Scheme 3.1 Proposed Mechanism for the Rearrangement of 
DCID (122) to DCNQ (123); (i) M+T, CH3CN, reflux 
or Na, THF, 20° C. 

The electron acceptor properties of DCID (122) have been studied by 

c y c l i c voltammetry (CV). The f i r s t one-electron reduction, viz. neutra l 

to rad ica l anion, occurs at 0.008 V; t h i s is fol lowed by a second one-

electron reduction to the dianion at -0.98 V (ys Ag/AgCl, Pt electrode) 

(Figure 3 .1) . Under these conditions the f i r s t reduction wave i s f u l l y 

revers ible (Figure 3.1a), wi th no detectable change in the voltammogram 

a f t e r 15 minutes of continuous cyc l ing between +0.50 V and -0.60 V. The 

second reduction, viz. r ad ica l anion t o dianion, i s i r r e v e r s i b l e , and 

t h i s i s c lear ly shown in Figure 3.1b. I t i s in te res t ing to note that we 

do not detect the presence of any anionic species derived from DCNQ 
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(123) in the c y c l i c voltammogram of DCID (122). For comparison, the 

electrochemical reduction of D€N(0| (123) is shown in Figure 3.2. DCN5J i s 

a stronger acceptor than DCID. The f i r s t reduction, DCNQ •* DCNQ"-, i s 

f u l l y reversible occurring at +0.22 V, hence the presence of any DCNf}" 

formed from DCID should be c l ea r ly observable (Figure 3 .1 ) . The second, 

one-electron reduction of DCNÎ "- to the dianion DCNH1 is i r r e v e r s i b l e , 

occurring at -0.55 V [ c f . TCN^ (1 ) : EJ = +0.22 V, = -0.34 V ] . The 
2 2 

electrochemical r e v e r s i b i l i t y between the neutral and rad ica l anion 

states of DCID (122) (Figure 3.1a) would appear to contradict the 

proposed mechanism f o r the rearrangement, which is i n i t i a t e d by a one-

electron reduction (Scheme 3 .1 ) . To reconcile these data, i t is 

tempting to suggest that the conversion of DCID (122) in to DCNQ sal ts 

(123a-m) (Scheme 3.1) involves an intermediate DCID dianion, which could 

be formed by a strong reducing agent, eg. sodium metal. However, 

electrochemical reduction of DCID^ to the dianion does not give r i se to 

reduction waves which are associated wi th DCNQ (Figure 3.1b). 

Furthermore, t h i s hypothesis i s not supported by the f ac t that 

rearrangement also occurs on reduction of DCID by the comparatively weak 

electron donor t e t r a th i a fu lva l ene ( 2 ) , g iv ing sa l t (1231) (vide infra): 

the reduction poten t ia l s f o r TTF are EJ = +0.34 V, E? = +0.78 V (vs 
2 2 

Ag/AgCl). According to the guidelines of Torrance et al., a combination 

of DCID and TTF should give r i s e to a neutral complex (ie. AE > 

0.25 V ) 1 0 3 . 

With the l i t h i u m sa l t (123a) read i ly avai lable , we have used t h i s 

material in metathesis reactions wi th a range of cat ion sa l ts to f u r n i s h 

a series of dicyanonaphthoquinol sa l ts (123b-k) containing organic and 

metal counterions (Table 3 .1 ) . Our aim here was p r imar i ly t o obtain a 

c r y s t a l l i n e sa l t su i tab le f o r X-ray analysis to confirm beyond doubt 

that rearrangement from DCID to DCNQ, had occurred. 
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Potential (V) 

Figure 3.2 Cyclic Voltammogram of DCNQ (123); For Conditions 
See Figure 3.1. 

Also, we wished to examine conductivity and magnetic properties of DCNI} 

radical anion sa l t s . DCNtQ) salts of 1:1 stoichiometry (123a-g) are 

formed with lithium, methyltriphenylphosphonium, sodium, tetrabutyl-

ammonium, tetraphenylarsonium, rubidium and caesium cations, 

respectively, and four of these are hydrated [viz. (123b), (123c), 

(123f) and (123g)]. In contrast copper, nickel , cobalt and zinc form 

1:2 sa l t s (123b-k), three of which are hydrated. The cation:DCN(J 

stoichiometry was, in a l l cases, unambiguous from microanalysis and, 

where applicable, a stoichiometric amount of water was added to give a 

best f i t to the analytical data. 

The infrared spectra of a l l these sal ts (125a-k) show a very strong 

n i t r i l e absorption in the range 2180-2235 c m 1 compared to a weak 

n i t r i l e absorption peak at 2230 cm"1 for neutral DCID (122) and the 

absence of a n i t r i l e absorption peak for neutral DCNQ (123). In 

comparison, the carbonyl absorption, which is very strong in both 

neutral DCID and neutral DCNH1 (observed at 1705 and 1680 cm"1, 
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respectively) i s absent in the 1:1 quinol sal ts (123a-g), although i t is 

present in the 1:2 salts (125h-k), albeit in reduced intensity relative 

to (123). From this we infer that neutral DCNJJ i s present in the 1:2 

salts along with the OCNJJ" radical anion. The hydrated salts a l l show 

the expected OH stretch in the I . R . spectrum. 

Ue have considered the possibi l i ty that these salts are not 

hydrated, but instead, one of the n i t r i l e groups has been replaced by a 

hydroxy1 group derived from water during the metal exchange reaction (a 

process which could be promoted by complexation to the cation). There 

are early precedents for CN substitution by OH during reaction of DCNQ 

139 
with sodium hydroxide and recently, during complexation of 2,3-

dichloro-5,6-dicyanobenzoquinone (DDtJ) with amidopyridines in solvents 
140 

containing water . However, microanalytical data for our hydrated 

DCNQ sal ts (especially the metal and nitrogen analyses) are clearly 

inconsistent with n i t r i l e displacement having occurred to any 

significant extent. 

Slow cooling of an equimolar mixture of TTF (2) and DCID (122) in 

acetonitri le leads to formation of the complex (TTF^DCNUJ^ (1231) as a 

black, crystal l ine solid in 94% yield. The 3:2 stoichiometry of the 

complex has been established from microanalytical data and is most 

unusual for a charge transfer complex of TTF. A 3:2 salt formed by TTF 

(2) and tetrafluoroborate anions provides another example of this rare 
1/11 

stoichiometry . Rearrangement of DCID to DCNQ upon complexation is 

confirmed by isolation of the same 3:2 complex (1231), obtained from TTF 

(2) and DCNIJ (123) (identical i . r . spectra). This result shows that TTF 

is a suff ic ient ly strong reducing agent to effect the isomerisation of 

DCID (122) into DCNQ (123). Conductivity data for the complex 

(TTF)3(DCNQ)2 were obtained for compressed pellet samples using standard 

four probe techniques. At room temperature the material is a good 
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conductor, <r^ ca. 1.0 S cm" . This result i s significant as i t i s 

among the highest values reported for the conductivity of a TTF complex 

that i s not a derivative of TCNQ. Tetramethyl-TTF (4) which is a 

stronger electron donor than TTF also forms a 3:2 complex (123m) when 

mixed with DCID. The room temperature conductivity of complex (123m) i s 
3 -1 

4 x 10 S cm . These conductivity values clearly imply crystal 

structures for the TTF and TE1TTF complexes with segregated stacks of 

donor and DCNQ molecules; however, we have been unable to obtain single 

crystals of (1231) or (123m) suitable for X-ray analysis. 
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Figure 3.3 Variable Temperature Conductivity Plot 
for TTF3DCNQ2 (1231). 

Variable temperature conductivity measurements on (1231) were performed 

over the temperature range 300 - 160K and the exponential temperature 

dependence characteristic of a semiconductor is observed with activation 

energy E = 0.25 eV (Figure 3.3) . This activation energy value i s high 

when compared with the values for many organic salts with similar 
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conductivities. However, i t must be emphasised that the activation 

energy value i s less rel iable when obtained from data on compressed 

pellets than on single crystals , since the former samples are subject to 

the effects of e lectr ica l resistance associated with imperfect 
142 

interparticle contact . Conductivity measurements were performed on 

compressed pellets of DCN{| salts (123a), (123b), (123d) and (123h), and 

they are a l l insulators. 

3.4 HAGKQSTIC PMPffiTIES QDF K€M) SALTS 

Magnetic properties of a selection of these salts (123) have been 

studied by Dr. G. Ashwell's group, using a Faraday balance and the 

results are presented in Table 3.2. Methyltriphenylphosphonium-DCNQ 

salt (123b) is diamagnetic and this is consistent with strongly 

interacting spins within the (DCNtf--^ dimer unit, as indicated by the 

relatively short intermolecular spacing observed in the X-ray structure. 

The magnetic susceptibi l i t ies of (123a), (123b), (123e) and (1231) are 

temperature independent and the values are consistent with those 

calculated from Pascal's constants. 

SALT *300K ( t o t a l ) 
emu mol"1 

X (diamag)a 

emu mol"1 

*300K ( P a r a m a S ) c b M eff 
emu tool"1 

(123a) -1 .0(3)xl0- 4 -1.0x10-4 

(123b) -2.9(3)xl0"4 -2.9x10-4 

(123d) +8.5(3)xl0"4 -3.0x10-4 +11.5(3)xl0-4 0.35 1.68 

(123e) -3.2(3)xl0"4 -3.2x10-4 

(123h) -0.6(3)xl0-4 -2.0x10-4 + 1.4(3)xl0-4 0.043 0.58 

(1231) -4.7(3)xl0" 4 -4.6x10-4 

Table 3.2 Magnetic Susceptibility Data for DCNQ Salts; (a) Calculated 
from Pascal's Constants; (b) Units are emu mol'1 K. 
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In contrast, the susceptibi l i t ies of the tetrabutylammonium and 

copper sa l t s , (123d) and (123h), respectively have paramagnetic 

contributions which obey the Curie law (Figure 3.4) . Their 

susceptibi l i t ies vary as x = C/T where C = 0.35 and 0.043 emu mol"* K, 

which corresponds to effective Bohr magneton numbers (/^-ff = 2.83 
c l / 2 , 

of 1.68 and 0.58 //g respectively. For the tetrabutylammonium salt (123d) 

this value is in close agreement with ft ^ = 1.73 fi^ calculated for a 

well developed spin-1/2 system, whereas for the copper salt (123h), the 

data correspond to only ca. 0.16 spins per molecule. This weak para­

magnetism suggests that the DCNQ" spins of (123h) couple antiferro-
magnetically, in which case the Curie Law behaviour probably arises from 

2+ 

the presence of some paramagnetic Cu in the host la t t i ce , as the 

species Cu2+(DCNQ)2~. 

7000 

6 0 0 0 

5000 

E 4000 

3000 

2000 

1000 

Salt (123h) 

Salt (123d) 

T/K 

Figure 3.4 Temperature Dependence of the Reciprocal Susceptibility for 
Salts (123d) and (123h) Corrected for Core Diamagnetism. 
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3.5 1-M1 SMDOTEHS I F SALT f 123Tb) .MJ) 

Crystals of salt (123b) were weakly diffract ing, but nevertheless 

the data obtained confirm beyond doubt that the ionic component is DCN® 

not DCID, which was the prime objective of the X-ray study. The X-ray 

crystal structure of (123b) was determined by Dr. EH. Hasan and Dr. HI. 

Drew at the University of Reading and is shown in Figure 3.5. The 

cation has the expected dimensions with the P-Me bond somewhat shorter 

than the P-Ph bond lengths. The dimensions of the anion are d i f f i cu l t 

to interpret, partly due to the inadequate data resulting from the 

weakly diffracting crysta l . There is no clear indication that the 

negative charge on D.CNQ is localised, and i t seems l ikely that the 

charge i s delocalised over several positions as would be expected for 

the naphthoquinol system. There is only one intermolecular contact of 

note [viz. 0(10)-0(100) = 2.760(3)A] which is indicative of a hydrogen 

bond. Remaining contacts between the cation, anion and water molecule 

are consistent with Van der Waals r a d i i . 

Figure 3.5 shows that the anions pack together in pairs across a 

centre of symmetry. The closest interatomic distance between the rings 

is C(5) -C( l l ) = 3.25A. 

3.6 X-RAY STRUCTURE OF DCID 

The X-ray crystal structure of DCID (122) was determined by R. 

Short and Prof. M.B. Bursthouse at Queen Mary College, and a packing 

diagram i s shown in Figure 3.6. The data obtained confirm that DCID has 
136 

been assigned the correct structure . A mean plane calculation reveals 

that the two cyanide groups deviate sl ightly from the plane formed by 

a l l the ring carbon atoms. 
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Figure 3 . 5 Single Crystal I-Ray Structure of Salt (123b).B20; the 
Unit Cell in the a Projection and the Atom Numbering 
Scheme. 



Figure 3.(5 Single Crystal I-Ray Structure of DCID (122): 
the Unit Cell in the c Projection. 

3.7 CfflWCLQSIIBHS 

We have been unable to isolate the radical anion salts of the 

acceptor molecule DCID (122) due to a fascinating rearrangement of the 

radical anion derived from (122) to yield isomeric DCNQ salts (123a-m). 

The X-ray crystal structures of neutral DCID (122) and one of the 

"rearranged salts" viz. the hydrated methyltriphenylphosphonium-DCNQ 

sal t (123b) have been determined. A range of DCNQ radical anion sa l t s , 

with organic and inorganic counterions, have been isolated, and variable 

temperature magnetic susceptibility data for a selection of these sa l t s 

have been discussed. The complexes of DCNQ with tetrathiafulvalene 

(TTF, (2)) and tetramethyl-TTF (4) are both semiconductors. The high a 

values exhibited by both complexes, particularly (TTF)^(DCNQ)^ reaffirm 

that conducting CT complexes can be prepared with acceptor molecules 

which possess^ a different skeletal structure to TCNQ (1). 
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CHAPTER FOUR 

NITROBENZENES AS ELECTRON ACCEPTORS 



4.1 IHMDPCTIIK 

Since the discovery of the remarkably high conductivity exhibited 

by TTF-TCN5J10, the vast majority of work conducted in the f i e l d of 

organic metals has focused upon the most highly conducting materials 

(Chapter 1). However, the investigations into insulating salts eg. 

HMTTF-TCNP^5 9, TTF-halobenzoquinones 1 0 7 ' 1 0 8 and dibenzo-TTF-TCMS 1 0 3, 

have also added greatly to our understanding of the physics and 

chemistry of intermolecular interactions in the organic solid state. 

Cowan and Wiygul have recently emphasised that in order to refine the 

principles that should be applied to the design of new materials, i t is 

important to fu l ly characterise complexes with a range of e lec tr ica l 

properties 1 . 

Continuing with our theme of developing the solid state chemistry 

of electron acceptors that possess a different skeleton to TCNQ, we 

chose to study 1,3-dinitrobenzene, m-DNB (127) and 1,3,5-trinitro-

benzene, TNB (128). These two molecules d i f fer from the huge majority 

of previously reported acceptors (Chapter 1, section 1.5), in that they 

possess an aromatic ground state, rather than the quinonoid ground state 

of TCNQ and the halobenzoquinones. The importance of the quinonoid 

ground state has been stressed by Torrance and co- workers 1 ^ 

However, while our work was in progress, a report from an I ta l ian group 

demonstrated that acceptors with an aromatic ground state, viz. 1,4-

dicyanotetrazine (57) and 1,3,5-tricyanotriazine (58), form moderately 

conducting complexes with TTF [eg. TTF-(57), <rrt = 35 S c m " 1 ] 9 8 . This 

result was important as i t showed that the attainment of aromaticity at 

the radical anion stage, i s not a prerequisite for conductivity in a 

donor-acceptor pair . 
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NO NO NO 2 6 6 6. O^N-̂ N^ NO NO 
NO 

(127) (128) (129) 

Our study of m-DNB (127) and TNB (128) is an extension of the work 

performed by Bryce et al., with p-dinitrobenzene, p-DNB (129)*^. We 

believe that comparison of a wide range of acceptors, and their 

complexes, is far more beneficial than studying individual molecules in 

the hope of elucidating the crucial factors controlling the solid state 

properties. Bryce et al. chose p-DNB (129) as an acceptor as i t 

resembled TCNQ in two important ways. F i r s t l y , both molecules are of 

similar size; probably the fai lure of some larger acceptors to form 

complexes with TTF, eg. TCNPQ ( 3 6 ) 7 8 i s a result of incompatible 

molecular dimensions. Secondly, p-DNB (129) has the same high degree of 

symmetry as TCNQ ( D 2 h ) . The key role of the symmetry of the TCNQ 

radical anion in dictating the stacking arrangement in TTF-TCNQ has been 
70 71 

shown independently by Berlinsky et al. and Lowe . F ina l ly , electron 

spin resonance studies of the radical anions of aromatic compounds show 

that the electronegativity of the nitro group is very similar to that of 

the dicyanomethylene group*^. Bence, the two acceptors, TCNQ and 

p-DNB, should have similar spin and charge distributions in the radical 

anion. TTF-pDNB was, however, found to be a neutral 1:1 complex which 
7 1 

is an insulator at room temperature ( a ^ = 2.5 x 10 S cm ) . The 

crystal structure of TTF-pDNB consists of mixed stacks of alternating 

TTF and p-DNB (129) molecules. The lack of significant intermolecular 

contacts, and the interplanar spacing of 3.64A (larger than in even the 
107 

weak CT complexes TTF-X, where X is chloranil or f luoranil ) , are 
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consistent with a neutral complex.t Interestingly, the projection of 

the TTF molecule onto the plane of the p-DNB (129) ring, reveals that 

the angle between the long molecular axes of each molecule i s 126° 

(Figure 4.1). This contrasts with an ear l ier suggestion by Torrance et 
107 

al. , that i f the donor and acceptor have long molecular axes, they 

tend to align. Consequently, this work suggested that orbital overlap 

was playing a greater role in determining the relative molecular 

orientation in donor-acceptor complexes, than was originally thought. 

