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Abstract

There has been considerable interest in the synthesis of derivatives of
7,7,8,8-tetracyano-p-quinodimethane (TCNQ) that have potential as electron
acceptors In the formation of charge-transfer complexes and radical ion salts
Interest in these matenals arises from their electrically conducting properties
and the fact that at low temperatures many such salts exhibit superconductivity
New electron acceptors are sought in an attempt to raise the temperature at
which onset of superconductivity I1s observed

Our approach has been to investigate the synthesis of heterocyclic
analogues of TCNQ, in which isoelectronic replacement of a double bond
n-electron pair has been achieved by a heteroatom carrying a ione pair of
electrons capable of n-type conjugation

Condensation of maleic anhydride with malononitrile, followed by treatment of
the resultant salt with thionyl chloride yielded a dicyanomethylene lactone
whose synthesis and chemistry was investigated as a potential precursor to the
desired TCNQ analogues The lactone reacts with alcohols and amines under
mild conditions to give the corresponding hydroxy esters and amides
respectively Cyclisation of the hydroxy esters was attempted by converting
them to amide esters at elevated temperatures However, thermal
decomposition of the amide esters resulted and product isolation was
impossible

New heterocyclic TCNQ systems based on pyrazine were also
synthesised For example, 5,6-diphenyl-2,3-dicyanopyrazine was reacted with
ammonia gas and condensation of the resultant diumino derivative with
malononitrile gave the bis(dicyanomethylene) ammonium sait This ammonium
salt was used as a precursor for a range of derivatives Acidification gave the
protonated (N-H) compound and reaction with tetraalkylammonium halides
gave the corresponding bis(dicyanomethylene) tetraalkylammonium salts
Pyrolysis of these tetraalkylammonium salts, with the elimination of the
appropriate trialkylamine, resulted in the preparation of N-alkyl derivatives In
reasonable yields The charge-transfer complexing ability of these electron
acceptors (N-H compound and N-alkyl derivatives) with appropnate electron
donors [tetrathiafulvalene (TTF) and N,N,N’ N-tetramethyl-p-phenylenediamine
(TMPD)] was investigated Cyclic voltammetry measurements of the N-H and
N-alkyl derivatives showed that they are electrochemically reversible exhibsting
one and two electron reductions respectively
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Chapter 1

INTRODUCTION



1 A 1 Introduction

Conducting organic materials have been extensively researched, since it
was suggested, at the beginning of this century,! that organic solids could
exhibit electrical conductivities comparable to metals The fact that most
organic solids were electrical insulators with room temperature conductivities in
the range 109-10-14 Scm! (figure 11) seemed contradictory to this
suggestion However, this scenario has changed dramatically in the last 20-30
years and now "organic metals" (charge-transfer complexes and polymeric
hydrocarbons) which exhibit electrical,2 non-linear optical® and magnetic4
properties In the solid state, along with partially-filled spatially delocalised
electronic energy levels (bands) analogous to metals have become a reality!
These organic metals, although metallic in nature, have low conductivities
(10-10-4 Scm-1) compared to copper metal (~108 Scm-1), but the conductivity
does Increase with decreasing temperature

Conductaivity (Scm_l)

Copper _ 108
Silver —
Gold — 10°

Conductive
METALS— Tin P 4 — Organic
Lead 10 Crystals
Bismuth —— QTSF)ZCJ‘%—
— 10 TTF-TCKNQ
~ 1
SEMICONDUCTORS— Germanium — -2 Doped
Silicon — . Doped [ Polymers
10 Poly(acetylenes)
trans-
— | Poly(acetylene) -6
- 10
1078
cis-Poly(acetylene) g 1l -
Fused quartz - -10
Polv(vinyl chloride)— 10
INSULATORS = 1 0—1 2
| 10—14
Poly(ethylene) ——10_16
-18

— Teflon =10

Figure 1 1 Conductivity of matenals

There has been intense interest in these organic metals from solid-state
physicists, material scientists and chemists allke, with respect to therr
properties (electronic and otherwise) This interest was further stimulated by



the prediction that superconductivity (the passage of an electric current without
resistance) might occur in these organic solids at room temperature ° In
contrast to copper, some of these organic metals become superconducting at
very low temperatures but superconductivity at room temperature has not yet
been achieved The development of conducting and superconducting materals
and therr study via physical and theoretical investigations 1s required in order to
understand and provide information about their electronic properties This
understanding 1s necessary as these materials have potential technological
applications in the design of molecular electronic devices eg sensors,
batteries, switching devices and chemoselective electrodes

1.A 2 Development of Organic Electrical Conductors

The first conducting organic material to be reported was an unstable
perylene-bromine complex [perylene Br,, 1, room temperature conductivity

(og)~1 Scm1] In 1954 6 However, t wasn't until the discovery of 7,7,8,8-

tetracyano-p-quinodimethane (TCNQ, 2)7 and tetrathiafulvalene (TTF, 3)8 and
theirr amalgamation to form the first m-molecular charge-transfer (C-T)
complex,® TTF-TCNQ, in 1973 that the area of organic conductors was
extensively researched This C-T complex was of interest to chemists and
physicists when it was discovered that at 59K (6;=500 Scm-!, 6pax~104 Scmt)
it underwent a metal-to-insulator transition (Peierls distortion) The suppresston
of this transition so as to retain metallic character down to the lowest

observable temperature and achieve higher conductivities has been a major
challenge to researchers

NC CN
O - l R Ii)z(zjlm
OO NC CN )

) ) (3) X=8, R'=R2=H 6)
(4) X=Se, R'=R2=Me
(5) X=8, R1-R2=-8(CH,),S-

Therefore a large number of C-T complexes analogous to TTF-TCNQ
were investigated with the impetus of achieving this goal and providing the
concepts necessary for the development of organic superconductors As a
result, 1t wasn't long before superconductivity was achieved In

[
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tetramethyltetraselenafulvalene (TMTSF, 4)10 and bis(ethylenedithio)-
tetrathiafulvalene (BEDT-TTF, 5)11 salts This was another major advance In
the development of organic materiais as these two-dimensional salts had intra-
and inter-stack interactions which were capable of suppressing Peierls
distortion The highest temperature for superconductivity in this class of
compound was 125K at 03 kbar for a salt based on BEDT-TTF,
(BEDT-TTF),Cu[N(CN),]CI 12

The design of new molecular superconductors received a welcome boost
with the discovery that the organic electron acceptor buckminsterfullerene, Cgq
(6), forms a range of superconducting salts with metal cations Currently the
highest temperature at which organic superconductors are stable 1s 40K,
comprising of a caesium doped buckminsterfullerene, Cs3Cgq 13 It 1s through
further investigations by organic chemists and physicists on the solid-state
properttes and synthesis of new electron donors and acceptors that insights
Into the concepts required for metallic conductivity are elucidated

1 A 3 Electronic Conductivity Mechanisms in Molecular Solids

Band theory provides an understanding as to why organic materials
behave like metals The formation of energy bands in a solid result from the
overlap of orbitals of adjacent atoms In an isolated atom each orbital can hold
no more than two electrons When two atoms are brought close together their
orbitals overlap and the energy level i1s split into two, producing new molecular
orbitals, some of which have higher energy (antibonding) and some of which
have lower energy (bonding) This results in the formation of two bands, the
valence band (highest filled band, HOMOQ) and the conduction band
(lowest unfilled band, LUMO) having an energy separation of 28 (figure 1 2)
The extent of the overlap determines the magnitude of splitting Adding a third
atom splits the levels into three and so on

When a large number of atoms (as in elemental metals) or molecules
(as in organic metals) interact within a crystalline solid or polymer chain their
atomic orbitals interact to produce new molecular orbitals which form a
continuous band (figures 1 2 and 1 3) This continuous band 1s bounded within
a bandwidth, 2W, and 1s composed of n orbitals capable of accommodating 2n
electrons The bandwidth s proportional to the transfer integral, t
(corresponds to the resonance integral B in Huckel theory) by 2W=4t Band
filling 1s analogous to the Aufbau principle for atoms 1 e electrons are placed In
the lowest energy states and then succeeding higher energy states are filled
Tight-binding theory, which 1s analogous to simple Huckel molecular orbital



theory, 1s used to describe the bands This approach assumes that the
energetic cost in putting two electrons on the same molecule I1s relatively small
From this theory the extent of interaction between adjacent molecules in the
stack Is calculated from the transfer integral, t