In the light of these results we studied m-DNB (127) and TNB (128) as 

acceptors. 

Figure 4.1 Projection of the TTF Molecule onto the Plane 
of the p-DNB Ring (Kef 143). 

4.2 TETEATHIAFULVALEM- MBTA- DIWITEBBEWZEWE 

A black, highly crystal l ine 1:1 complex was obtained in good yield 

(847c) by slowly cooling a toluene solution of TTF and m-DNB, present in 

equimolar amounts. Al l the data obtained agree and show that TTF-mDNB 

(127a) i s a neutral, insulating complex. The i . r spectrum of TTF-mDNB 

(127a) consists of sharp peaks, typical of an insulating complex and i t 

tNeutral complex refers to a complex in which there is no intermolecular 
charge transfer, and the component molecules are present in their 
neutral states. 
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does not display a charge-transfer absorption band (ca. 5000 cm ) or 

the broad bands in the i . r region that are typical of conducting 

complexes. These i . r data are supported by optical measurements; the UV 

spectrum of a powdered sample of TTF-mBNB does not show an absorption 

characteristic of the TTF radical cation (2.1 - 2.8 e V ) 1 4 5 . 

Furthermore, the solid state e . s . r signal is vanishingly weak and the 

bulk magnetic susceptibility of the complex (x = -162.1 x 10 emu 

mol i s constant over the temperature range 20 - 300K, in agreement 

with the calculated value (x = -159.5 x 10" emu mol" ) from Pascal's 

constants for TTF and m-DNB (127). These data clearly point to a 

diamagnetic complex. Consistent with these data, the single crystal 

conductivity (four probe d.c. measurement) resides in the insulating 

regime (<rTt = 2.7 x 10"9 S cm" 1). 

The single crystal X-ray structure of TTF-mDNB was determined by 

Dr. M. Motevalli and Prof. M. Hursthouse. There are mixed stacks of TTF 

and m-DNB (127) molecules arranged in alternating donor-acceptor fashion 

along the a-axis (Figure 4.2) . The TTF molecules l i e on centres of 

symmetry and the m-DNB molecules on two-fold axes. A projection onto 

the molecular plane of a TTF molecule shows that there is no face to 

face overlap between the TTF molecule and the neighbouring m-DNB 

molecules. This is in marked contrast to the eclipsed donor-acceptor 

packing of the neutral TTF complexes in which the acceptor i s of similar 

dimensions to m-DNB (127) viz. T T F - c h l o r a n i l 1 0 7 , T T F - f l u o r a n i l 1 0 7 , 

TTF-pDNB 1 4 3 and TTF-TNB (vide infra). The t i l t angle between the planes 

of the TTF and m-DNB molecules is 8 . 2 ° . The relative molecular 

orientation of the component molecules in this complex accounts for the 

neutral, insulating properties observed in the solid state measurements 

described above. A l l intermolecular distances in the TTF-mDNB complex 

are greater than the sum of the Van der Waals radi i for the appropriate 
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atoms. There are no close inter-stack sulphur-sulphur contacts in TTF-

mDNB. This is noteworthy in light of the growing number of organic 

materials based on TTF derivatives that show inter-stack sulphur-sulphur 

i n t e r a c t i o n s 3 0 ' 1 3 a . 

0 a 
i 

c 

Figure 4.2 X-Ray Crystal Structure of TTF-mDNB Viewed Along the b-Axis. 

Analysis of the bond lengths of the tetrathiafulvalene moiety in 

TTF complexes is a commonly employed technique for determining the 

degree of charge transfer, p, as neutral TTF has significantly different 

bond lengths from that of the cat ionic TTF species . However, too 

much emphasis should not be placed on these data as the bond lengths 

reported in the l i terature for many TTF salts have large standard 

deviations, often resulting from part ial ly disordered structures (eg. 

TTF-TCNQF 4 ) 1 4 6 . The bond lengths which are most sensitive to p are the 

central and (to a lesser extent) the ring C=C double bonds [viz. C ( l ) -
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C ( l ' ) and C ( 2 ) - C ( 3 ) r e s p e c t i v e l y i n s t r u c t u r e ( 2 ) ] . 

( 2 ) 

T a b l e 4.1 compares t h e s e l e n g t h s f o r TTF-mBNB w i t h t h o s e of n e u t r a l 
T T F 1 4 7 , t h r e e n e u t r a l complexes, viz. T T F - c h l o r a n i l 1 0 7 , T T F - p O N B 1 4 3 and 
T T F - b e n z o [ 1 , 2 - c : 4 , 5 - c ' ] b i s [ 1 , 2 , 5 - t h i a d i a z o l e ] - 4 , 8 - d i o n e 1 4 8 and two 
p a r t i a l l y i o n i c complexes, viz. TTF-TCNQ (p = 0 . 5 9 ) 1 4 and T T F - C 1 0 g 7

 4 b 

(p = 0 . 6 7 ) , and one f u l l y i o n i c complex viz. TTF-HgClg (p = 1 . 0 ) 1 4 9 . 
T h e s e d a t a c l e a r l y s u p p o r t t h e o t h e r s o l i d - s t a t e d a t a f o r TTF-mDNB and 
s t r o n g l y s u g g e s t t h a t TTF i s p r e s e n t a s a n e u t r a l s p e c i e s i n t h e 
complex. 

COMPOUND P R i n g C=C C e n t r a l C=C 
(A) (A) 

TTF-mDNB 0 1.314(5) 1.342(5) 
TTF 0 1.314(3) 1.349(3) 
TTF-pDNB 0 1.317(4) 1.349(3) 
T T F - c h l o r a n i l 0 1.314(5) 1.354(5) 
TTF-X % 0 1.315(4) 1.342(3) 
TTF-TCNQ 0.59 1.323(3) 1.369(3) 
TTF-Clo-67 0.67 1.32(1) 1 . 3 8 ( 1 ) 
T T F - H g C l 3 1.0 1.31(1) 1 . 4 1 ( 1 ) 

T a b l e 4.1 Variation in Tetrathiafulvalene Bond Lengths With 
Degree of Charge Transfer, p; %X=Benzo[l,2-c:4,5-c>] 
bis[l ,2,5-thiadiazole]-4,8-dione. 

The d i f f e r e n c e i n redox p o t e n t i a l s o f t h e c o n s t i t u e n t m o l e c u l e s 
p r o v i d e s a u s e f u l g u i d e l i n e t o t h e de g r e e of c h a r g e t r a n s f e r e x p e c t e d 

103 
f o r a d o n o r - a c c e p t o r p a i r . Based upon t h e c a l c u l a t e d e l e c t r o n 
a f f i n i t y of m-DNB, from c h a r g e t r a n s f e r e n e r g i e s and h a l f - w a v e r e d u c t i o n 

150 
p o t e n t i a l s , t h e f o r m a t i o n of a n e u t r a l complex between TTF ( 2 ) and 
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m-DNB (127) i s t o be e x p e c t e d , i n l i n e w i t h T o r r a n c e ' s t h e o r i e s 
T h i s s t u d y c l e a r l y e m p h a s i s e s t h a t t h e r o l e o f c r y s t a l p a c k i n g 

f o r c e s i n i n f l u e n c i n g t h e d o n o r - a c c e p t o r o v e r l a p ( o r l a c k o f i t i n TTF-
mDNB) i n mixed s t a c k TTF complexes can n o t be p r e d i c t e d a t t h e p r e s e n t 
t i m e . I n t h i s r e s p e c t t h e p r e s e n t s t r u c t u r e i s markedly d i f f e r e n t from 

141 

t h e i s o m e r i c TTF-pBNB complex . I t must be not e d t h a t TTF-mDNB i s one 
of t h e f i r s t complexes formed by TTF ( o r a TTF d e r i v a t i v e ) which does 
not e x h i b i t e c l i p s e d s t a c k i n g i n a p r o j e c t i o n p e r p e n d i c u l a r t o t h e TTF 
p l a n e , e i t h e r w i t h i t s e l f ( s e g r e g a t e d s t a c k s ) o r w i t h t h e a c c e p t o r 
(mixed s t a c k ) . 

4.3 TEraATHIAFULVALEWE- TRIMITMBEKZEKE 

A key f e a t u r e o f t h i s m a t e r i a l i s t h a t i t p r o v i d e s one o f t h e f i r s t 
e xamples of an a c c e p t o r t h a t has symmetry f o r m i n g a complex w i t h 
TTF. W h i l e many of t h e s t r u c t u r a l and e l e c t r o n i c f e a t u r e s of a c c e p t o r s 
(eg. p l a n a r i t y and e l e c t r o n a f f i n i t y ) t h a t i n f l u e n c e TTF c o m p l e x a t i o n 
have been s t u d i e d i n depth ( C h a p t e r 1 ) , t h e r o l e o f t h e symmetry of t h e 
a c c e p t o r i s v i r t u a l l y u n e x p l o r e d . t 

A b l a c k 1:1 complex of t e t r a t h i a f u l v a l e n e ( 2 ) and 1 , 3 , 5 - t r i n i t r o -
benzene, TNB (128) was p r e p a r e d i n a manner d i r e c t l y a n a l o g o u s t o t h e 
p r e p a r a t i o n of TTF-mDNB (vide supra). I n l i n e w i t h p r e d i c t i o n s , a l l t h e 
s o l i d s t a t e d a t a s u g g e s t t h a t TTF-TNB ( 1 2 8 a ) i s a n e u t r a l complex. The 
ma g n e t i c s u s c e p t i b i l i t y o f t h e complex (x = -191 x 10 emu mol" ) 
between 22K and 296K i s c o n s t a n t ( t h e c a l c u l a t e d v a l u e from P a s c a l ' s 
c o n s t a n t s f o r TTF and TNB (128) i s * = -195 x 1 0 " 6 emu m o l " 1 ) . The l a c k 
o f c h a r g e t r a n s f e r i s e v i d e n t from t h e a b s e n c e o f t h e peak a s s i g n e d t o 

+ I t i s noteworthy t h a t CT-complexes i n c o r p o r a t i n g a c c e p t o r s w i t h C3 
symmetry o r h i g h e r , have p o t e n t i a l i n t h e f i e l d o f o r g a n i c f e r r o m a g n e t s 
( R e f e r e n c e 1 5 1 ) . 
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t h e TTF r a d i c a l c a t i o n i n t h e s o l i d s t a t e U V - v i s i b l e s p e c t r u m (ca. 

2.8 eV) and from t h e non e x i s t e n t s o l i d s t a t e e . s . r s i g n a l o b t a i n e d 
f o r t h e complex. C o n s i s t e n t w i t h a n e u t r a l complex, t h i s m a t e r i a l i s an 

-10 -1 
i n s u l a t o r , = 5 x 10 S cm f o r s i n g l e c r y s t a l s . 

X - r a y a n a l y s i s o f TTF-TNB ( p e r f o r m e d by D r s . J.A.K. Howard and 0. 
Johnson) shows t h e p r e s e n c e o f a mixed d o n o r - a c c e p t o r s t a c k regime, o f 
a l t e r n a t i n g TTF ( 2 ) and TNB (128) m o l e c u l e s ( F i g u r e 4 . 3 ) . 

z 

X 

F i g u r e 4.3 Alternate Hixed Stacking Arrangement in TTF-TNB. 

A p r o j e c t i o n onto t h e m o l e c u l a r p l a n e o f s e v e r a l TTF m o l e c u l e s 
shows t h e e x i s t e n c e o f two d i s t i n c t modes o f o v e r l a p between t h e TTF 
m o l e c u l e and i t s n e i g h b o u r i n g TNB ( 1 2 8 ) , e a c h mode b e i n g r e t a i n e d w i t h i n 
a s t a c k [ F i g u r e s 4 . 4 ( a ) and 4 . 4 ( b ) ] . T h i s i s , t o our knowledge, t h e 
f i r s t example o f s u c h a phenomenon (ie. two t y p e s o f mixed s t a c k ) i n a 
TTF complex, and t h i s i n d i c a t e s t h a t c r y s t a l p a c k i n g f o r c e s d i c t a t e t h e 
r e l a t i v e o r i e n t a t i o n of t h e TTF and TNB r a t h e r t h a n o r b i t a l o v e r l a p . 
I n t e r e s t i n g l y , t h e T N B - c e n t r o i d t o s u l p h u r - p l a n e d i s t a n c e s a r e d i f f e r e n t 
i n t h e two e n v i r o n m e n t s [3.43A s e p a r a t i o n f o r t h e environment 
r e p r e s e n t e d i n F i g u r e 4 . 4 ( b ) , compared t o 3.5lA f o r t h e c o r r e s p o n d i n g 

- 99 -



e n v i r o n m e n t i n F i g u r e 4 . 4 ( a ) ] , a l t h o u g h i t must be a c t e d t h a t both 
v a l u e s a r e g r e a t e r t h a n t h e s u a o f t h e Van d e r U a a l s r a d i i f o r a r o m a t i c 
c a r b o n atoms ( 3 . 3 4 A ) . 

M I ­

SS' si-N12 022-
N1? 021 041 C6' C3' C9* C13 SO C12 CIO OS? C7 CIV C7' C2-SI 

C14 sv MM C2 C11 CIO So­ma' 042 C9 CIS' C3 C13' 
C6 C15 

CtS 031' C14' 
ss cis-

Mt3 
0S2 04V 

M14' 
b) a 031 

042" 

F i g u r e 4.4 Projection onto the Holecular Plane of Crystallo-
graphically Distinct TTF Uolecules, in TTF-TNB. 

D e s p i t e t h e r e l a t i v e l y poor r e f i n e m e n t (R = 0.0984) o f t h e s t r u c t u r e , 
t h e bond l e n g t h s o f t h e TTF m o l e c u l e s , a l t h o u g h d i f f e r e n t i n e a c h 
e n v i r o n m e n t , l e n d s u p p o r t t o t h e f o r e m e n t i o n e d s o l i d - s t a t e d a t a and a r e 
c o n s i s t e n t w i t h TTF-TNB b e i n g a n e u t r a l complex ( T a b l e 4 . 2 ) . 

BOND F i g u r e ^ 4 . 4 ( a ) F i g u r e 4 . 4 ( b ) 
(A) 

C ( 2 ) - C ( 3 ) 1.347(30) 1.353(29) 
C ( 6 ) - C ( 7 ) 1.307(34) 1.344(31) 
C ( 9 ) - C ( 1 0 ) 1.335(40) 1.346(37) 

T a b l e 4.2 Bond Lengths of the Two Crystallographically 
Distinct TTF Holecules Found in TTF-TNB. 

The r i n g C=C bond l e n g t h s , w i t h t h e e x c e p t i o n o f C ( 6 ) - C ( 7 ) 
r e p r e s e n t e d i n F i g u r e 4 . 4 ( a ) , a r e a l l g r e a t e r t h a n t h e bond l e n g t h s 
f o u n d f o r t h e n e u t r a l TTF complexes l i s t e d i n T a b l e 4.1, which i s 
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i n d i c a t i v e o f c h a r g e t r a n s f e r between t h e donor ( T T F ) and a c c e p t o r 
(TNB). However, t h e c e n t r a l C=C bond l e n g t h s (cf. T a b l e 4 . 1 ) , which 
d i s p l a y g r e a t e r s e n s i t i v i t y t o p, o f t h e two c r y s t a l l o g r a p h i c a l l y 
d i s t i n c t TTF m o l e c u l e s , p o i n t t o w a r d s a n e u t r a l complex. 

4.4 cmflcujsimws 

E a r l i e r work w i t h p - d i n i t r o b e n z e n e (129) prompted us t o p r e p a r e 
and c h a r a c t e r i s e t h e TTF complexes of m e t a - d i n i t r o b e n z e n e (127) and 
t r i n i t r o b e n z e n e ( 1 2 8 ) . I n a c c o r d w i t h t h e e l e c t r o n a f f i n i t i e s of e a c h 
a c c e p t o r , both complexes were n e u t r a l and i n s u l a t i n g . T h i s c l a s s of 
m a t e r i a l , d e s p i t e i t s h i g h r e s i s t i v i t y , i s n o n e t h e l e s s worthy of s t u d y , 
p r o v i d i n g v a l u a b l e i n s i g h t i n t o t h e f a c t o r s c o n t r o l l i n g t h e range o f 
o b s e r v e d s o l i d s t a t e p r o p e r t i e s . Both complexes p r o v i d e d c r y s t a l 
s t r u c t u r e s t h a t e x h i b i t e d n o v e l f e a t u r e s w i t h i n t h i s c l a s s of m a t e r i a l . 

107 
To put t h e s e r e s u l t s i n p e r s p e c t i v e : T o r r a n c e et al. c o n c l u d e d from 
t h e i r s t u d i e s o f t h e T T F - t e t r a h a l o b e n z o q u i n o n e s , t h a t t h e r o l e of 
o r b i t a l o v e r l a p c a n be undermined by s t e r i c i n t e r a c t i o n s , p a r t i c u l a r l y 
i f t h e l a t t e r p r o v i d e s an a l i g n m e n t o f t h e l o n g a x e s o f t h e donor and 
a c c e p t o r . I n c o n t r a s t , from t h e work conducted upon TTF-pDNB, i t was 
c o n c l u d e d t h a t f a r g r e a t e r emphasis s h o u l d be s t r e s s e d upon t h e r o l e o f 
o r b i t a l o v e r l a p . Our r e s u l t s s u g g e s t t h e s e c o n c l u s i o n s were premature 
and t h a t n e i t h e r o f t h e s e f a c t o r s n e c e s s a r i l y c o n t r o l s t h e r e l a t i v e 
o r i e n t a t i o n o f donor and a c c e p t o r . 