Y —
. A ’

—

) l
! 2t 4

\-1-1—( A t HOMO
\__l_‘

LY
)

ltolated Diatomic Tnatomc  Many
atom molecule molecule molecules

Figure 1 2 Mixing of Electronic States to form Energy Bands

But the interaction of molecular orbitals 1s not enough to produce metallic
or semiconducting properties in a material The physical properties of a
matenal are also influenced by the electrons that are present in the energy
states very near to the highest occupied state (the Fermi level) and it is these
electrons that are involved in conduction (to promote an electron to empty
states far above the Fermi level requires too much energy)

Matenals that have a large energy gap (~3-6 eV) between a completely
filed valence band and a completely empty conduction band are called
insulators The electrons cannot move about In a filled band (because of Pauli
Exclusion Principle), thus insulators are poor conductors of electricity
Semiconductors have the same band structure as insulators but differ in the
fact that they have a smaller energy gap (~0 1-1 eV) between the conduction
and valence bands However, in semiconductors, there are fewer electrons to
act as charge carners and the number of available carriers 1s dependent on
temperature Therefore at high temperature more electrons can be promoted
Into the conduction band 1 e an increase in temperature gives a corresponding
increase in conductivity Likewise lowering the temperature decreases the



conductivity because there 1s less energy available to excite charge carriers
across the band gap Metals, on the other hand, have a partially filled valence
band or if the valence band is filled, the next unfilled band overlaps the filled
valence band Both cases have unfilied states which 1s a necessary
prerequisite for metallic conduction and so the electrons can move easily into
higher energy states within the band (figure 1 3)

»|

Empty Band

ot |

Filled Band

| e=—> ja—

(a) (b) (c)

Figure 1 3 Band Structure of (a) an insulator, (b) a semiconductor and (c) a
conductor

1 A 4 Charge-Transfer (C-T) Complexes

Charge-transfer (C-T) or electron-donor-acceptor (EDA) complexes are
formed when planar (or nearly planar) neutral electron donor and acceptor
components combine, via partial electron transfer from donor (D) to acceptor
(A), to give a complex (equation 1) whose structure i1s analogous to that of ionic
solids The donor and acceptor molecules are stacked with a very small
distance between the planes (~3-4 A) having relatively low enthalpies of
association (10-30 kJ mol-1, 3-8 kcal mol-!) However In contrast to this,
conventional molecular crystals of neutral organic molecules are held together
by van der Waals forces The donor molecule will have low ionisation potential
and the acceptor molecule will have high electron affinity each having closed-
shell electronic structures

D+A === [D,A] —» D** A" (1)

The structure of molecular C-T complexes was Investigated by Mulliken
who suggested4 that in the ground state (N) a C-T complex between donor (D)



and acceptor (A) consisted of a "no-bond" (A, D) and a "dative bond" (A--D¥)
structure which had the wavefunction

¥y = a¥Y(A, D) + b¥(A--DY) (2)
where a and b are coefficients

In addition to the ground state wavefunction (equation 2), there also exists
an excited state function of the form

YE = a*¥(A~-D*) - b*¥(A, D) (3)
where a*~a, b*~b

These C-T complexes exhibit characteristic C-T bands in the ultraviolet
(UV) or wisible spectra which are distinct from those of the component
molecules Mulliken attributed the new bands to electronic excitations from the
HOMO of the donor to the LUMO of the acceptor molecule (figure 14) The
overlap of donor HOMO and acceptor LUMO are such that maximum intensity
in the C-T transition i1s allowed

Antibonding
molecular
orbitals

Locally Locally
excited excited
transitions transitions
Bonding
molecular
orbitals

S R S | W—

Donor Acceptor

Figure 1 4 Electronic excitations in Charge-Transfer Complexes

The degree of C-T from the donor to acceptor can be either partial or
complete and 1s determined by the 1onic binding in the materials For example,
if the electrons in a crystal of D-A are in equilibrium (equation 4) the



electrostatic Madelung binding energy (Ep;) and the molecular energy of C-T

(I-FEA, where | 1s the 1onisation potential of the donor and EA s the electron
affinity of the acceptor) determine the direction of equilibrium