Whether our r e s u l t s a r e s p e c i f i c t o our s y s t e m s o r a r e r e l e v a n t t o 
t h e s t r u c t u r e s o f o t h e r TTF complexes cannot be d e t e r m i n e d a t p r e s e n t . 
A l l i n a l l , o ur u n d e r s t a n d i n g of t h e f a c t o r s c o n t r o l l i n g t h e c r y s t a l 
p a c k i n g i s f a r from c o m p l e t e , t h u s l e a v i n g p l e n t y o f scope f o r f u r t h e r 
r e s e a r c h i n t o r e l a t e d s y s t e m s . 



CHAPTER F I V E 

MISCELLANEOUS ACCEPTORS CONTAINING 
DICYANOMETHYLENE GROUPS 



5.1 waiwmiN 

T h i s c h a p t e r d e s c r i b e s , b r i e f l y , our more e x p l o r a t o r y s t u d i e s w i t h 
a range of acceptors c o n t a i n i n g t h e dicyanometbylene group; i n 
p a r t i c u l a r we sought t o m o d i f y t h e e l e c t r o n a f f i n i t y by i n c o r p o r a t i n g 
h a l o g e n atoms. 

5.2 4,5,6,7- TimACMMM- 2- ffllCTMMinCTMYlLISNlS-1, ft-

I n t h e l i g h t o f t h e i n t e r e s t i n g r e s u l t s o b t a i n e d w i t h DCID (122) 
(C h a p t e r 3) we chose t o s t u d y t e t r a c h l o r o - D C I D ( 1 3 0 ) . The presence o f 
t h e c h l o r i n e atoms would n o t o n l y i n c r e a s e t h e e l e c t r o n a f f i n i t y o f t h e 
a c c e p t o r r e l a t i v e t o DCID ( 1 2 2 ) , b u t a l s o , we c o n s i d e r e d t h a t t h e 
r a d i c a l a n i o n o f (130) mi g h t be s u f f i c i e n t l y s t a b i l i s e d n o t t o r e a r r a n g e 
t o t h e d i c y a n o n a p h t h o q u i n o n e s k e l e t o n (cf. Chapter 3 ) , t h u s e n a b l i n g 
complexes o f (130) t o be s t u d i e d . 

T e t r a c h l o r o - 1 , 3 - i n d a n d i o n e (131) was p r e p a r e d as d e s c r i b e d i n t h e 
152 

l i t e r a t u r e (187o o v e r a l l y i e l d ; t wo s t e p s s t a r t i n g f r o m t e t r a c h l o r o -
p h t h a l i c a n h y d r i d e ) , and t h e n r e a c t e d w i t h t e t r a c y a n o e t h y l e n e t o a f f o r d 
t e t r a c h l o r o - D C I D (130) ( 7 6 % y i e l d ) , u s i n g t h e c o n d i t i o n s o f Junek and 

136 
S t e r k . C y c l i c v o l t a m m e t r y o f (130) shows a r e v e r s i b l e o n e - e l e c t r o n 
r e d u c t i o n a t p o t e n t i a l = +0.21 V ys Ag/AgCl, c o n f i r m i n g t h a t t h e 
t e t r a c h l o r o d e r i v a t i v e (130) i s a s i g n i f i c a n t l y s t r o n g e r a c c e p t o r t h a n 

0 0 CI C I 
C I n ^ N 

N 

C I C I 
C1 I 

(131) (130) 
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DCID (122) ( c / . Chapter 3; = +0.008 V ys Ag/AgCl), as p r e d i c t e d 
i 

( F i g u r e 5.1). A t t e m p t s t o f o r m t h e d i a n i o n o f (130) e l e c t r o c h e m i c a l l y 
r e s u l t e d i n a c o m p l e t e l y i r r e v e r s i b l e , second r e d u c t i o n wave. 

r 
4 

J -0— 
0 0-2 0 QJ 

5 

Potential (V) 

F i g u r e 5.1 Cyclic Voltammogram of Tetrachloro-DCID (130). 

The i n c r e a s e d e l e c t r o n a f f i n i t y o f (130) compared t o DCID ( 1 2 2 ) , 
i n d i c a t e d t h a t s a l t f o r m a t i o n (eg. w i t h l i t h i u m o r m e t h y l t r i p h e n y l -
phosphonium c a t i o n s ) s h o u l d be f a c i l e . On m i x i n g n e u t r a l (130) w i t h 
e i t h e r l i t h i u m i o d i d e o r m e t h y l t r i p h e n y l p h o s p h o n i u m i o d i d e i n 
a c e t o n i t r i l e , a c o l o u r change was observed w h i c h c l e a r l y i n d i c a t e d s a l t 
f o r m a t i o n i n s o l u t i o n . However, i n b o t h cases a s o l i d s a l t c o u l d n o t be 
i s o l a t e d . By comparison, on m i x i n g e q u i m o l a r q u a n t i t i e s o f TTF ( 2 ) and 
t e t r a c h l o r o - D C I D (130) i n a c e t o n i t r i l e , a b l a c k p r e c i p i t a t e f ormed 
i m m e d i a t e l y . M i c r o a n a l y s i s o f t h e complex (130a) gave a 1:1 r a t i o o f 
T T F : t e t r a c h l o r o - D C I D . T h i s complex e x h i b i t s a r e l a t i v e l y l o w, c o m p a c t i o n 

-5 -1 
room t e m p e r a t u r e c o n d u c t i v i t y v a l u e o f ca. 2 x 10 S cm . A l t h o u g h i n 
t h e s e m i c o n d u c t i n g r e g i m e , a c o n d u c t i v i t y o f t h i s magnitude does n o t 
n e c e s s a r i l y c o n f i r m s e g r e g a t e d s t a c k s o f donor and a c c e p t o r , and p a r t i a l 
charge t r a n s f e r , w h i c h would be p r e d i c t e d f r o m t h e h a l f - w a v e r e d u c t i o n 
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p o t e n t i a l f o r t e t r a c h l o r o - B C I D . like t o t h e low c o n d u c t i v i t y v a l u e we 
were d i s c o u r a g e d f r o m s t u d y i n g t h i s complex f u r t h e r and we have, 
t h e r e f o r e , n o t e s t a b l i s h e d whether o r n o t rearrangement o f (130) has 
o c c u r r e d t o t e t r a c h l o r o - 2 , 3 - d i c y a n o n a p h t h o q u i n o n e . 

5.3 M O T i » m m A T I S l O - I W A K M D K 

To e x t e n d o u r s e r i e s o f new e l e c t r o n a c c e p t o r s p o s s e s s i n g a 
d i f f e r e n t s k e l e t a l shape t o TCNJJ (1) we chose t o s t u d y 1 , 3 - b i s ( d i c y a n o -
m e t h y l e n e ) i n d a n e (132) which was p r e p a r e d as d e s c r i b e d i n t h e 

153 
l i t e r a t u r e ' ' " ' , f r o m 1,3-indandione and m a l o n o n i t r i i e i n e t h a n o l w i t h 
ammonium a c e t a t e as c a t a l y t i c base. E a r l y a t t e m p t s t o s y n t h e s i s e (132) 
y i e l d e d a new compound (133) i n 41 y i e l d . The mechanism o f f o r m a t i o n o f 
(133) presumably i n v o l v e s s u b s t i t u t i o n w i t h e t h o x i d e ( p r o d u c e d in situ) 

a t t h e c a r b o n y l carbon o f i n t e r m e d i a t e ( 1 3 4 ) , f o l l o w e d by e l i m i n a t i o n . 

(132) R=H 
R 2 (135) R=C1 

(136) R=Br 

(133) (134) 

C y c l i c v o l t a m m e t r y o f (132) showed an i r r e v e r s i b l e r e d u c t i o n wave 
a t -0.55 V ys Ag/AgCl, i n f e r r i n g t h a t (132) i s a v e r y poor a c c e p t o r 
w h i c h , t h e r e f o r e , seemed l i k e l y t o y i e l d a n e u t r a l , i n s u l a t i n g complex 
w i t h TTF ( T a b l e 5 . 1 ) . S u r p r i s i n g l y , a 1:1 complex (132a) w i t h TTF 

A 1 
e x h i b i t s a c o n d u c t i v i t y v a l u e o f = 3 x 10" S cm , which p o i n t s 

NC 

NC NC 

to w a r d s a s e g r e g a t e d s t a c k s t r u c t u r e and p a r t i a l charge t r a n s f e r . 
Comparison o f (132) w i t h benzo-TCN^ ( 3 9 ) 8 2 and TCAQ ( 3 7 ) 7 9 ' 8 0 , which c 
n o t f o r m TTF complexes, i n d i c a t e s t h a t t h e s t e r i c i n t e r a c t i o n between 
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t h e d icy&nomethylene group and t h e p e r i hydrogens i s s i g n i f i c a n t l y 
r e duced i n compound ( 1 3 2 ) , g i v i n g r i s e t o a more p l a n a r s t r u c t u r e . 
X-ray c r y s t a l d a t a on t h e n e u t r a l s p e c i e s (132) would o b v i o u s l y shed 
more l i g h t upon t h e s i t u a t i o n . 

To i n c r e a s e t h e e l e c t r o n a f f i n i t y o f compound ( 1 3 2 ) , t h e known 
2 , 2 - d i c h l o r o and 2,2-dibromo d e r i v a t i v e s (135) and (136) were 

153 
p r e p a r e d . C y c l i c v o l t a m m e t r y d a t a a r e c o l l a t e d i n T a b l e 5.1. 

COMPOUND E ! 
2 

( V ) a 

(132) 
(135) 

-0 55 (132) 
(135) -0 14 
(136) +0 07 

T a b l e 5.1 Cyclic Voliammetric Data for 1,3-Bis(dicyanomethylated) 
indanes (132), (135) &nd (136); (a) vs Ag/AgCl; 
[Bu±H\[ClOA] electrolyte (0.02U); MeCN solvent; Pt working 
electrode; scan rate=100 mV/sec; irreversible reduction. 

As p r e d i c t e d , b o t h t h e d i c h l o r o (135) and dibromo (136) d e r i v a t i v e s 
a r e s i g n i f i c a n t l y s t r o n g e r e l e c t r o n a c c e p t o r s t h a n ( 1 3 2 ) . However, f r o m 
t h e r e l a t i v e e l e c t r o n e g a t i v i t y o f c h l o r i n e and bromine a l o n e , t h e 
dibromo d e r i v a t i v e (136) was n o t e x p e c t e d t o be a s t r o n g e r a c c e p t o r t h a n 
t h e d i c h l o r o d e r i v a t i v e ( 1 3 5 ) . R eference t o e a r l i e r work by T o r r a n c e 

107 108 
et al. 5 shows t h a t w h i l e t h e TTF s a l t s o f f l u o r a n i l and c h l o r a n i l 
a r e n e u t r a l , TTF-bromanil has an i o n i c ground s t a t e . T h i s phenomenon 
was a t t r i b u t e d t o t h e l a r g e r p o l a r i s a t i o n o f t h e b r o m a n i l m o l e c u l e , 
p l a y i n g an i m p o r t a n t r o l e i n s t a b i l i s i n g t h e i o n i c ground s t a t e . I t 
appears l i k e l y t h a t a s i m i l a r phenomenon c o u l d e x p l a i n t h e o b s e r v e d 
r e d u c t i o n p o t e n t i a l s ( T a b l e 5 . 1 ) . I t must be n o t e d t h a t t h e r e d u c t i o n 
waves f o r a l l t h r e e 1 , 3 - b i s ( d i c y a n o m e t h y l e n e ) i n d a n e s ( 1 3 2 ) , (135) and 
(136) a r e not r e v e r s i b l e . A l l a t t e m p t s t o complex b o t h t h e d i c h l o r o 
(135) and t h e dibromo (136) d e r i v a t i v e s w i t h TTF, i n a range o f s o l v e n t s 
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( a c e t o a i t r i l e , 1,1,1-trichloiroeth&ne and bemzeae), f a i l e d . 

5.4 ADIPiiS-STOSTIfOTEffi) KIW 1 E I WIVES 

W i t h OCIB (122) and t e t r a c h l o r o - D C I D (130) i n hand we sought t o 
s y n t h e s i s e amine s u b s t i t u t e d d e r i v a t i v e s which m i g h t h o l d p r o m i s e as 
m a t e r i a l s f o r non- l i n e a r o p t i c s , by v i r t u e o f t h e presence o f b o t h donor 
(amine) and a c c e p t o r ( c y a n i d e and c a r b o n y l ) m o i e t i e s i n t h e same 

154 • 155 m o l e c u l e . P r e v i o u s work had shown t h a t one cyano g r o u p o f DCID 
(122) c o u l d be s u b s t i t u t e d w i t h a range o f a n i l i n e s . We have e x t e n d e d 
t h i s and shown t h a t a l i p h a t i c amines r e a c t s i m i l a r l y , eg. p i p e r i d i n e , 
n - b u t y l a m i n e , benzylamine and n - o c t a d e c y l a m i n e d e r i v a t i v e s , ( 1 3 7 ) - ( 1 4 0 ) 
r e s p e c t i v e l y , have been p r e p a r e d (40-65% y i e l d s ) . T e t r a c h l o r o - D C I D 
(130) r e a c t s s i m i l a r l y w i t h p i p e r i d i n e t o y i e l d (141) ( 5 3 % ) . 

RiR2 

137) Ri-R2=- ( C H 2 ) 5 -
'138) Ri=H 
'139) R»=H 
'140 Ri=H 

R 2=nC 4H 9 

R2=CH 2-C 6H 5 

R 2 = n C 1 8 H 3 7 

For a l l t h e s e compounds ( 1 3 7 ) - ( 1 4 1 ) , two c a r b o n y l s t r e t c h i n g 
- 1 - 1 f r e q u e n c i e s were observed a t ca. 1700 cm and 1650 cm , whic h 

i n d i c a t e s s i g n i f i c a n t i n t e r a c t i o n between t h e donor m o i e t y (amine) and 
one o f t h e c a r b o n y l f u n c t i o n a l i t i e s ( a c c e p t o r ) , t h u s c o n f i r m i n g t h e 
p o t e n t i a l o f t h i s c l a s s o f m a t e r i a l i n t h e f i e l d o f n o n - l i n e a r 

154 
o p t i c s . To probe t h i s p o s s i b i l i t y f u r t h e r , we a t t e m p t e d t o l a y 
L a n g m u i r - B l o d g e t t (LB) f i l m s o f t h e o c t a d e c y l a m i n e d e r i v a t i v e ( 1 4 0 ) , 
which were t h e n t o be t e s t e d f o r n o n - l i n e a r o p t i c a l p r o p e r t i e s . 
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P r e l i m i n a r y a t t e m p t s t o l a y & f i l a o f (140) were s u c c e s s f u l , b u t t h i s 
was n o t r e p r o d u c i b l e . I n e p o s s i b l e e x p l a n a t i o n may l i e w i t h t h e f a c t 
t h a t tike sample c o u l d n o t , d e s p i t e a l l o u r e f f o r t s , be o b t a i n e d 
a n a l y t i c a l l y p u r e . Consequently t h i s l i n e o f r e s e a r c h was abandoned. 

I n view o f t h e OCIB (122) t o MN^ (123) r e a r r a n g e m e n t , which i s 
c o n s i d e r e d t o be i n i t i a t e d by s i n g l e e l e c t r o n t r a n s f e r ( C h a p t e r 3 ) , we 
needed t o e s t a b l i s h t h a t t h e amines were n o t i n i t i a t i n g t h i s same 
re a r r a n g e m e n t . Ue t h u s r e a c t e d DCNtl (123) w i t h p i p e r i d i n e t o o b t a i n 
( 1 4 2 ) . T h i s compound (142) was c l e a r l y d i f f e r e n t f r o m (137) (h Nffit, IR 
and m e l t i n g p o i n t c o m p a r i s o n s ) , t h u s d e m o n s t r a t i n g t h a t s t r u c t u r e s 
( 1 3 7 ) - ( 1 4 1 ) a r e c o r r e c t l y a s s i g n e d and t h a t r e a r r a n g e m e n t had n o t 
o c c u r r e d . 

5.5 CMMCLIJBIIBWS 

M i s c e l l a n e o u s d i c y a n o m e t h y l e n e - c o n t a i n i n g a c c e p t o r s w i t h s k e l e t a l 
s t r u c t u r e s m a r k e d l y d i f f e r e n t f r o m TCNIJ ( 1 ) have been s y n t h e s i s e d . The 
presence o f h a l o g e n atoms i n c r e a s e s t h e e l e c t r o n a f f i n i t y o f t h e s e 
a c c e p t o r s , as j u d g e d by c y c l i c v o l t a m m e t r y . Some o f t h e s e a c c e p t o r s 
complex w i t h TTF t o f o r m s e m i c o n d u c t i n g m a t e r i a l s . T h i s s t u d y f u r t h e r 
e x t e n d s t h e range o f a c c e p t o r s t o be employed i n t h i s c o n t e x t . 