E
D+A =—= D**+ A (4)
-EA

Complete C-T (C-T=1) gives rise to the formation of a pair of ion-radicals
(D*e, A-®) The acceptor radical anion has one extra electron per molecule and
moving an electron along the chain results in two electrons being on the same
molecule The Coulombic repulsion (U) between the two negative charges
involves an Increase In energy (U>>4t) and so a single electron remains on
each molecule, thus the radical 1on is a poor conductor called a Mott-Hubbard
insulator If incomplete C-T (C-T<1) takes place there will be empty sites to
which the electrons can move A partially occupied metallic band then occurs
and the conduction process 1s more energetically favourable

The importance of incomplete electron transfer in the development of
conductivity was shown in the C-T complexes of TCNQ (2) and
tetrafluorotetracyano-p-quinodimethane (TCNQF4, 7) with hexamethylenetetra-
selenafulvalene (HMTSF, 8) Although both C-T complexes are isomorphous,

the HMTSF-TCNQ salt 1s one of the most highly conducting organic salts
known (c4=1500 Scm-1) whereas the TCNQF, sait has a room temperature

conductivity of almost nine orders of magnitude lower (c4=10"¢ Scm-1) 15 This
IS because TCNQF4 has a higher electron affinity than TCNQ, and on mixing
with HMTSF complete electron transfer to TCNQF4 occurs, the resulting 1on-

radical salt being non-conducting

NC CN

F F Se Se
=T

F F Se Se

NC CN

@) C)

C-T salts can be of two types, (1) single-chain conductors the anion being
a closed shell species e g (TMTSF),*eX- or (i) two-chain conductors both

components are open shell molecules e g TTF** TCNQ-®



1 A 4 1 Stacking in C-T Complexes

C-T complexes can form mixed stacks or segregated stacks (figure 1 5)
with the conductivity being determined by the stacking arrangement in the
crystal lattice The mixed stacking arrangement has electrons which are
localised on the acceptor leading to low conductivity (semiconductors or
insulators) This contrasts with segregated stacks in C-T complexes which have
donors and acceptors with close face-to-face contacts and maximum n-overlap
between adjacent molecules In the stacking direction (figure 1 6) This allows
charge to move easlily along the separate donor and acceptor stacks

DADA DADA
ADAD DADA
DADA DADA
ADAD DADA
DADA DADA
DADA DADA

(a) (b)

Figure 1 5 Stacking arrangements in C-T complexes, (a) mixed stacks and (b)
segregated stacks

As previously mentioned a conduction band is formed from the overlap of
n-orbitals on neighbouring molecules along the stack and the extent of
interaction between adjacent molecules can be calculated using the transfer
integral, t The partial filling of this band with electrons by C-T from donor to
acceptor molecules leads to the observed levels of metallic conductivity High
electrical conductivity in C-T salts 1s associated with segregated stacks of
donor and acceptor molecules which have extensive n-electron delocalisation
In the stacking direction (figure 1 6)

In the 11 TTF-TCNQ C-T complex, the TTF and TCNQ molecules have
segregated stacks and incomplete C-T (0 59 of an electron) 16 Electron transfer
causes the electrons to move along both stacks and the matenal 1s conductive
The material 1s conducting in one direction only, thus the electrical properties of
the salt are highly anisotropic (associated with a unique direction where orbital
overlap s greatest 1 e the stacking direction) The reason for this is that all the
constituent molecules of the crystal are stacked in parallel planes, so like many
organic metals, TTF-TCNQ i1s termed a quasi-one-dimensional conductor



AV

A\

e

Figure 16 Stacked Orbital Arrangement, (a) a stack of flat molecules with
delocalised electrons above and below the plane, giving a stack of overlapping

orbitals running along the stack and (b) a hnear polymer giving overlapping
orbitals running the length of the polymer

The crystal structure of organic materials is important in determining the
unusual physical properties In most organic conductors the organic moleties
adopt a planar or nearly planar arrangement The mode of stacking (ring-over-
bond, zigzag, herringbone, direct overlap, figure 17) and therr electronic

communication in the solid may or may not favour electron delocalisation and
high electrical conductivity