0 

N 

(142) 
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CHAPTER SIX 

EXPERIMENTAL 



M e l t i n g p o i n t s were recorded on a K o f l e r hot-stage ciicroscope 
a p p a r a t u s and a r e uncorrected. I n f r a r e d s p e c t r a were recorded on 
Perkin-Elmer 577 and 457 spectrophotometers. Proton NMK were recorded 
on a Bruker AC 250 in s t r u m e n t , o p e r a t i n g a t 250.133 PJMz, and a 
P e r k i n - E l m e r R-24B i n s t r u m e n t , o p e r a t i n g a t 60 fflz. Chemical s h i f t s , 
g i v e n i n ppm, a r e r e l a t i v e t o t e t r a m e t h y l s i l a n e (TMS) as i n t e r n a l 
s t a n d a r d . Mass s p e c t r a were o b t a i n e d on a VG 7070E i n s t r u m e n t , 
o p e r a t i n g a t 70 eV, w i t h i o n i s a t i o n modes as i n d i c a t e d . 

For column chromatography, Merck s i l i c a g e l (70-230 mesh) and Merck 
a l u m i n a ( a c t i v i t y I I t o I I I , 70-230 mesh) were employed as i n d i c a t e d . 
The a l u m i n a was soaked i n e t h y l a c e t a t e f o r a t l e a s t 30 m i n u t e s p r i o r t o 
use. 

The t e r m " d r y " i n t h i s t h e s i s r e f e r s t o s o l v e n t s d r i e d , under an 
atmosphere o f n i t r o g e n , i n t h e f o l l o w i n g ways: t e t r a h y d r o f u r a n (THF) was 
d r i e d o v e r sodium. D i c h l o r o m e t h a n e and carbon t e t r a c h l o r i d e were 
d i s t i l l e d f r o m phosphorus p e n t o x i d e . A c e t o n i t r i l e was d i s t i l l e d f r o m 
c a l c i u m h y d r i d e . P y r i d i n e ( A l d r i c h HPLC g r a d e ) was s t o r e d o v e r 
a c t i v a t e d m o l e c u l a r s i e v e (4A). 

C o n d u c t i v i t y measurements on powdered samples were o b t a i n e d by 
man u a l l y compressing t h e sample between two s t e e l p r o b e s , and m o n i t o r i n g 
t h e r e s i s t a n c e w i t h a F l u k a 8000A D i g i t a l M u l t i m e t e r . To o b t a i n s i n g l e 
c r y s t a l c o n d u c t i v i t y measurements, two p r e s s u r e c o n t a c t s were made u s i n g 
s i l v e r p a s t e , and a K e i t h l e y 228 v o l t a g e / c u r r e n t source was used. 
C o n d u c t i v i t y v a l u e s o f t h e n i t r o b e n z e n e complexes (Cha p t e r 4) were 
o b t a i n e d u s i n g t h e f o u r - p r o b e t e c h n i q u e . B u l k magnetic s u s c e p t i b i l i t y 
d a t a were o b t a i n e d u s i n g a Faraday b a l a n c e . 
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C y c l i c voltamEOgrams (GV) were recorded on a BAS100 e l e e t r o c h e a i c a l 
a n a l y s e r . The c e l l ( u n l e s s otherwise s t a t e d ) c o n s i s t e d o f dry 
a c e t o a i t r i l e s o l v e n t , Ag/AgCl r e f e r e n c e e l e c t r o d e , platinum working 

e l e c t r o d e and t e t r a b u t y l a m i a o n i u n p e r c h l o r a t e , TBAP (0.02 11) e l e c t r o l y t e . 
A l l s o l u t i o n s were purged w i t h n i t r o g e n and r e t a i n e d under t h i s i n e r t 

atmosphere w h i l e t h e CV data were recorded. 

6.2 MPERMMTAL W €MAFTER 2 

6.2 . 1 2,3-linethyl-l 3 4-lbis(dicyaynionetliyleinie)cyclo]kexaHie (©7) 

To 2 , 3 - d i m e t h y l - 1 , 4 - c y c l o h e x a n e d i o n e (335 mg, 2.39 mmol) was added 
a m i x t u r e o f m a l o n o n i t r i l e (347 mg, 5.25 mraol) and a c a t a l y t i c amount o f 

a l a n i n e (30 mg) i n w a t e r (10 m l ) . The r e a c t i o n m i x t u r e was heate d a t 
r e f l u x f o r 3.5h. The p r o d u c t was i s o l a t e d by f i l t r a t i o n and washed w i t h 
w a t e r . E e c r y s t a l l i s a t i o n f r o m a c e t o n i t r i l e y i e l d e d compound (97) (379 
mg, 677o) as a w h i t e s o l i d . MPt. 186- 189°C; E I m/e: 236 ( H + ) ; CI m/e: 
237; A n a l y s i s f o u n d : C, 71.3; H, 5.2; N, 24.0. C a l c u l a t e d f o r G 1 4H 1 2N 4: 
C, 71.2; H, 5.1; N, 23.77.; IR J/ f f l a x ( K B r ) : 2980, 2940, 2915, 2250 (C=N), 
1600, 1460, 1445, 1385, 1365, 1314, 1177, 1085, 1058, 1035, 968, 945, 
775 and 580 cm" 1; M ( 6 0 M H z , d 6 - a c e t o n e ) : 3.33(q,2H), 3.10(s,4H) and 
1.30(d,J=7Hz,6H) ppm. 

6.2.2 5,6-liDethyl-l,4-bis(dicyaEODetliiyleme)-2-cyclolhiexei]ie ( 9 8 ) 

A s o l u t i o n o f compound (97) (900 mg, 3.9 mmol) and bromine (0.44 g, 
8.5 mmol) i n d r y a c e t o n i t r i l e was c o o l e d t o 0°C and s t i r r e d under an 
atmosphere o f n i t r o g e n . P y r i d i n e (1.6 g, 20 mmol) was s y r i n g e d d r o p w i s e 
i n t o t h e r e a c t i o n v e s s e l o v e r a p e r i o d o f 10 min. The m i x t u r e was t h e n 
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s t i r r e d a t 0 C f o r 30 c i a and a t roow t e n p e r & t u r e f o r a f u r t h e r 2h. 
C o l d w a t e r was added and t h e m i x t u r e s t i r r e d f o r aboot 15 c i n . The 
r e s u l t a n t p r e c i p i t a t e was c o l l e c t e d by f i l t r a t i o n , washed w i t h w a t e r and 
r e c r y s t a l l i s e d f r o m a c e t o n i t r i l e , y i e l d i n g compound (98) (774 uig, 86%) 
as a w h i t e s o l i d . I , f f t . 2Q3-2Q5°C; E I m/e: 234 ; CI m/e: 234; 
A n a l y s i s f o u n d : C, 71.9; H, 4.2; N, 23.8. C a l c u l a t e d f o r C 1 4 I 1 Q N 4 : C, 
71.8; H, 4.3; N, 23.97.; I I v ( K B r ) : 2980, 2235 (C=N) and 1570 
( c o n j u g a t e d C=C) cm" 1; <SH(250MHz,CD3CN): 7.16(s,2M), 3.21(q,J=7iz,2H) 
and 1.17(d,J=7Hz,6H) ppm. 

6.2.3 2,3-Pioethyl-7,7 s8,8-tetracyaittoqilDioilinetIliaie ( 7 3 ) 

A m i x t u r e o f compound (98) (440 mg, 1.9 mmol) and e l e m e n t a l 
s e l e n i u m ( p e l l e t s ) (300 mg, 3.8 mmol) was ground up under an atmosphere 
o f n i t r o g e n . The m i x t u r e was t r a n s f e r r e d t o a d r y c a r i u s t u b e , w h i c h 
was e v a c u a t e d and s e a l e d , and t h e n h e a t e d a t 220°C f o r 2h. The r e a c t i o n 
m i x t u r e was e x t r a c t e d w i t h b o i l i n g d i c h l o r o m e t h a n e and t h e e x t r a c t d r i e d 
and e v a p o r a t e d . P u r i f i c a t i o n was a c h i e v e d by s i l i c a column chromato­
graphy u s i n g d i c h l o r o m e t h a n e as e l u e n t . The two main components 
i s o l a t e d f r o m t h i s chromatography were, i n o r d e r o f e l u t i o n , s t a r t i n g 
m a t e r i a l (98) and compound ( 7 3 ) . P r e p a r a t i v e t . l . c on a s i l i c a c o a t e d 
p l a t e , u s i n g d i c h l o r o m e t h a n e e l u e n t , p r o v i d e d a s p e c t r o s c o p i c a l l y p u r e 
sample o f (73) (5 mg, 1 % ) . 2 , 3 - D i m e t h y l - 7 , 7 , 8 , 8 - t e t r a c y a n o q u i n o d i m e t h a n e 
(73) was i d e n t i f i e d by i t s h NMR s p e c t r u m 1 1 5 . <SH(2501tfflz,CDCl 3): 7.56 
( s , 2 H ) , 2.46(s,6H) ppm. 
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<B.?,A (Due-Step €oQv©rsi®a asf f-h2i)mjivl:mmea t o i»o(dIcy3yji©-

cstlaylatedl)- jp>- - IbsinizoqiimoHieg 

6.2.4.1 (General Procedure 

I n a l l r e a c t i o n s , every p o s s i b l e p r e c a u t i o n t o e l i m i n a t e moisture 
was t a k e n . A l l s o l u t i o n s were prepared, and a l l r e a c t i o n s performed, 
under an atmosphere of n i t r o g e n . The work-up procedure was as f o l l o w s : 
t h e r e a c t i o n m i x t u r e was washed w i t h water, and the o r g a n i c phase 
separated and d r i e d over anhydrous ^ C O g . The s o l v e n t was then removed 
in vacuo. S i l i c a column chromatography of the r e s i d u e y i e l d e d pure 
pr o d u c t . 

6.2.4.2 l-lxo - 2 s 6 - d i n e t h y l - 4 - d i c y a m o D e t I i y l e i e - 2 , 5 - c y c l o l i i e x a y i l i e i i e (SS>) 

To a s o l u t i o n of 2,6-dimethyl-p-benzoquinone (104) (366 mg, 2.7 
mmol), m a l o n o n i t r i l e (444 mg, 6.75 mmol) and dry p y r i d i n e (1.06 g, 13.5 
mmol) d i s s o l v e d i n dry dichloromethane (25 ml) was added a s o l u t i o n o f 
t i t a n i u m t e t r a c h l o r i d e (1.28 g, 6.75 mmol) d i s s o l v e d i n dry d i c h l o r o ­
methane (25 ml) a t 0-5°C. The r e a c t i o n m i x t u r e was s t i r r e d a t room 
temperature f o r 15h. Column chromatography, e l u t i n g w i t h d i c h l o r o ­
methane, y i e l d e d compound (99) (142 mg, 287.) as an orange s o l i d . MPt. 
134-138°C; EI m/e: 184 ( M + ) ; CI m/e: 185; A n a l y s i s found: C, 71.8; H, 
4.3; N, 15.5. C a l c u l a t e d f o r C ^ g i y i : C, 71.7; H, 4.3; N, 15.27.; IR 
^ m a x ( K B r ) : 2220 (C=N, weak), 1635 (C=0, s t r o n g ) , 1580, 1430, 1380, 
1240, 1200, 1040, 1030, 950, 930, 910, 900 and 780 cm" 1; <SH(60Mz, 
CDClg): 7.26(s,2H) and 2.06(s,6H) ppm. 
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A second component which eluted fro:. the column, was not obtained 
a n a l y t i c a l l y pure, but was t e n t a t i v e l y i d e n t i f i e d from s p e c t r o s c o p i c 
d a t a as compound (102). EI m/e: 223 (M +); CI m/e: 234; IE v (KBr): 
3400, 2230, 1598, 1522, 1480, 1310, 1290, 1210, 1170, 935, 890 and 745 
cm"1; M(250fflz,CMCl 3): 7.80(s,2H) and 2.33(s,6E) ppm. 

6.2.4 = 3 1- fikch 2,3, &• t r i n e t h y l - 4- dicyaaonetlky lene- 2,5- cycM-
lhexadieae (100) 

2,3,5-Trimethyl-p-benzoquinone (109) (867 mg, 5.8 mmol), d i s s o l v e d 
i n dichloromethane (15 ml) was added t o a s o l u t i o n of m a l o n o n i t r i l e (420 
mg, 6.4 mmol), dry p y r i d i n e (1.0 g, 12.7 mmol) and t i t a n i u m t e t r a ­
c h l o r i d e (1.2 g, 6.4 mmol) d i s s o l v e d i n dry dichloromethane (25 ml) a t 
0-5°C. The s o l u t i o n was s t i r r e d a t room temperature f o r 96h. Column 
chromatography, e l u t i n g w i t h toluene-hexane (1:1 v/v) y i e l d e d compound 
(100) (500 mg, 437«) as an orange s o l i d . MPt. 102- 106°C; EI m/e: 198 
( M + ) ; CI m/e: 199; A n a l y s i s found: C, 72.4; H, 4.8; N, 14.0. C a l c u l a t e d 
f o r C 1 2H 1 ( )N 20: C, 72.7; H, 5.1; N, 14.17.; IR v ( K B r ) : 2225, 1630, 
1575, 1500, 1435, 1400, 1375, 1345, 1290, 1260, 1220, 1170, 1125, 1105, 
1035, 930, 900, 875, 780, 670, 620, 580, 515 and 495 cm" 1; 6H(250MHz, 
CDC1 3): 7. 4 6 ( s , l H ) , 2.52(s,3H) and 2.12(s,6H) ppm. 

A second component which e l u t e d from the column, was not o b t a i n e d 
a n a l y t i c a l l y pure, but was t e n t a t i v e l y i d e n t i f i e d from s p e c t r o s c o p i c 
d a t a as compound (103). EI m/e: 237 ( M + ) ; CI m/e: 238; IR v (KBr): 
3550, 2970, 2920, 2850, 2240, 1600, 1570, 1550, 1477, 1380, 1330, 1320, 
1265, 1240, 1210, 1100, 1025, 935, 895, 862, 805, 740, 700, 685, 550, 
520 and 400 cm"1; £H(60Mz,CDClg): 7 . 0 6 ( s , l H ) , 2.30(s,6H) and 2.16(s,3H) 
ppm. 
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(§. % „ 4 „ 4 A- fa©- ?! s 3 s 5 s 6- fcefcrs» '.silky 1- 4- <fi licyaMecstiay 1<BEKE- 2,5-- cyclc^-

Hnexadieui© (101) 

2,3,5,6-Tetramethyl-p-benzoquinone (95) (400 rag, 2.4 amol), 
d i s s o l v e d i n dichloromethane (25 ml) was added t o a s o l u t i o n o f 
m a l o n o n i t r i l e (402 mg, 6.1 miaol), d r y p y r i d i n e (948 mg, 12 aaol) and 
t i t a n i u m t e t r a c h l o r i d e (1.16 g, 6.1 mmol) d i s s o l v e d i n dry d i c h l o r o -
methane (20 ml) a t 0-5°C. The r e a c t i o n m i x t u r e was s t i r r e d a t room 
temperature f o r 24h. Column chromatography, e l u t i n g w i t h d i c h l o r o -
methane-hexane (7:3 v/v) y i e l d e d compound (101) (132 mg, 26%) as a 
ye l l o w s o l i d . HPt. 124-128°C; EI m/e: 212 ( M + ) ; CI m/e: 213; A n a l y s i s 
found: C, 73.0; H, 5.7; N, 12.7. C a l c u l a t e d f o r C ^ H ^ O : C, 73.5; B, 
5.7; N5 13.2%; IR v (KBr): 2220, 1635, 1580, 1510, 1460, 1440, 1385, 
1370, 1355, 1330, 1310, 1265, 1220, 1160, 1130, 1100, 1030, 1010, 860, 
775, 690 and 600 cm"1; <$H(250fJHz,CDClg): 2.44(s,6H) and 2.02(s,6H) ppm. 

A second component which e l u t e d from t h e column, was not o b t a i n e d 
a n a l y t i c a l l y pure, but was t e n t a t i v e l y i d e n t i f i e d from i . r s p e c t r o s c o p i c 
data as compound ( 9 6 ) . IR (KBr): 3570, 2920, 2220, 1630, 1570, 
1450, 1385, 1333, 1300, 1220, 1132, 1100 and 1030 cm"1. 

6.2.4.5 9-ixo- lO-dicyamoDetliyleHe-SjlO-diliydroaiatliiraceme (38) 

Anthraquinone (1.99 g, 9.5 mmol) f o l l o w e d by dichloromethane (150 
ml) was added t o a s o l u t i o n of m a l o n o n i t r i l e (1.57 g, 24 mmol), dry 
p y r i d i n e (3.78 g, 47 mmol) and t i t a n i u m t e t r a c h l o r i d e (4.54 g, 24 mmol) 
d i s s o l v e d i n dichloromethane (50 ml) a t 0-5°C. The r e a c t i o n m i x t u r e was 
heated a t r e f l u x f o r 5 days. Column chromatography, e l u t i n g w i t h 
toluene-cyclohexane (1:1 v/v) y i e l d e d unreacted anthraquinone (ca. l g , 
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50%) f o l l o w e d by compound (38) (650 rag, 27%) as a y e l l o w s o l i d . GPt. 
250°C (dec) (cf. L i t . 289°C) 1 3 1; EI m/e: 256 (if); CI m/e: 257; A n a l y s i 
found: C, 79.9; H, 3.1; N, 10.6. C a l c u l a t e d f o r C^Hgiyj: C, 79.6; M, 
3.1; N, 10.9%; I I v n Q ( N u j o l ) : 2218, 1675, 1597, 1585, 1540, 1528, 
1340, 1325, 1315, 1290, 1175, 980, 930, 815, 790, 760, 740 and 700 cm - 1 

M(250r.fflz,CDCl 3): 8.32-8.28(m,4E) and 7.79-7.75(m,4i) ppm. 