Iy
%
il

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

Figure 17 Mode of Stacking in C-T complexes, (a) nng-over-bond, (b) zigzag,
(c) hernngbone and (d) direct overiap
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TTF-TCNQ possesses the important structural feature of strong intrastack

delocalisation leading to only weak interactions between the segregated stacks
and this produces a highly amisotropic conductivity (c4=500 Scm! and

omax~10% Scm1 at 59K) In these segregated stacks there Is ring-over-bond

overlap (shipped stack, the exocyclic carbon-carbon double bond lies over the
ring of the molecule adjacent to it in the stack) (figure 1 7a) 17 The electrical
conductivity also increases when the heteroatom Is changed from sulphur to
selenium to tellurum In the series TXF-TCNQ [X=S (500 Scm1), Se
(800 Scm-1), Te (1800 Scm1)] This can be accounted for by the expected
increase in the donor overlap The tetratellurafulvalene (TTeF, 9)-TCNQ C-T
complex does not undergo a transition to a superconducting state as the

temperature 1s lowered at ambient pressure and neither does it undergo a
metal-to-insutator transition smilar to TTF (3}-TCNQ (Tax=99K) or

tetraselenafulvalene (TSF, 10)-TCNQ (T,ax=40K) This behaviour 1s partly due
to the increased Interchain interaction and more two-dimensional character

X X
el
0=
(9) X=Te

(10) X=Se

All of these materiais behave as quasi-one-dimensional conductors
without Increased two- and three-dimensional electronic interactions between
the segregated stacks and so undergo Insulating transitions at low
temperatures This transition involves a one-dimensional instability, a crystal
lattice distortion and a rapid decrease In electrical conductivity In both organic
and inorganic metals, the temperature dependence of conductivity 1s dominated
by the interaction (scattering) of electrons with vibrations of the atomic lattice
(phonons) Thus when the temperature 1s lowered there are fewer lattice
vibrations, which increases the intermolecular orbital overlap and so the
conductivity iIncreases

1 A 4 2 Stoichiometry of C-T Complexes
The design of efficient conductors consisting of donor (D) and acceptor
(A) moieties requires control over the D A stoichiometry The majority of C-T

complexes contain a 11 stoichiometry of the donor-acceptor parr However
higher order complexes are achievable, e g (D),A, (A),D, but their existence

11



becomes less likely as the order increases 1e n>2 Wheland and Gilison
showed18 that complex formation by metathesis occasionally affords control
over stoichiometry This relies on the donor and acceptor combining Iin a ratio
that reflects their charges They aiso aitered the stoichiometry by reacting
preformed complex with additional donor or acceptor

The electron acceptor TCNQ has formed C-T complexes with multiple

stoichiometries (DA) 1e 11 with N,N,N’'N'-tetramethyl-p-phenylenediamine
(11),19 1 2 with complex salts e g triethylammonium-(TCNQ), (12)20 and a 1 4

complex with the anthracenediylidene donor (13) 21

\

Me p Me NG~ —CN

Me N Me NC~ ~CN/

L J

(1) (12) (13)

1 A 5 Lattice Distortions in Quasi-One-Dimensional Conductors

Quasi-one-dimensional conductors are unstable against distortions as the
temperature 1s lowered and this leads to phase transitions These transitions
are caused by

(1) Peserls Distortion or Charge Density Wave (CDW)

Quasi-one-dimensional conductors (figure 1 8a) are sensitive to the
interactions of electrons with vibrations of the atomic lattice (phonons) At low
temperatures these conductors are unstable with respect to lattice distortions
(Pelerls distortion, figure1 8b-d),22 and the degree of instability 1s dependent
on the number of radical ionic and neutral molecules 1n the stack The lattice
distortion 1s accompanied by the opening of a gap In the conduction band
because in a half-filled band there are no neutral molecules in the stack and
thus spin pairing occurs (each molecule has unpaired spin and there 1s an
electronic driving force for spin pairing) creating this gap and so losing metallic
conduction (figure 1 8b) 1 e the conducting electrons are now localised with a
filled electron band at lower energy and an empty band at higher energy

12



The alternating regions within the lattice of higher and lower charge
density results in the generation of a charge density wave (CDW) The energy
gap (Peierls gap) that opens at the Fermi level results In a metal-to-
semiconductor (or insulator) transition analogous to Jahn-Teller distortion As a
result of this split between the valence and conduction bands, conduction can
occur only If electrons are promoted across the energy gap by an external
source of thermal or electromagnetic energy The introduction of neutral
molecules Into the stack results in a less than half-filled band and so the
energy in going to a distorted structure I1s less favourable because the COW s
not commensurate with the lattice The metallic state 1s now allowed between
room temperature and the lattice distortion tgmperature, (Tm) The onset of a
CDW can cause a material to change from a conductor to a semiconductor |If
an organic conductor i1s not susceptible to distortions introduced by the CDW
the material becomes a superconductor instead of an insulator at low
temperatures

= —— + —_— v
- - —— — A
- —— —— —_—_y
- - —— — A

aI - —_— —— —_— v
— ¥ —— —— A
- ff——-—— a4 — v ;E
— — —— 1 __ . 1

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

Figure 1 8 Configuration of a one-dimensional stack of molecules with one
electron in the HOMO, (a) metal with uniform spacing of lattice constant a, (b)
insulator with dimenzation caused by Peterls distortion, (c) SDW msulator with
spin (1) penodicity caused by Coulomb interactions and (d) insulator with
penodicity caused by ordenng of nonsymmetnc anions (4)

(1) Spin Density Waves (SDW)
Metal-to-insulator transitions in low dimensional conductors can also be
driven by either spin density waves (SDW) or anion ordering Spin density

waves were first identified by Bechgaard in his study of the
tetramethyltetraselenafulvalene (4) salt, (TMTSF),PFg 10 The formation of the

SDW state was due to the Coulombic repulsion between electrons on the

13



molecular stack being greater than their interaction with the lattice In the SDW
state the electrons spin up and spin down alternately (antiferromagnetically)
and this introduces a gap In the electronic band which restricts movement of
the electrons (insulating magnetic state, figure 1 8c) Bechgaard also found that
the metal-to-insulator transition I1n the (TMTSF),X (where X=AsFg4", PFg") salts
could be suppressed by applying an electric field or pressure When X was the
hexafluoro-arsenate or -phosphate anion there was no lattice distortion
associated with the loss of conductivity and in some cases a superconducting
ground state occurs An insulating state also occurs when an ordered array of
anions with periodicity '2a' causes doubling of the original lattice (figure 1 8d)

Anion ordering which occurs at low temperature also causes metal-to-
insulator transitions eg In (TMTSF),ReOQ4 the metal-to-insulator transition
which occurs at ~180K i1s caused by anion ordering The symmetry of the anion
influences the insulating state and tetrahedral anions in contrast to the
octahedral anions introduce anion ordering except when X is the perchlorate
anion This salt remains metallic down to ~1 2K 23

1 A 6 Superconductivity

Superconductivity 1s the ability to conduct an electric current without
resistance The resistance of a superconductor 1s zero and a current set up in a
superconductor 1s not dissipated as heat, ke ordinary conductors, but
continues to flow forever Superconductivity was first discovered by Onnes In
1911 when he observed that the resistance of mercury wire fell to zero at 4 2K
In 1933 Meissner and Ochsenfeld observed that superconductivity could be
characterised by a magnetic effect (Meissner effect) 1e a superconductor
placed in a magnetic field generates its own internal field that expels the
external one (diamagnetism) The lines of force of the external magnetic field
bend around the surface of the superconductor instead of passing through it
The impermeability of superconductors to a magnetic field 1s also useful when
dealing with the applicability of superconducting materials For example, a
magnet can float on its magnetic field if placed above a superconductor and so
the field acts as a cushion for the magnet Therefore in the future it may be
possible to travel on trains that can fly at 300 miles per hour, levitated above
the tracks on a frictionless cloud of magnetic force

1 A 6 1 BCS Theory of Superconductivity
Bardeen, Cooper and Schrieffer put forward a theory for superconductivity
(BCS Theory) in 1957 which suggested that superconductivity arises when

14



electrons In a conductor form loosely bound pairs (Cooper pairs)24 The
electrons Iin a Cooper pair move at the same speed but in opposite directions
Much more energy I1s required to hinder the motion of Cooper parrs than
ordinary electrons and at low temperature this energy is unavailable so the
Cooper pairs are not scattered and electrical resistance disappears