6.2.4.6 2 s 6 - M n e t i i y l - 4 - (tricyamoetlhienejplhiettol (102) 

A s o l u t i o n of compound (99) (304 mg, 1.6 mmol), m a l o n o n i t r i l e (163 
mg, 2.4 mmol) and /?-alanine (30 mg, 0.3 mmol) d i s s o l v e d i n d r y DMF, 
under an atmosphere of n i t r o g e n , was heated at 80°C f o r 18h. A f t e r 
c o o l i n g , water was added t o the s o l u t i o n u n t i l p r e c i p i t a t i o n o f t h e 
product ceased. The p r e c i p i t a t e was f i l t e r e d o f f and washed w i t h water 
The product was taken up i n t o dichloromethane and p r e c i p i t a t e d by 
a d d i t i o n of hexane, y i e l d i n g compound (102) (168 mg, 47%) as an orange-
red s o l i d . MPt. 174-176°C; EI m/e: 223 ( M + ) ; CI m/e: 224; A n a l y s i s 
found: C, 70.3; H, 4.0; N, 18.8. C a l c u l a t e d f o r C^HgNgO: C, 70.0; H, 
4.0; N, 18.8%; I R v ( N u j o l ) : 3400, 2230, 1598, 1522, 1480, 1310, 

HI <xX 

1290, 1210, 1170, 935, 890 and 745 cm"1; £H(250MHz,-CDCl 3): 7.80(s,2H) 
and 2.33(s,6H) ppm. 

6.2.5 P r e p a r a t i o n o f N-<Dyamo-4-(ilicyainiODetliiyleiie-cycloIiiexa-2 s5-
d i e n y l i d e n e a o i n e D e r i v a t i v e s 

6.2.5.1 (General Procedure 

The r e a c t i o n s were performed i n dry dichloromethane and under an 
atmosphere of n i t r o g e n . The T i C l , was f r e s h l y d i s t i l l e d and s t i r r e d 
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under mitrogea. 
A s t i r r e d solution of the 4-dicyanoDethylene-p-benzoquinone 

d e r i v a t i v e dissolved in dichlorometikane at G-5°C was treated with T i C l ^ 
An orange-brown pr e c i p i t a t e formed immediately, and the solution was 
s t i r r e d f o r 30 rains a t 0-5°C. B i s ( t r i m e t h y l s i l y l ) c a r b o d i i m i d e ^ ^ was 
added r a p i d l y and the r e a c t i o n m i x t u r e s t i r r e d a t room temperature. 
Upon completion of r e a c t i o n , f u r t h e r dichloromethane was added t o t h e 
m i x t u r e u n t i l a l l t h e p r e c i p i t a t e had d i s s o l v e d . The s o l u t i o n was then 
washed w i t h water and d r i e d (tigSO^). The dichloromethane was removed i 
vacuo. E l u t i o n of t h e r e s i d u e through a s h o r t s i l i c a column, w i t h 
dichloromethane as e l u e n t , y i e l d e d t h e product. F u r t h e r p u r i f i c a t i o n , 
i f needed, could be achieved by r e c r y s t a l l i s a t i o n from dichloromethane-
hexane. 

(5.2.5.2 K- (Cyamo- 2,6- dinetliyi- 4- dicyamoDetlhylefflie- cycloikexa- 2,5-
dienylidemeaoime (116) 

A s o l u t i o n o f compound (99) (424 mg, 2.3 mmol), T i C l 4 (547 mg, 2.9 
mmol) and b i s ( t r i m e t h y l s i l y l ) c a r b o d i i m i d e (534 mg, 2.9 mmol) i n 
dichloromethane (20 ml) was s t i r r e d a t room temperature f o r 40h. 
D i s s o l v i n g t h e chromatographed m a t e r i a l i n dichloromethane (10 ml) and 
adding hexane (50 m l ) , y i e l d e d compound (116) (373 mg, 787.) as an 
orange-yellow s o l i d . MPt. ca. 260°C ( d e c ) ; EI m/e: 208 ( M + ) ; CI m/e: 
209; A n a l y s i s found: C, 69.3; H, 3.7; N, 26.9. C a l c u l a t e d f o r C 1 2H 8N 4: 
C, 69.2; H, 3.8; N, 26.97.; I l l v ( N u j o l ) : 2235, 2150, 1625, 1570, 
1550, 1495, 1385, 1260, 1210, 1043, 970, 945, 915, 762, 725, 655, 550 
and 465 cm"1; <5H(250MHz,CDCl.): 7.37(s,br,2H) and 2.50(s,vbr,6H) ppm. 
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diemylidemesoime (117) 

A s o l u t i o n of compound (100) (257 rag, 1.3 mmol), T i C l 4 (308 Eg, 1.6 
mmol) and b i s ( t r i m e t h y l s i l y l ) c a r b o d i i a i d e (297 rag, 1.6 mmol) i n 
dichloromethane (12 ml) was s t i r r e d a t room temperature f o r 40h. T h i s 
y i e l d e d compound (117) (255 mg, 887.) as an dark - r e d s o l i d . I3Pt. 136°C 
( d e c ) ; EI m/e: 236 ( M + ) ; A n a l y s i s found: C, 70.6; H, 4.4; N, 25.3. 
C a l c u l a t e d f o r C 1 3H 1 { )N 4: C, 70.2; H, 4.5; N, 25.27; IR i / m a x (KBr): 2220, 
2160, 2140, 1630, 1540, 1445, 1408, 1380, 1310, 1230, 1130, 1040, 1015, 
935, 890, 755, 665 and 545 cm"1; <SE(250MBz,CDCl3): 7 . 4 5 ( s , l H ) , 2.58(s, 
6H) and 2.33(s,3B) ppm. 

6.2.5.4 BJ- Cy&no- 2,3,5,6-1 e t r a o e t h y 1- 4- dicyamonettiy leme- cyclohexa- 2,5-
diemylidemeaaime (118) 

A s o l u t i o n of compound (101) (100 mg, 0.47 mmol), T i C l ^ (134 mg, 
0.7 mmol) and b i s ( t r i m e t h y l s i l y l ) c a r b o d i i m i d e (131 mg, 0.7 mmol) i n 
dichloromethane (10 ml) was s t i r r e d a t room temperature f o r 60h. This 
y i e l d e d compound (118) (97 mg, 877.) as a y e l l o w s o l i d . MPt. 192°C 
( d e c ) ; EI m/e: 222 ( M + ) ; CI m/e: 223; A n a l y s i s found: C, 71.3; H, 5.1; 
N, 23.8. C a l c u l a t e d f o r C...ILJL: C, 71.2; H, 5.1; N, 23.77; IR v 

14 u 4 ' max 
(KB r ) : 2220, 2160, 1560 and 1383 cm"1; <$H(250MHz,CDCl3): 2.40(s,br,6H) 
and 2.21(s,br,6H) ppm. 
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^yiMene&nime ( J K § ) 

10-Dicyanomethyleneaathrone (38) (144 rag, 0.56 mmol), T i C l 4 (133 
nig, 0.7 mmol) and b i s ( t r i m e t h y l s i l y l ) c a r b o d i i r c i d e (130 mg, 0.7 mmol) 
d i s s o l v e d i n dichloromethaae (25 ml) was s t i r r e d at room temperature f o r 
72h. S i l i c a column chromatography, e l u t i n g w i t h t o l u e n e y i e l d e d 
unreacted s t a r t i n g m a t e r i a l (38) f o l l o w e d by compound (119) (60 ag, 38%) 
as a ye l l o w s o l i d . MPt. 242°C ( d e c ) ; EI m/e: 280 ( M + ) ; CI m/e: 281; 
A n a l y s i s found: C, 77.3; H, 2.5; N, 19.9. C a l c u l a t e d f o r C ^Hgi^: C, 
77.1; H, 2.9; N, 20.0%; IR (KBr): 2230, 2180, 1610, 1590, 1565, 

1465, 1338, 1300, 1288, 800, 790 and 690 cm"1; £H(250fflIz,C0Cl3): 
8.90(in,br,lH), 8.32-8.29(m,3H) and 7.82-7.80(m,5H) ppm. 

6.2.6 2 , 6 - P i n e t h y l - 1 , 4 - c y c l o f e e x a i e d i o l (105) 

2,6-Dimethyl-p-benzoquinone (104) (2 g, 14.7 mmol), a c t i v a t e d 
n i c k e l ( 1 l e v e l teaspoon) and e t h a n o l (25 ml) were placed i n a bomb (150 
ml c a p a c i t y ) . A i r was evacuated and t h e bomb f l u s h e d w i t h hydrogen 
s e v e r a l times. The r e d u c t i o n was then c a r r i e d out a t 150°C a t an 
i n i t i a l hydrogen pressure of 140 atms, over 24h. A f t e r c o o l i n g , t h e 
c a t a l y s t was removed by f i l t r a t i o n and t h e s o l v e n t was removed in vacuo 
from t h e f i l t r a t e . The r e s u l t a n t p a l e y e l l o w o i l (2.1 g, 100%), 
i d e n t i f i e d as compound (105) by i . r . spectroscopy, was not p u r i f i e d but 
was used d i r e c t l y i n the f o l l o w i n g o x i d a t i o n s t e p . IR v

W d X ( N e a t ) : 3320 
(broad,OH), 2900, 1445, 1360, 1300, 1220, 1175, 1112, 1090, 1030, 968, 
930, 880, 830, 813, 800 and 600 cm"1 cf. L i t . 1 2 7 . 
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6.3.7 8,«-Sfja&fcyl-£,4-cyclote»©dli©Me (ISIS) 

A s o l u t i o n of chromium t r i o x i d e (26.72 g, 0.27 mol), water (77 m l ) , 
co n c e n t r a t e d s u l p h u r i c a c i d (23 ml) and manganese sulphate (0.2g) was 
added s l o w l y to a s t i r r e d s o l u t i o n of crude 2,6-dimethyl-1,4-cyclo-
hexanediol (105) (635 mg, 4.4 mmol) i n c h l o r o f o r m (18 ml) a t 5°C. The 
a d d i t i o n was stopped a f t e r 3 e q u i v a l e n t s (5 ml) of chromium t r i o x i d e had 
been i n t r o d u c e d (30 mins). S t i r r i n g a t 20°C was continued f o r 4h and 
then t h e c h l o r o f o r m l a y e r was separated. The aqueous l a y e r was e x t r a c t e d 
w i t h c h l o r o f o r m (3 x 50 ml) and t h e combined e x t r a c t s were washed w i t h 
an aqueous s o l u t i o n of concentrated ammonium hydroxide ( 1 ml) i n 
s a t u r a t e d sodium c h l o r i d e (10 m l ) . The c h l o r o f o r m l a y e r s were combined, 
d r i e d (MgSO^) and t h e s o l v e n t removed in vacuo. Vacuum s u b l i m a t i o n of 
the r e s i d u e a t ca. 80°C (0.001 mbar Hg) y i e l d e d t h e di k e t o n e (106) 
(479 mg, 78%) as a w h i t e s o l i d . MPt. 88-90°C ( c / . L i t . 87-88°C) 1 2 7; EI 
m/e: 140 ( M + ) ; CI m/e: 141; A n a l y s i s found: C, 68.3; H, 8.8. C a l c u l a t e d 
f o r C gH 1 20 2: C, 68.6; H, 8.67.; IR v (KBr): 2980, 2960, 2935, 2900, 
2880, 1 7 1 0 ( s t r o n g ) , 1450, 1420, 1375, 1290, 1270, 1145, 1000, 925, 850, 
760, 735 and 510 cm"1; £H(250MHz,CDCl 3): 2.82(m,2H), 2.75(m,2H), 
2.36(m,2H) and 1.05(m,6H) ppm. 

6.2.8 2,6-lIIiiDethyl-4-dicyamonetliyleiie-cycloIiiexaiiOEe (108) 

A s o l u t i o n of d i k e t o n e (106) (2.04g, 14.5 mmol), m a l o n o n i t r i l e 
(1.44 g, 22 mmol) and /?-alanine (170 mg, 1.9 mmol) d i s s o l v e d i n water 
(22 ml) was heated a t r e f l u x f o r l h . On c o o l i n g , the aqueous s o l u t i o n 
was e x t r a c t e d w i t h c h l o r o f o r m (3 x 50 m l ) . The org a n i c l a y e r was 
separated, d r i e d (MgSO^j and t h e s o l v e n t removed in vacuo. S i l i c a 
column chromatography of t h e r e s u l t i n g y e l l o w , t h i c k o i l , e l u t i n g w i t h 
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dicjiioromethane-toluene (2:1 v/v) yielded compound (108) (2.3 g 5 84%) as 
an off-white s o l i d , which was not obtained as an a n a l y t i c a l l y pure 
sample. MPt. 55-57°C; EI m/e: 188 (?3+); CI m/e: 189; Analysis found: C, 
68.4; H, 6.3; N, 14.6. Calculated f o r C ^ H ^ i : C, 70.2; M, 6.4; N, 
14.97=; IE i / m a x (KBr): 2970, 2930, 2870, 2238, 1720, 1605, 1450, 1.375, 
1245, 1145, 1128, 1095, 1045, 1008, 987, 880 and 750 cm - 1; <5M(250ilffiz, 
CDC1 3): 3.26(a),2H), 2.63(m,2H), 2.46(m,2H) and 1.10(m,6H) ppm. 

6.2.9 l-too-2,6-diDetlkyl-4-dicyamonetlliiyleiae-2 55--cycloliexadieme (2>2>) 

A s t i r r e d s o l u t i o n o f compound (108) (86 mg, 0.46 mmol) and bromine 
(154 mg, 0.96 ramol) i n dry a c e t o n i t r i l e (5 ml) under an atmosphere of 
n i t r o g e n was cooled t o 0-5°C. P y r i d i n e (145 mg, 1.84 mmol) was s l o w l y 
s y r i n g e d i n t o the r e a c t i o n v e s s e l over a p e r i o d o f 15 mins. The m i x t u r e 
was then s t i r r e d a t room temperature f o r a f u r t h e r 15h. Water (10 ml) 
was added and the aqueous s o l u t i o n e x t r a c t e d w i t h c h l o r o f o r m (50 m l ) . 
The o r g a n i c l a y e r was separated, d r i e d (MgSQ^) and t h e s o l v e n t removed 
in vacuo. Vacuum s u b l i m a t i o n of the r e s u l t i n g brown s o l i d (ca. 100°C, 
0.001 mbar Hg) y i e l d e d compound (99) (50 mg, 597.) as an orange s o l i d . 
MPt. 134-138°C; A n a l y s i s found: C, 71.5; H, 4.4; N, 15.1. C a l c u l a t e d f o r 
C^Hg^Q: C, 71.7; H, 4.3; N, 15.2%; Spectroscopic d a t a were i d e n t i c a l 
w i t h t h e m a t e r i a l d e s c r i b e d e a r l i e r ( S e c t i o n 6.2.4.2). 
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6O%OTL© Pinepa'stloa ©i Coippsr felts ©if K- (Syamo-- 4- dicyaaenetihyieiisie-

cyclokem- 2,B-di©imylid@i!ii<Bar.nm© leriwatives 

(Sesieral iProcediar© 

Shiny copper w i r e was immersed i n t o a s o l u t i o n o f t h e N-Cyano-4-
dicyanomethylene-cyclohexa-2,5-dienylideneamine d e r i v a t i v e , d i s s o l v e d i n 
dry a c e t o n i t r i l e , under an atmosphere of n i t r o g e n . When t h e s o l u t i o n 
had become c o l o u r l e s s , t h e dark p u r p l e powder was scraped o f f t h e copper 
w i r e and d r i e d in vacuo. 

6.2.10.2 (Copper Salt of 2 , 6 - d i n e t h y l - O T I p (116a) 

Compound (116) (22 mg, 0.1 mmol) d i s s o l v e d i n dry a c e t o n i t r i l e (5 
ml) y i e l d e d t h e dark p u r p l e copper s a l t (17 mg, 58 % ) . MPt. >240°C; 
A n a l y s i s found: C, 49.0; H, 2.6; N, 18.6. C a l c u l a t e d f o r 
Cu. (2,6-DMTCNQI): C, 49.2; H, 2.7; N, 19.17.; I R v a ( K B r ) : 2210, 2150, 
1590, 1485, 1390, 1290 and 1210 cm"1. 

6.2.10.3 Copper Salt of 2 , 3 , 6 - t r i o e t h y l - O T P (117a) 

Compound (117) (20 mg, 0.09 mmol) d i s s o l v e d i n dry a c e t o n i t r i l e 
(5 ml) y i e l d e d the dark copper s a l t (14 mg, 517.). MPt. >240°C; A n a l y s i s 
found: C, 50.8; H, 3.4; N, 18.0. C a l c u l a t e d f o r C u 4 ( 2 , 3 , 6 - T M T C N Q I ) 3 : C, 
50.9; H, 3.3; N, 18.37.; IR v (KBr): 2200, 2130, 2040, 1580, 1470, 
1385, 1320, 1290 and 1160 cm"1. 
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6.2. ML 4 fopper Salt ©f INMOp (llffia) 

Compound (119) (20 mg, 0.07 maol) d i s s o l v e d i n dry a c e t o n i t r i l e 
y i e l d e d the black copper s a l t (12 a g ) . W t . >240°C; A n a l y s i s fownd: C, 
65.1; H, 2.2; N, 18.2. Calculated f o r Gu 3[TCNAP] 4.CHgCN: C, 65.7; H, 
2.6; N, 17.6%; IR i> (KBr): very broad s p e c t r a (250-4000 cm" 1) w i t h no 
d e f i n a b l e peaks. 