1 A 6 2 Mechanism for Formation of Cooper parirs

Atoms In a solid are arranged such that the orbitals of the outer electrons
overlap and thus the electrons can move within these orbitals The atoms that
remain fixed in the lattice are positively charged (one electron has been
removed) which enables the valence electrons to pair up As an electron moves
through the lattice the electrostatic attraction between the electron and the
positive 1on generates a distortton In the lattice The negatively charged
electron, as it passes, pulls the positive 1ons towards each other and
interactions among the ions lead to restorative forces that cause the lattice to
vibrate After the passage of the electron the positive ions remain close
together for a long time which creates a region of positive charge and thus
another electron is attracted indirectly to the first electron and a Cooper parr is
formed (figure 1 9a) As the 10ns move apart under the influence of restorative
forces a region of positive charge is created in which the density 1s less than
the surrounding parts of the lattice The two electrons tend to avoid this region
(figure 19b) This effect emerges below a critical temperature, Tg
(the temperature at which the transition to superconductivity occurs) and
causes the electrons that make up each Cooper pair to act as if they were
connected to a spring The electrons which form the pair vibrate back and forth
In response to variations in charge density

= — o mild rT>

(a) (b)

Figure 1 9 Formation of Cooper pairs, (a) an electron moving through a metal
attracts the positively charged ions of the lattice, causing distortion of the lattice
and (b) the positive 1ons move apart thus creating a region of positive charge,
which the electrons making up the Cooper pair, avoid

15



Superconduction i1s the result of the highly coordinated motion of the
Cooper pairs whereas in ordinary metals electrical conduction 1s caused by the
net motion of the individual valence electrons When no current 1s flowing
through the material the momentum of each Cooper pair 1s zero, the electrons
move In opposite directions with respect to the lattice When there is current in
the material the electrons in each pair move such that the centers of mass of all
the Cooper pairs have the same constant momentum Condensation of the
electrons into Cooper pairs depends on lattice distortions and T Is related to
the shffness of the lattice

In 1964 Little proposed a mechanism for the formation of Cooper pairs
which does not depend on lattice distortions® He suggested that a
superconductor could be prepared from a chain of organic molecules
containing loosely bound valence electrons This molecule would be polansed
easily and so one part would be positively charged and the other would be
negatively charged and thus electrons could pass along the chain from one site
to another

1.A 7 The Design of Organic Metals

Since the preparation of the C-T complex, TTF-TCNQ n 1973,° intense
Investigations on systems analogous to the donor TTF and the acceptor TCNQ
have occurred with the intention of meeting the requirements for inter- and
intra-molecular conductivity or superconductivity From the information
availlable the design of new conducting materials requires control of the
properties of the individual molecules to stabilise the metallic state These
molecules must satisfy the following requirements

)] planar molecules with similar size are required having
delocalised n-molecular orbitals so that effective overlap of the
donor HOMO and the acceptor LUMO can occur,

(m stable open-shell (free radical) species are needed to form a
partially filled band since it is unlkely that good organic metals
are formed from the HOMO and LUMO of closed shell organic
molecules, the best organic metals result from open shell anion
and cation species,

(1) there should be no periodic distortion which opens a gap at the
Fermi level,
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(v) mixed valence 1s necessary and the on-site Coulomb repulsion

(U) should be small compared to the bandwidth (4t), the
condition for the metallic state being Ugff/4t~1,

(v) segregated stacks of radical species are required,
(v1) strong interchain coupling to suppress phase transitions Is
necessary

A considerable amount of research has been directed towards the
synthesis of new donors and acceptors with emphasis on the importance of
these factors The ability to Induce molecules to pack within a crystal lattice in a
prescribed manner {€ g In sheets, stacks or dimer pairs) 1s still very imited so
that the rational design of organic metals 1s restricted to controlling the key
properties of the individual component molecules /e planarty, ionisation
potential/electron affinity and extent of conjugation

C-T systems with increased dimensionality of the structural properties has
also been prevalent since BEDT-TTF and TMTSF were found to be two-
dimensional This was achieved by close interstack chalcogen-chalcogen
Interactions which stabilise the metallic state by suppressing Pelerls instability
The design and synthesis of new systems which could further improve the low-
temperature electrical and magnetic properties in addition to stabilising the
metallic state and superconductivity have been major goals for chemists In
recent years