6.2.11 T e t r a t M a f o l v a l e i a e Conplex vith (99) 

A hot s a t u r a t e d s o l u t i o n of TTF (40 mg, 0.2 mmol) d i s s o l v e d i n 
ab s o l u t e e t h a n o l was added t o a h o t , s a t u r a t e d s o l u t i o n o f compound (99) 
(36 mg, 0.2 mmol) d i s s o l v e d i n a b s o l u t e e t h a n o l . The s o l u t i o n was 
s l o w l y cooled t o room temperature and then placed i n a f r e e z e r a t -20°C. 
A f t e r 168h the dark green, c r y s t a l l i n e complex was f i l t e r e d , and d r i e d 
in vacuo (35 mg, 4 6 % ) . MPt. 128-132°C; A n a l y s i s found: C, 52.1; H, 3.0; 
N, 6.0. C a l c u l a t e d f o r TTF-(99) ( 1 : 1 ) : C, 52.5; H, 3.1; N, 7.2%; IR v 

(KBr): 3065, 2225, 1630, 1590, 1365, 1200, 890, 800, 780, 775, 735, 680, 
660 and 440 cm"1. 

6.2.12 l e t r a t h i a f m l v a l e a e Conplex u i t l k (100) 

Complexation o f TTF (10 mg, 0.049 mmol) and compound (100) (10 mg, 
0.05 mmol) was achieved by the procedure d e s c r i b e d above ( S e c t i o n 
6.2.11). T h i s y i e l d e d a dark green, c r y s t a l l i n e complex (5 mg, 2 5 % ) . 
MPt. 124-125°C; An a l y s i s found: C, 54.4; H, 3.5; N, 6.9. C a l c u l a t e d f o r 
TTF-(100) ( 1 : 1 ) : C, 53.7; H, 3.5; N, 6.9%; IR v Q (KBr): 3060, 2920, 
2220, 1625, 1580 (very weak), 1385, 1375, 1290, 1220, 865, 800, 735, 675 

_ i 
and 660 cm . 
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6.2.135 4-lcdsh2s(S-JicsttiylsajLliin© feydurcclhloifMs (111) 

R e d i s t i l l e d i o d i n e monochloride (8 . 1 5 g, 50 mmol) d i s s o l v e d i n 
g l a c i a l a c e t i c a c i d (50 ml) was added s l o w l y t o a cooled (<10°C) 

s o l u t i o n of d i m e t h y l a n i l i n e (110) (8.4 g, 69 mraol) i n g l a c i a l a c e t i c 
a c i d (50 m l ) . The co l o u r of t h e IC1 disappeared and w h i t e c r y s t a l s 
separated. The r e a c t i o n m i x t u r e was set aside a t 0°C f o r 12h, t h e amine 
h y d r o c h l o r i d e was f i l t e r e d o f f , washed w i t h e t h e r and d r i e d . This 
y i e l d e d crude amine h y d r o c h l o r i d e (8 g) as a dark green powder. The 
product was not p u r i f i e d but used d i r e c t l y i n the s y n t h e s i s of (112). 

6.2.14 l,4-ID)iiodo-2,6-diDetIiylbenize]iie (112) 

Crude h y d r o c h l o r i d e (111) ( 1 g) was d i s s o l v e d i n b o i l i n g water 
(15 ml) and t h e hot s o l u t i o n was f i l t e r e d . Sodium n i t r i t e (220 mg, 3.2 
mmol) d i s s o l v e d i n water (1.5 ml) was added dropwise t o th e cooled 
f i l t r a t e (0-5°C) and the m i x t u r e was s t i r r e d f o r 30 mins, w i t h t h e 
temperature being maintained a t 0-5°C. Potassium i o d i d e (3.5 g, 21 
mmol) i n water (8 ml) was added s l o w l y (10 mins) t o t h e r e a c t i o n 
m i x t u r e , and t h e s o l u t i o n was s t i r r e d a t 0-5°C f o r l h . The r e a c t i o n 
m i x t u r e was then heated t o r e f l u x . A f t e r c o o l i n g , t h e aqueous s o l u t i o n 
was e x t r a c t e d w i t h dichloromethane. The o r g a n i c l a y e r was separated, 
d r i e d (MgSO^) and the s o l v e n t removed in vacuo. S i l i c a column 
chromatography, e l u t i n g w i t h hexane, y i e l d e d compound (112) [308 mg, 107c 

based on 2 , 6 - d i m e t h y l a n i l i n e (110)] as a wh i t e s o l i d . MPt. 61-64°C; E I 
m/e: 358 ( M + ) ; CI m/e: 359; A n a l y s i s found: C, 26.5; H, 2.2. C a l c u l a t e d 
f o r C g H g I 2 : C, 26.8; H, 2.27; IR i > m a x ( N u j o l ) : 1560, 1545, 1260, 1130, 
1055, 1026, 1008, 850, 811, 688 and 530 cm"1; <SH(250MHz,CDCl3): 7.23 
(s,2H) and 2.20(s,6H) ppm. 
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Sodium h y d r i d e d i s p e r s i o n (60% i n p a r a f f i n ; 160 mg, 4 mmol) was 
placed i n a 20 ml f l a s k and t h e p a r a f f i n o i l removed by washing w i t h dry 
hexane ( 3 x 1 m l ) . ffiiPA (1 cl) was added t o the remaining s o l i d and a 
s o l u t i o n of m a l o n o n i t r i l e (238 mg, 3.6 a u o l ) d i s s o l v e d i n K P A (2.5 ml) 
was added w i t h s t i r r i n g . A f t e r 15 mins, compound (112) (324 mg, 0.9 
mmol) d i s s o l v e d i n HTJPA (1 ml) was added, f o l l o w e d by copper i o d i d e 
(689 mg, 3.6 mmol), and t h e m i x t u r e was g r a d u a l l y heated t o 120°C and 
maintained a t t h i s temperature f o r 3h. The black m i x t u r e was quenched 
w i t h d i l u t e h y d r o c h l o r i c a c i d , and t h e o r g a n i c phase e x t r a c t e d w i t h 
e t h e r , and t h e e x t r a c t washed w i t h aqueous sodium s u l p h i t e t o remove any 
f r e e i o d i n e . The so l v e n t was evaporated in vacuo t o leave a brown 
r e s i d u e . S i l i c a column chromatography, w i t h dichloromethane e l u e n t , 
gave unchanged d i i o d i d e ( 1 1 2 ) , f o l l o w e d by compound (114) (38 mg, 14%) 
as a wh i t e s o l i d . Compound (114) was i d e n t i f i e d by i . r . and H MR 
spectroscopy. MPt. 85-90°C; EI m/e: 296 ( M + ) ; IR v ( N u j o l ) : 2260, 
1283, 1265, 1031, 1019, 1005, 970, 892, 850 and 746 cm"1; <SH(60MHz, 
CDC1 3): 7.06(s,2H), 4 . 8 0 ( s , l B ) and 2.46(s,6Il) ppm. 

6.2.16 Dicyamonetlkyleinie- ( 2 , 6 - d i o e t l i i y l - 4 - iodopheeylmydrazome) (115) 

Crude amine h y d r o c h l o r i d e (111) (500 mg) was d i s s o l v e d i n b o i l i n g 
water (10 ml) and t h e s o l u t i o n f i l t e r e d . A f t e r c o o l i n g t o 0-5°C, sodium 
n i t r i t e (110 mg, 1.6 mmol) d i s s o l v e d i n water (1 ml) was s l o w l y added 
(10 mins). The r e a c t i o n m i x t u r e ( a t 0-5°C) was then s t i r r e d f o r a 
f u r t h e r 45 mins. M a l o n o n i t r i l e (115 mg, 5.2 mmol) was added and the 
mi x t u r e s t i r r e d a t room temperature f o r 15h. The aqueous l a y e r was 
e x t r a c t e d w i t h c h l o r o f o r m . The organic phase was then separated, d r i e d 

125 -



(LlgSllIl^) &ad t h e s o l v e n t resoved in vacuo, l e a v i n g a dark-brown r e s i d u e . 
S i l i c a column chromatography, e l u t i a g w i t h kexane, y i e l d e d compound 
(115) [150 mg, 11% based on 2 , 6 - d i m e t h y l a n i l i n e (110)] as a y e l l o w 
s o l i d . R e c r y s t a l l i s a t i o n from water, a f f o r d e d an a n a l y t i c a l l y pure 
sample. HPt. 14Q-143°C; EI D / e : 324 ; A n a l y s i s found: C, 40.9; H, 
2.6; N, 17.5. C a l c u l a t e d f o r C ^ M ^ I : C, 40.7; H, 2.8; N, 17.3%; IE 

i> v (KBr): 3210, 2235, 2220, 1540, 1455, 1290, 1270, 1244, 880, 852 and 
645 cm"1; SE(250MHz,CDClg): 9 . 3 9 ( s , b r , l f l ) , 7.47(s,2H) and 2.29(s,6H) 
ppm. 

6.3 EXPffilffljlTAI Till €MAfTffi 3 

6.3.1 2-I])icyaBiooet]l!iyleiii(^l?3-i!idamdio]tte3 ©CI© (122) 

To a mechanically s t i r r e d s o l u t i o n of m a l o n o n i t r i l e (32.0 g, 0.48 
mol) d i s s o l v e d i n hot water (500 ml) was added a s o l u t i o n o f n i n h y d r i n 
(32.0 g, 0.18 mol) d i s s o l v e d i n hot water (800 m l ) . A y e l l o w p r e c i p i t a t e 
formed almost immediately and the m i x t u r e was heated a t r e f l u x f o r 5 
min. A f t e r c o o l i n g , the product was f i l t e r e d , d r i e d i n a i r and then 
r e c r y s t a l l i s e d from a c e t o n i t r i l e t o y i e l d compound (122) (26.0 g, 70%) 
as shiny y e l l o w p l a t e s . MPt. 260-267°C (dec) ( L i t . 2 8 1 ° C ) 1 3 6 ; E I m/e: 
208 ( M + ) ; C I m/e: 209; A n a l y s i s found: C, 69.6; H, 1.9; N, 13.4. 
C a l c u l a t e d f o r C ^ N ^ : C, 69.2; B, 1.9; N, 13.5%; I R ( N u j o l ) : 
2230 (C=N, very weak), 1749, 1705 (C=0, very s t r o n g ) , 1678, 1610, 1580, 
1357, 1326, 1280, 1250, 1235, 1222, 1068, 810, 748, 665 and 628 cm" 1; 
<5H(250MHz, d -acetone): 8.16(s,4H) ppm. This m a t e r i a l was i d e n t i c a l t o 
t h a t r e p o r t e d i n t h e l i t e r a t u r e from r e a c t i o n of 1,3-indandione and 
t e t r a c y a n o e t h y l e n e 
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BCID (122) (1.0 g, 4.8 omol) and l i t h i u m i o d i d e (0.96 g, 7.2 mmol) 
were mixed t o g e t h e r i n dry a c e t o n i t r i l e (30 m l ) . The s o l u t i o n , which 
i n s t a n t l y turnied dark, was heated at r e f l u x f o r l h , then cooled t o room 
temperature and f i l t e r e d . The precipitate was washed w i t h ether and 
d r i e d i n a i r t o y i e l d s a l t (123a) (0.97 g, 94%) as a dark green powder. 
A n a l y s i s found: C, 66.6; H, 2.0; N, 13.1; L i , 3.0. C a l c u l a t e d f o r 
L i C 1 2 H 4 N 2 0 2 : C, 67.0; H, 1.9; N, 13.0; L i , 3.3%; IR J > m a x (KBr): 2250 
( s t r o n g ) , 1615, 1575, 1515, 1450, 1385, 1322, 1282, 1200, 1180, 1150, 
900, 793, 705, 660, 600, 540, 455, 385 and 320 cm"1. This m a t e r i a l was 
i d e n t i c a l ( i . r . spectrum) t o a sample prepared (45% y i e l d ) from l i t h i u m 
i o d i d e and a u t h e n t i c 2,3-dicyanonaphthoquinone which was prepared, i n 

1 
t u r n , from 2,3-dichloronaphthoquinone 

6.3.3 D e t a l and (Organic C a t i o i S a l t s o f 2,3-dieyamonaphtmoqiimonie 
(123b)- (123k) 

These s a l t s were prepared by metathesis r e a c t i o n of t h e l i t h i u m 
s a l t (123a) and t h e a p p r o p r i a t e metal or or g a n i c c a t i o n s a l t i n water, 
as shown i n Table 3.1 (Chapter 3 ) . The product p r e c i p i t a t e d very 
r a p i d l y and was c o l l e c t e d by f i l t r a t i o n and then d r i e d in vacuo. S a l t 
(123b) was a l s o prepared by d i r e c t r e a c t i o n o f DCID (122) w i t h methyl-
triphenylphosphonium i o d i d e i n a c e t o n i t r i l e , i n 45% y i e l d . 

C r y s t a l s of s a l t (123b) s u i t a b l e f o r x-ray a n a l y s i s were grown as 
f o l l o w s . S a l t (123b) (500 mg) was d i s s o l v e d i n a b o i l i n g m i x t u r e of 
ethano l (10 ml) and petroleum e t h e r ( b p t . 100-120°C; 80 ml) and t h e 
m i x t u r e was allowed t o c o o l s l o w l y t o room temperature t o g i v e s a l t 
(123b) as shiny b l a c k c r y s t a l s which were d r i e d i n a i r . 
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(5.3.4 M i n n felt, of d U U g r f ^ ^ t i h a q a i M N e (123c) 

DCID (122) (300 nig, 1.5 maol) was d i s s o l v e d i n dry t e t r a h y d r o f u r a n 
(5 ml) under an atmosphere of n i t r o g e n , and f i n e l y c u t sodium metal 
(33 rag, 1.5 mmol) was added. The e i x t u r e was s t i r r e d at rooc temperature 
f o r 48h. The p r e c i p i t a t e was f i l t e r e d , washed w i t h e t h e r and d r i e d in 
vacuo, t o a f f o r d s a l t (123c) as a green s o l i d (75 mg, 22 % ) . S a l t (123c) 
prepared by t h i s r o u t e , was i d e n t i c a l w i t h a sample prepared from 
l i t h i u m s a l t (123a) and sodium i o d i d e i n water ( 5 0 % ) . 

6.3.5 Tetrathi&fiilv&leEe Cooplex witih 2,3-dicyamQnapMhoqiimonie (1231) 

A hot s o l u t i o n o f TTF (40 mg, 0.19 mmol) d i s s o l v e d i n dry 
a c e t o n i t r i l e (5 ml) was added t o a hot s o l u t i o n o f DCID (122) (40 mg, 
0.19 mmol) i n dry a c e t o n i t r i l e (ca. 5 ml) and t h e m i x t u r e cooled s l o w l y 
t o 0°C. The black c r y s t a l l i n e complex was f i l t e r e d and d r i e d in vacuo 

(63 mg, 94 % ) . The i d e n t i c a l complex (1231) was prepared from TTF and 
2,3-dicyanonaphthoquinone (123) i n 75% y i e l d . A n a l y s i s found: C, 48.9; 
H, 1.9; N, 5.4. C a l c u l a t e d f o r C42 H20 N4°4 S12 i e' (TTF) 3(DCN(Q) 2: C, 49.0; 
H, 1.9; N, 5.5%; IR (KBr): 2190, 1542, 1490, 1435, 1370, 1272, 

1095, 885, 732, 700, 675, 660 and 460 cm"1. 

6.3.6 Tetraaethyltetrathiafulvalene (THTTF) Conplex with 2,3-

dicyanomaplkthoqaiiioiffie (123D) 

This complex was prepared i n e x a c t l y t h e same manner as the TTF 
complex (1231). DCID (122) (20 mg, 0.096 mmol) and TMTTF (4) (25 mg, 
0.096 mmol) y i e l d e d complex (123m) as shiny black c r y s t a l s (28 mg, 73%). 
A n a l y s i s found: C, 53.9; H, 3.5; N, 4.3. C a l c u l a t e d f o r C ^ H ^ N ^ S j g 
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ie. ( r J J T F ) 3 ( O I ! 0 2 : C, 54.1; I , 3.7; N, 4.7%; IE umQX ( M r ) : C=N 

stretching frequencies, i f preseafc are obscured by a broad charge 

transfer band; 1580, 1553, 1522, 1427, 1300 (very broad), 1080, 920, 

880, 782, 692 and 455 cm"1. 

6.4 EK?Bi.gmm m mmm 4 

6.4.1 Preparation! of Tetratkiafmlvaleie-1,3-Maitrolbeiizeme 

Conplex (127a) 

A solution of TTF (80 mg, 0.39 raraol) in hot toluene (3 ml) was 

added to a solution of m-dinitrobenzene (127) (66 mg, 0.39 mmol) in hot 

toluene (2 ml). The solution instantly turned very dark and was cooled 

slowly to 0°G. The resul t i n g black crystals were recovered by 

f i l t r a t i o n , washed with cold hexane (3 ml) and dried in vacuo to afford 

a 1:1 complex (123 mg, 847.). MPt. 105-108°C; Analysis found: C, 38.4; 

H, 2.0; N, 7.3. Calculated f o r C^HgN^S^ C, 38.7; H, 2.2; N, 7.57.; IR 

»/ (KBr): 3077, 1597, 1525, 1335, 1252, 900, 797, 725, 707 and 662 

cm 1. 

6.4.2 Preparation of Tetr&tMafralvaleEe- 1,3,5-Trimitrobemzeie 

Complex (128a) 

Equimolar amounts of TTF (40 mg, 0.20 mmol) and 1,3,5- t r i n i t r o -

benzene (128) (42 mg) were dissolved in toluene and the solutions mixed 

together. Slow evaporation of the toluene, under nitrogen, afforded the 

(1:1) complex (82 mg, 1007.) as black needles. MPt. 149- 153°C; Analysis 

found: C, 34.5; H, 1.3; N, 9.7. Calculated for C ^ N g O ^ : C, 34.5; H, 

I . 7; N, 10.17.; IR ̂  (Nujol): 1613, 1530, 1337, 1250, 1070, 925, 920, 
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300, BOO, vo>;, Y3i ? 713, 680, 658 and 642 cm' 

(5.5 MMHEOTAil, TO {3A1FTO 5 

6.5 = 1 4,5,6,7- Tetracilsro- 2- dicy&monetiiyletie-1,3- imdlaEdlioniie (130) 

letracyanoethylene (428 mg, 3.3 auaol) was added to a warm solution 

of 4,5,6,7-tetrachloro-1,3-indandione (131) (427 mg, 1.5 mmol) dissolved 

in absolute ethanol (80 ml). The mixture was then s t i r r e d at room 

temperature f o r 30 min. The re s u l t i n g yellow precipitate was f i l t e r e d , 

washed with cold ethanol and dried in vacuo, to afford compound (130) 

(410 mg, 797.). HPt. 250°C (dec); EI m/e: !3+ absent; Analysis found: C, 

41.4; H, 8.4. Calculated f o r C 1 2N 20 2C1 4: C, 41.6; H, 8.1%; IR v 

(KBr): 1750, 1710, 1628, 1540, 1382, 1372, 1295, 1210, 1182, 1138, 935, 

800, 741, 640 and 340 cm"1. 

6.5.2 Tetrathiafmlvaleme Ccoplex uifch TetracMoro-MID) (130a) 

Hot saturated solutions of (130) (20 mg, 5.8 x 10" 5 mol) and TTF 

(12 mg, 5.8 x 10 mol) in dry a c e t o n i t r i l e , were mixed and allowed t o 

cool to room temperature. The resu l t i n g black precipitate was f i l t e r e d 

and dried in a desiccator (over s i l i c a g e l ) , yielding complex (130a) 

(6.5 mg, 217.). MPt. >250°C (dec); Analysis found: C, 39.0; H, 0.6; N, 

5.0. Calculated for C 1 8H 4N 20 2S 4C± 4 (1:1 complex): C, 39.3; H, 0.7; N, 

5.17.; IR i> (KBr): 3090, 2190, 2160, 1655, 1637, 1535, 1493, 1470, 

1435, 1342, 1320, 1300, 1250, 1183, 1128, 1087, 830, 760, 750, 735, 690 

and 490 cm"1. 
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©.,5.3 ^ ^ ^ ^ ^ ( d i c y & ^ e c s t l k y l e i i ^ i n i f a i e (13%) 

A solution of 1,3-indandiome (2.4 g, 16 maol), a a l o n o n i t r i l e 

(2.7 g, 41 mmol) and amEOffiiuui acetate (1.25 g, 16 amol) dissolved in 

absolute ethanol (30 ml) was heated at reflux f o r 30 ruin. After cooling 

to room temperature, water (25 ml) was added and the solution a c i d i f i e d 

with concentrated hydrochloric acid. The brown p r e c i p i t a t e was f i l t e r e d 

and washed with water. Recrystallisation from g l a c i a l acetic acid 

afforded compound (132) (1.6 g, 41%) as a yellow-brown s o l i d . MPt. 249-

253°C; EI m/e: 242 ( i f ) ; CI (i-Bu) m/e: 243; Analysis found: C, 74.1; H, 

2.4; N, 23.1. Calculated f o r C^H^: C, 74.4; H, 2.5; N, 23.1%; IR i > m a x 

(KBr): 2920, 2895, 2870, 2230 (C=N, very strong), 1595, 1575, 1475, 

1455, 1385, 1340, 1315, 1280, 1275, 1220, 1195, 1160, 1070, 905, 785, 

620 and 390 cm"1; <!>H(250MHz,CDCl3): 8.64-8.60(m,JAB=6Hz,JAB,=3Hz,2H), 

7.90-7.86(m,JBA=6Hz,JBA,=3Hz,2H) and 4.27(s,2H) ppm. 

6.5.4 2,2-iibroECH l,3-Ms(dicyaaQnettoylene)indatfie (136) 

Compound (132) (300 mg, 1.24 mmol), N-bromosuccinimide (441 mg, 

2.48 mmol) and AIBN (10 mg) in dry carbon tetrachloride were heated at 

r e f l u x f o r l h . After cooling to room temperature, the pre c i p i t a t e was 

f i l t e r e d and washed with water. Recrystallisation from g l a c i a l acetic 

acid afforded compound (136) (304 mg, 61%) as pale yellow needles. MPt. 

270°C (dec); EI m/e: M+ absent; CI (i-Bu) m/e: 399(60), 400(13) 

401(100), 402(22), 403(59), 404(11); Analysis found: C, 45.3; H, 1.0; N, 

14.0. Calculated f o r C1eH.N.Br0: C, 45.0; B, 1.0; N, 14.0%; IR v n 

154 4 i ' ' ' ' ' ' max 
(KBr): 2230, 1595, 1560, 1460, 1320, 1273, 1200, 1175, 800, 785, 710, 

633 and 526 cm"1; fll (250MHz,CDClg): 8.79-8.78(dd,JAB=6.0Hz,JAB,=3.1Hz, 

2H) and 8.03-7.99(dd,JR.=6.0Hz,JRAi=3.lHz,2H) ppm. 

131 -



(S.sLS 252-®icM<Q)jT(Q>- l s3-IbAs((Dli£y»fficstIhyler!n©)iffid»e (3135) 

Compound (132) (267 rag, 1.1 in~ol), N-chlorosuccinimide (294 wg, 2.2 

mmol), benzoyl peroxide (10 mg) and dry carbon tetrachloride (25 ml) 

under an atmosphere of nitrogen were heated at reflux f o r 4h. The 

workup was as previously described f o r the dibrorao compound (136) 

(Section 6.5.4). This procedure yielded compound (135) (239 mg, 70%) as 

pale green needles. HPt. 265°C (dec); DCI m/e: 311; Analysis found: C, 

57.6; H, 1.1; N, 18.3. Calculated f o r C 1 5H 4N 4C1 2: C, 57.9; H, 1.3; N, 

18.0%; IR i/ (KBr): 2230, 1605, 1570, 1325, 1275, 1225, 1200, 1100, 

824, 807, 758 and 655 cm"1; <5H(250MHz,CDCl3): 8.79-8.75(dd,JAB=6.0Hz, 

JAB,=3.0Hz,2H) and 8.07-8.04(dd,JBA=6.0Hz,JBA,=3.0Hz,2H) ppm. 

6.5.6 1- Etlnoxy- 3- 4icyanonetkyleme- imdaa-1- eae (133) 

A solution of 1,3-indandione (2.0 g, 13.7 mmol), malononitrile 

(2.25 g, 34 mmol) and ammonium acetate (300 mg, 3.9 mmol) dissolved in 

absolute ethanol (100 ml) was heated at reflux f o r 24h. The solvent was 

removed in vacuo, leaving a purple s o l i d . The red product was extracted 

from the sol i d with b o i l i n g petroleum ether (Bpt.40-60°C). Eluting the 

extract with chloroform, through a short alumina column, followed by 

vacuum sublimation (ca. 120°C, 0.001 mbar Hg) afforded compound (133) 

(134 mg, 4%) as a red powder. HPt. 140-143°C; EI m/e: 222 (M +); CI 

(i-Bu) m/e: 223; Analysis found: C, 75.7; H, 4.2; N, 12.8. Calculated 

f o r C14H1()N20: C, 75.7; H, 4.5; N, 12.6%; IR v (KBr): 3100, 2225, 

1610, 1545, 1455, 1400, 1382, 1360, 1300, 1265, 1230, 1138, 1100, 1085, 

1018, 1005, 875, 805, 755, 676 and 640 cm"1; <5H(60MHz,CDCl3): 8.00(m, 

1H), 7.2(m,3H), 5.6(s,lH), 4.2(q, J=7.1Hz,2H) and 1.5(t,J=7.1Hz,3H) ppm. 
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(S„g„7 Tete&tMafmlv&leme (Cmnplex uitfii ls3-Ms(dicya>MJ:cetfoyle3ae) 

imdaae (132a) 

A hot, saturated solution of compound (132) (25 rag, 0.1 mmol) 

dissolved in dry a c e t o n i t r i l e , was added to a hot, saturated solution of 

TTF (21 mg, 0.1 mmol) in dry a c e t o n i t r i l e . The mixture was cooled to 

room temperature and the solvent allowed to p a r t i a l l y evaporate. The 

res u l t i n g precipitate was f i l t e r e d and dried in vacuo, yielding a black 

complex (132a) (30 mg, 65%). MPt. >260°C; Analysis found: C, 56.4; H, 

2.2; N, 12.5. Calculated f o r C 2 1H 1 ( )N 4S 4 (1:1 complex): C, 56.5; H, 2.2; 

N, 12.67,; IR v (KBr): 2230, 1600, 1572, 1485, 800, 795, 780, 760, 

660, 650, 620, 438 and 390 cm"1. 

6.5.8 Anine SafestitEted 2-Mcy&monethyleme-1,3- indandiomes 

6.5.8.1 General Procedure 

A mixture of DCID (122), amine (1 equivalent) and dry tetrahydro-

furan (THF) was heated at reflux f o r 1-1.5h. The reaction mixture was 

then s t i r r e d at room temperature f o r 20h. The solvent was removed in 

vacuo, and column chromatography on alumina of the r e s u l t i n g s o l i d , 

e l u t i n g with chloroform, yielded the desired product (as the f i r s t 

f r a c t i o n ) . Recrystallisation afforded a n a l y t i c a l l y pure samples. 

6.5.8.2 K-Piperidino-(l,3-dioxo-2-imdanylideitte)acetoaitrile (137) 

DCID (122) (342 mg, 1.6 mmol) and piperidine (136 mg) i n THF (15 

ml) yielded compound (137) (224 mg, 52%) as an orange s o l i d . 

Recrystallisation from toluene-hexane (1:1 v/v) afforded an a n a l y t i c a l l y 
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pure sample. ffl»t. 125-129°C; E I m/e: t f absent; C I m/e: 267; Analysis 

found: C, 72.6; I , 5.4; N, 10.2. Calculated f o r C 1 6H 1 4N 2lfl) 2: C, 72.2; H, 

5.3; N, 10.5%; I I (KBr): 2950, 2900, 2850, 2230 (CENs extremely 

weak), 1690, 1655, 1590, 1540, 1470, 1435, 1365, 1350, 1333, 1290, 1267, 

1250, 1203, 1170, 1155, 1130, 1100, 1070, 1050, 1015, 1005, 920, 895, 

860, 830, 805, 788, 740, 710, 670, 660, 565, 553, 530, 430 and 345 cm - 1; 

*H(250MHz,CDCl3): 7.78-7.60(m,4H), 3.94(s,br,4i) and 1.90-1.79(m,6B) 

ppm. 

6.5.8.3 BJ-iitylaoimo- (1,3-dioixo-2- imdanylMeme)acetoaitrile (138) 

DCID (122) (250 mg, 1.2 mmol) and n-butylamine (88 mg) in dry THF 

(20 ml) yielded compound (138) (193 mg, 637.) as a l i g h t yellow s o l i d . 

Recrystallisation from hexane afforded an an a l y t i c a l l y pure sample. MPt. 

110-111°C; EI m/e: M+ absent; CI (i-Bu) m/e: 255; Analysis found: C, 

70.9; H, 5.7; N, 10.8. Calculated f o r C^H^N^: C, 70.9; H, 5.5; N, 

11.07.; IR v (KBr): 3190, 2955, 2860, 2240 (C=N, weak), 1700, 1650, 

1540(broad), 1465, 1383, 1350, 1327, 1305, 1250, 1210, 1182, 1165, 1145, 

1110, 1080, 1030, 990, 872, 810, 735, 710, 690, 665, 530, 400 and 350 

cm'1; <5H(60MHz,CDCl3): 7.7(m,4H), 3.6(t,J=6.5Bz,2B), 2.0-1.4(m,4H) and 

0.95(t,3H) ppm. 

6.5.8.4 N-Benzylaaimo-(l,3-dioxo-2-indanylidene)acetonitrile (139) 

DCID (122) (353 mg, 1.7 mmol) and benzylamine (181 mg) in THF (20 

ml) yielded compound (139) (272 mg, 557.) as a golden yellow s o l i d . 

Recrystallisation from toluene-hexane (1:1 v/v) afforded an a n a l y t i c a l l y 

pure sample. MPt. 163-166°C; EI m/e: 288 (M +); CI m/e: 289; Analysis 

found: C, 74.9; H, 4.3; N, 9.5. Calculated f o r C l gH 1 2N 20 2: C, 75.0; H, 

- 134 -



4.2; N, 9.7%; IE umnv ( K i r ) : 1705, 1660, 1575, 1480, 1455, 1365, 1335, 

1260, 1212, 1155, 1025, 1012, 875, 815, 760, 705, 660, 600 and 540 cm - 1; 

M(60MHz,CBClg): 7.58(B,4B), 7.26(s,50) and 4.73(s,2H) ppra. 

6.5.8.5 W-ictadecylaoiii©- (l,3-dliox(D>-2-iffldaymylMeiie)ayceitoaitrile (140) 

DCIO (122) (396 mg, 1.9 mmol) and n-octadecylamine (511 mg) i n THF 

(20 ml) were heated at r e f l u x f o r 5h, and then s t i r r e d at room 

temperature f o r 18h. The workup procedure was as previously described 

(Section 6.5.8.1). Further p u r i f i c a t i o n using s i l i c a column chromato­

graphy, eluting with ether-hexane (4:1 v/v) provided a T.l.c pure but 

not a n a l y t i c a l l y pure sample of compound (140) (389 mg, 45%) as a pale 

yellow s o l i d . MPt. 90-94°C; EI m/e: H + absent. Repeated chromatography 

and r e c r y s t a l l i s a t i o n from a c e t o n i t r i l e , ethanol, toluene and hexane did 

not increase the purity. Analysis found: C, 78.1; H, 10.0; N, 5.4. 

Calculated f o r C 29 H42 N2 02 : C ' 7 7 , 3 ; H' 9 " 3 ; N' 6 , 2 7 ° ; I R "max ( K B r ) : 

3200, 2915, 2850, 1700, 1655, 1570, 1465, 1350, 1329, 1200, 1150 and 733 

cm"1; £H(250fflz,CBCl3): 9.85(s,br,lH), 7.87-7.67(m,4H), 3.66(q,J=6.8Hz, 

2H), 1.74(quintet,J=7.0Hz,2H), 1.25(m,30H) and 0.88(t,J=6.5Hz,3H) ppm. 

6.5.8.6 N-Piperidino- (4,5,6,7-tetrachloro-l,3-dioxo-2-iid&mylideme) 

a c e t o a i t r i l e (141) 

Piperidine (51 mg, 0.6 mmol) was added to a mixture of tetrachloro-

DCID (130) (209 mg, 0.6 mmol) p a r t i a l l y dissolved in dry THF (20 ml). 

After heating at refl u x f o r 2h the reaction mixture was cooled t o room 

temperature and the resultant precipitate f i l t e r e d . Drying the yellow 

precipitate in a desiccator yielded compound (141) (128 mg, 53%). MPt. 

240-244°C (dec); EI m/e: 404 ( i t f + ) ; Analysis found: C, 47.6; H, 2.4; N, 
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6.9. Calculated f o r C 1 6M 1 ( )N 20 2C1 4: C, 47.5; H, 2.5; N, 6.9%; I t K m a x 

(KBr): 2940, 2860, 1705, 1663, 1565, 1550, 1453, 1440, 1360, 1300, 1270, 

1255, 1200, 1190, 965, 777 and 733 cm"1; SE(25013Hz,CBClg): 4.03(s,br, 

2H), 3.86(s,br,2H), 1.92(m,4H) and 1.82(H,2H) ppm. 

6.5.8.7 2-(Cy&mo-3- (M-piperidimo)- 1,4-dioxo- 1,4-dilhiydro-

iaplktJliiffileme (142) 

A mixture of 2,3-dicyano-1,4-naphthoquinone (123) (140 mg, 0.67 

mmol), piperidine (57 mg, 0.67 mmol) and dry THF (10 ml) was heated at 

ref l u x f o r 3h. The solvent was then removed in vacuo. P u r i f i c a t i o n of 

the s o l i d residue by alumina column chromatography, eluting with 

chloroform-hexane (4:1 v/v), followed by r e c r y s t a l l i s a t i o n from methanol 

yielded compound (142) (16 mg, 9%) as an orange-red so l i d which was not 

an a l y t i c a l l y pure. MPt. 106-114°C (dec); EI m/e: 266 (M +); CI m/e: 267; 

Analysis found: C, 71.3; H, 5.7; N, 9.8. Calculated f o r C 1 6H 1 4N 20 2: C, 

72.2; H, 5.3; N, 10.57.; IR i/ (KBr): 2920, 2850, 2210, 1680, 1625, 

1590, 1550, 1413, 1405, 1340, 1338, 1315, 1290, 1260, 1210, 1172, 1020, 

930, 737 and 715 cm"1; <5H(60MHz,CDCl3): 8.2-7.5(m,4H), 4.06-3.66(m,4H), 

and 2.06-1.43(m,6H) ppm. 
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APPENDICES 



i M D I S I - I-MY OTSTAIL 1MTA 

KYSTA1L 1MTA WML SAM w i t 

Chemical Formula: ^ g ^ ^ V ' = 485.1; Z = 2; t r i c l i n i c ; a = 

11.92(1); b = 11.49(1); c = 11.81(1); a = 125.1(1); /? = 85.1(1); 7 

83.1(1); U = 1290.1 A 3 ; dc = 1.28 g cm"3; dm = 1.28 g cm"3; F(000) 

506; MoKa radiation; X = 0.7107 A; \i = 1.45 cm"1; Spacegroup = PI. 

1.469(16) 
1.506(15 
1.178(13) 
1.404(18) 
1.423(16) 
1.526(16) 
1.426(22) 
1.508(15 
1.157(13) 
1.425(15) 
1.484(16) 
1.317(16) 
1 17 361 
1.456(16 
1.375(15 
1.178(15 

151(18 1 

C(2)-C(l)-C(10) 
C(2)-C(1)-Q(10J 
C(10)-C(1)-0(10) 
c(i: CI 
Cl 
Cl 
C( 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
c< 
Cl 

C(2) 
C(2 
•C(2 
C(3 
C(3 
C(3 
C| 
Cl 
C| 
C| 
Cl 
Cl 

•C(3) 
cm 
• C ( l l 
•C 4) 
C(13) 
C(13) 
C(5) 
•0(20 
0(20 

6) 
10 
'10 

C(6 
C(7 
•C(8 
•C 9 

1) -C| 
' Cl 

Ci 
2) -Cl 

C( 
C( 
C( s fa' 
C 81 
C9] 
c(io; 

10)-C(5 
10)-C(9 
10) -C(9) 
11) -N(12) C(3)-C(13)-N(22) 

115.6(10) 
121.7(10 
122.5(10) 
124.6(ll s 

116.5(10) 
118.3(11 
123.7(12] 
120.7(13 
114.5(12 
111.3(9) 
126.8(11 
121.2(10 
119.3 
125.1 
115.5 
123.9 
120.7 
121.6(11 
117.7(10 
119.1(9) 
120.0(10 
120.6(10 
176.9(14) 
174.6(18) 

10 
10 
10 
11 
12) 

Table A.l Bond Lengths (k) and Angles (°) in the Anion of Salt 
(123b).H2O; See Figure 3.5 For Numbering Scheme 

A crystal of approximate size 0.35 x 0.3 x 0.3 mm was set up to 

rotate about the a-axis on a Stoe Stadi2 diffTactometer and data were 

collected via variable width w scan. Background counts were f o r 20 s 

and a scan rate of 0.0333°/sec was applied to a width of (1.5 + 

sin ///tan e): 3216 independent ref l e c t i o n s were measured of which 1302 

with I > 2<r(I) were used in subsequent refinement. The structure was 
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determined by s t a t i s t i c a l nethods. The phosphorus atom was refined 

an i s o t T o p i c a l l y and remaining atoms i s o t r o p i c a l l y . Eydrogen atoms were 

included in calculated positions although the laethyl hydrogen atoms were 

refined as a r i g i d group. The water hydrogen atoms were located in a 

difference Fourier and refined independently apart from a distance 

constraint (0-M = 0.95A). 
2 

The structure was given a weighting scheme in the form w = (F) 
+ 0.003F 2]. The f i n a l R values were 0.094 (R y = 0.097). Calculations 

157 

were carried out using SBELX76 and some of the programs on the Amdahl 

V7 at the University of Reading. Molecular dimensions in the anion and 

cation are given in Tables A.l and A.2 respectively. 
1 
1 
1 
1 
31 

C(31 
C(32 
C| 
CI 
CI 
Cl 

33 
34 
35] 
41* 

C(31 
C(41 
C 51 
C(61 
•C(32 
C(36 
•C(33 
•C(34; 
C(35 
Cl 
Cl 
36 
42 

C(41 
C(42) 

•C(46 
C(43 

Cl 
Cl 
Cl 
C( 
C( 

43 
44 
45 
51 
51' 

•Cl 
C( 
44 
45 

C(46 
C(52 

C(52 
C(53 
54 
55 

•C| 
Cl 
Cl 
Cl 

56 
53 
54 
55 

C(56 

1.851(9) 
1.784(14] 
1.852(12 
1.727(13 
1.385(16] 
1.387(15 
1.406(18 
1.372(16 
1.371(16) 
1.394(17 
1 1* 395( 
1.398(20) 
1.353(18 
1.368(19 
1.375(2r 
1.360(22 
1.369(17 
1.348(16 
1.392(19 
1.399(19 
1.348(20 
1.367(19 

c(sr 
C(31 
C(41 
C(3l' 
chi 
C(51 

- P ( l ) -
- P ( l ) -
-P 1)-
- P f l 

C(41' 
C(5l" 

P( 
Pi 

1 
l ' 

31' 
3 f 

C(32)-C(31 
C(31)-C(32, 

C(32)-C(33< 

C(33)-C(34' 
C 35' 

)-C 36' 
Cl 
Cl 
Pi 

34 
sr 
1)-C(41)-

C(41 
42)-C(41) 
41) -C(42 
42) -C(43 
43 -C 44 
44)-C(45 

-C(46 

l ) - c[5l|-
52)-C(51 
51)-C 52 

C(52 -C(53 
C(53)-C(54 
C(54)-C(55 
C 51 -C(56] 

41 
1 

51 
61 
61 
61 
32 
36) 

-C(36 
-C(33 
-C 34 
-C(35 
-C(36 
-C(35) 
C 42) 
C 46 
-C(46 
-C 43 
-C(44) 
-C(45 
-C(46 
-C(45 
C 52' 
C(56 
-C(56 
-C 53) 
-C(54 

55 
56 
55 

5 
111.51 
109.3( 
106.6(6) 
107.5(5] 
112.3( 
109.6( 
122.4( 
118.31 
119.4) 
120.31 
118.9(13) 
121.5(11" 
119.51 
120.3( 
122.0( 
119.0( 
119.0( 
122.7 
117.21 

6 
5; 

10 
*13 

12 
11 

> 1 0 ) '11 
'13) 
'13 
'14] 

121.6(16 
18 
16 
10 

121.7 
117.7 
116.4 
123.8(9) 
119.6(12 
120.3 
118.2 
120.4 
119.9 
121.6 

14 
14 
15 
16 
12< 

Table A.2 Bond Lengths (k) and Angles ( Q ) in the Cation of Salt 
(123b).B2O; See Figure 3.5 For Numbering Scheme. 
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Chemical Formula: C 1 2 I 4 0 2 N 2 ; KI = 208.176; crystal system 

monoclinic; a = 7.735(1) A; b = 11.551(3) A; c = 10.708(2) A; a = 2 = 

90.0°; £ = 101.39(1)°; V = 937.89 A 3 ; space group P21/c; D = 1.47 

g cm"3; Z = 4; F(000) = 424; Cu-Ko radiation; X = 1.5419; n = 8.234 

era"1; e min/max = 3, 69; T = 279 K; Total data measured = 2041; Total 

data unique = 1740; Total data observed = 1537; s i g n i f i c a n t test F Q > 

3<r(F Q); No. of parameters = 161; Absorption correction psi-scan; 

weighting scheme - 1/[«V0) + 0.00001Fjj]; f i n a l R = (F)/(F Q) = 0.0406; 

f i n a l R = 0.0479. 

Data were collected on a CAD 4 diffractometer following previously 
158 

described procedures . The structure was solved by dire c t methods 
1 

(SHELX86) and developed and refined using standard Fourier and least-

squares procedures (SHELX80) . Non-hydrogen atoms were refined 

anisotropically, hydrogens i s o t r o p i c a l l y . Bond lengths and angles are 

given in Table A.3. 
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NI711) 

HI2) 

H(3) C 712 

NI712) 

Atom Numbering Scheme for DCID (122) 

C( 
Hi 
Hi 
HI 
HI 

'2)-C 
(1)-C 
J2)-C 
3) -C 
4) -C 

C 9)-C 
cm-c 
c 

1 
r 
2 
3 
4 
5 
6) 

8)-C(7) 712)-C(71) 
712)-C(712) 
9)-C(~' 

r 
2) 
3 
4 
5 

-C 
-C 
-C 
-c 
-c 

0(61)-C(6 
C(71)-C(7 
C(711)-C(71) 
N(711)-C(711) 
0(81)-C(8) 

1.381(4) 
0.951(21 
0.992(20 
0.961(22 
0.939(22 
1.398 3 
1.503(4 
1.500(4 
1.438(3 
1.133(3 
1.478(3 
1.389(3 
1.392(4 
1.378(4 
1.390 
1.473 
1.214 
1.341(3 
1.441 3 
1.139(3 
1.208(3) 

3 
3 
3 

C 9 -C 

H 4 - C 4 ) 
C(6)-C(5 
C(9)-C(5 
C(7)-C(6 
C 71)-C(7)-C(6) 
C(8)-C(7)-C(71) 
C(712)-C(71)-C(7) 
N(71l)-C(711)-C(71) 
0(81)-C(8)-C(7) 

7)-C(6)-0(61 
'8)-C(7)-C(6) 
711) -C(7lj-C(7) 
'712)-C(71)-C(711 
712) -C(712)-C(71 
"9)-C(8)-C(7" 
5)-C(9 -C(l 
8 -C(9 -C(5 

117.5(3) 
122.0(13) 
117.4(13) 
121.5(3) 
119.41 
121.5( 
128.8( 
110.21 
106.li 
126.31 
126.3( 
121.9( 
177.li 
125.9( 
128.31 
128.6( 
120.6(13) 
121.4(3) 
121.2( •"' 
119.li 
117.5(3) 
121.0(13) 
121.or' 
128.6( 
125.3( 
107.5( 
122.81 
115.3( 
178.li 

13) 

X 
2 
2 
2 
2 

3 
3 

105, 
121, 
110. 

'31 
2 

'2 
v2 

'2 
'3 
'2 

Table A.3 Bond Lengths (k) and Angles (°) For DCID (122). 
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C. CBTOTAIL fATA, IHTEMSIW MTA. OMJSffllia PAMTOISIlg iM) MAULS g 

Chemical Formula: C 1 2fi 1 20 4N 2S 4; E3 = 376.478; cr y s t a l system 

monoclinic; a = 11.6290(1) A; b = 12.674(2) A; c = 10.389(2) A; a = 7 = 

90.0°; 0 = 99.27(1)°; V = 1511.21 A 3 ; space group P; Dc - 1.65 g cm"3; Z 

= 4; F(000) = 776; Mo-Ka radiation; X = 0.71069; n = 6.205 cm"1; e 

min/max = 1.5, 25; T = R.T.; Total data measured = 1524; Total data 

unique = 1323; Total data observed = 1055; s i g n i f i c a n t test F Q > 3<r(F ) ; 

No. of parameters = 118; Absorption correction psi-scan; weighting 

scheme = l / [ < r 2 ( F Q ) + 0.0000496F2]; f i n a l R = (F)/(F Q) = 0.0323; f i n a l Rg 

= 0.0343. 

Data were collected on a CAD 4 diffractometer following previously 
158 

described procedures . The structure was solved by d i r e c t methods 
1 

(SHELX86) and developed and refined using standard Fourier and least-
1 f\(\ 

squares procedures (SHELX80) . Non-hydrogen atoms were refined 

anisotropically, hydrogens i s o t r o p i c a l l y . Bond lengths and angles are 

given in Table A.4. 

142 -



SO') s(2) 
CP) 

N ( i ) 
C(12> 0(7) 0(1) c o r 

CI©') 

cm) C(13) 

Atom Numbering Scheme for TTF and mDNB Uolecules 

C(l)-S(l) 1.759(4) 
C(l)-S(l) 1.753(4) 
C(l)-C(la) 1.342(5) 
C(12)-C(ll) 1.375(4) 
N(l)-C(ll) 1.469(4) 
0(1)-N(1) 1.216(4) 
C(2)-S(l) 1.728(5) 
C 3)-S(2) 1.734(5) 
C(3)-C(2) 1.314(5) 
C(13)-C(ll) 1.374(4) 
C(14)-C(13) 1.379(4) 
C(2)-N(l) 1.224(3) 

C(2)-S(l)-C(l) 94.8(2) 
S(2)-C(l)-S(l) 114.2(2) 
C(2)-C(3)-S(2) 118.3(3 
N(l)-C(ll)-C(12) 118.5(3) 
C(ll)-C(12)-C(ll) 116.7(4) 
C(13)-C(14)-C(13) 120.0 4) 
0(2)-N(l)-C(ll) 117.5(3) 
C(3)-S(2)-C(l) 94.6(2) 
C(3)-C(2)-S(l) 118.1 3) 
C(13)-C(ll)-C(12) 122.6(3) 
N(l)-C(ll)-C(13) 118.8(3) 
C(14)-C(13)-C(ll) 119.0(3) 
0(1)-N(1)-C(11) 118.7(3 
0(2)-N(l)-0(l) 123.8(3) 

Table A.4 Selected Bond Lengths (i) and Angles ( Q ) in TTF-mDNB. 
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Data were collected on a Nonius CAD 4 diffractometer with CuK 
a 

radiation. Refinement was by f u l l - m a t r i x least-squares on a D i g i t a l 

MicroVax II using the SHELXTL plus package 1 6 0. The f i n a l R-value f o r 

177 l . s . parameters refined against 1617 data [ I > 3<7(I)] was 0.0963 (R 

= 0.0984). 

Chemical Formula: C^H^OgS^ El = 416.922; crystal system 

t r i c l i n i c ; a = 7.087(1); b = 18.197(3); c = 15.930(2) A; a = 125.14(1); 

0 = 83.33(1)°; 7 = 92.73(1)°; space group PI. 
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S( l 
C(2 
S(4 
S(5 
C(7' 
C(9' 
C(14 

12 
'14 
'16 

S( l 
C(2 
S(4 
S 
C(7 
C(9 
C(14 

12' 
14' 
16' 
1) 

'3 
5 

S 
c 
s 
C(6) 
S( 
C(12) 
C(16' 

12 
'14 
'16 
V 
f3 ' 
5' 

(6' 
S(8' 
C(12'' 
C(16' 
N(12' 
N 14' 
N(16' 

S( 
C( 
Si 
C( 

C(2) 
C(3) 
C(lO) 
C(9) 
S(8) 
C(10) 

" : i 4 i 
^21' 
! 4 1 ) 
61 

l-C 2 ' ' 
-C(3' 
-C(IO' ) 
-C(9' 
-S 8' 
-C(IO') 

-N(14' 
- 0(21 ' 
-0 41 ' 
- 0 ( 6 1 ' 

C(10) 
S(4) 
C(6) 
G 7) 
C(9) 

12) 
16) 
22 
42) 

-0(62) 
10') 
4 r 

-C 
-s 
-C(6* 
- C ( 7 r 

- C ( 9 r 

12' 
16' 

0(22' ' 
0(42' ' 

1-0(62'' 

Ci 
C( 
Ci 
Cl 
Si 
S I 

2)-srr 
2 -C(3) 
6)-S 5 
6)-C(7 
5)-C(9 
8 )-C(9 

C(10) 
•S(4) 
•C(9] 
S(8 
S 8 
CflO 

1.703(23) 
1.347(30 
1.806(16 
1.738(30 
1.702(38 
1.335(40) 
1.498(30) 
1.198(37) 
1.200(23) 
1.222(39) 
1.733(24) 
1.353(29) 
1.754(16) 
1.741(28) 
1.710(33) 
1.346(37 
1.457(34 
1.238(35) 
1.154(40) 
1.172(32) 
1.759(28) 
1.730(33) 
1.739(25) 
1.307(34) 
1.732(17) 
1.419(33) 
1.429(18) 
1.250(21) 
1.166(39) 
1.209 37 
1.774(27) 
1.721(32) 
1.753(23) 
1.344(31) 
1.752(16 
1.473(18 
1.577(45 
1.173(35 
1.240(25 
1.132(51 

95.9(12) 
117.0(19) 
93.5( 

119.5( 
115.71 

13 
f22 
'17 

c ( i r 
C(13l 
C( 
C(12) 

2 r 
C(14) 
C 16 

C 131 
C(15 

10') 
10' 

0(9-; 

.)-

118.9(9) 
121.0(10 
118.3 
120.3 

14 
16 

122.3(27) 
113.51 
115.41 

16 
22 

126.6(18 
116.5(24] 
94.7(11 

115.5(24 
94.3(11 

122.2(13 
113.9(15 
124.4(18 
117.3(14 
121.4(11 
122.4(12 
118.8(21 
118.9(17 
128.4(30 
111.3(22 
119.1(24 
94.9(11 

117.0(27 
93.8(13 

122.7(141 
112.4(15 
122.21 
121.li 

19] 
9): 

119.0(10] 
14 
24 

S(l)-C(10)-C(9) 125.4(14 
121.5(20 

0(61 

121.7 
117.2 
112.7(27 
133.8(29 
117.9(23 
95.0(11 

118.8(19 
95.0(12 

119.6(19 
115.0(15 
122.8(19 
121.7(13 
122.7(14 
118.5(11 
117.3(12 
113.0(21 
128.0(16 
112.7 
104.3 
142.7 

'28 
35 
44 

Table A.5 Bond Lengths (k) and Angles (0) In TTF-TNB; 
See Figures 4-4(A) Qnd (b) for Numbering Scheme. 
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