17



1 B Electron Donors

1 B 1 Introduction

Since the discovery In the early 1970s, that TTF forms a stable radical
cation® and a highly conducting C-T complex with TCNQ,® investigations into
TTF chemistry have intensified with the am of discovering new and better
donors Many TTF analogues were prepared, with BEDT-TTF (5) being the
most extensively studied (section 1 B2 1) Denvatives of TTF are important for
the development of new highly conducting organic metals and
superconductors The synthesis of TTF derivatives has followed three main
routes

(1) substituents on the 2,3 and 6,7 positions This mainly involves
peripherally substituted heteroatoms which enhance the dimensionality
due to therr larger size and greater polarizability compared to sulphur
This suppresses the instabilities observed in one-dimensional metats

(n) m-extension between the two dithiole units This reduces the on-site
Coulomb repulsion in the doubly iomised state of the donor and iIs
important for attaining high conductivity

() heteroatom exchange Replacement of the sulphur atoms in TTF by
selenium or teliunum atoms enhances the interstack interactions which
results in increased dimensionality

The commonly used routes to TTF derivatives (14) are (1) coupling of 1,3-
dithiolium salts (15) or () coupling of 1,3-dithiole-2-thiones (16a) or -2-ones
(16b) or -2-selenones (16c) (scheme 1 1)

R._-8 R._-S R<_-S s--R
I H—H or I Yy —— :ﬂ: = I
R™ ~S x- R” S RS 8 °r
(15) X-=BF, PFg- (16)a Y=S (14)
b Y=0
¢ Y=Se

Scheme 11
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The first TTF derivatives to be studied were tetramethyltetrathiafulvalene
(TMTTF, 17a)25 and hexamethylenetetrathiafulvalene (HMTTF, 17b) 26 These
derivatives may be prepared by deprotonation of cation (18) to yeld a
stabilised carbene, which then reacts with another 1,3-dithiollum cation
(scheme 1 2)

R'\~S EtN R_s s-_R
—H : > I == I
R2 S PFB' R R2 S S R2

IS+)—H

rR27 "8 pF-
6
(18) a R'=R2=Me (18) (17) a R'=R2=Me
b R'-R2=-(CH,)5- b R!-R2=-(CH,)5-
Scheme 1 2

TTFs were also synthesised by the desulphurization or deoxygenation of
1,3-dithiole-2-thiones or -2-ones using trivaient phosphorus compounds272
(scheme 1 3) This reaction is widely used when electron-withdrawing groups
are present on the dithiole ring, however it gives poor yields and alternatively
dicobalt octacarbonyl can be used instead of the phosphorus reagent27b since
a wider range of substituents can be tolerated

RS P(OMe), R8s  s<¢R
o= - =1
R” S of RS ST R

Co (CO),

Y=SorO
Scheme 1 3

1 B 2 Substituted TTF Denvatives

The most widespread modification to the TTF skeleton has concentrated
on the replacement of the sulphur atoms by selenium (e g TMTSF) and the
fusion of heterocyclic rings (e g BEDT-TTF) In contrast, little attention has
been focussed on the attachment of functionalised substituents to the TTF
framework 28 These functionalised TTFs have potential as building blocks for
new electron donors However, direct substitution on TTF 1s difficult by most of
the known methods because of its low 1onisation potential but can be effected
by using non-oxidising agents such as butylhithium This direct substitution has
advantages In that it has increased versatility and leads to the preparation of
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functionalised TTFs which offer unique potential for the development of new
organic materals with unconventional solid-state properties

TTF derivatives with one functionalised side-chain were prepared from
monolithiated TTF (TTF-Li*, 19), which was generated2® by metallation of
TTF (3) using butyllithium or ithium dusopropylamide (LDA) in ether at -78 °C
TTF-Li* (19) can be trapped in situ with electrophiles For example, reaction of
(19) with carbon dioxide, ethyl chloroformate or acetyl chloride affords the
monosubstituted carboxylic acid (20a), ester (20b) or acyl (20c) derivatives In
reasonable yield (30-70%)30 (scheme 1 4)

[ Y= ] LDA7;Jr°c";BuL| I[§)=(:]|L e!ectrophlle [ — ]/

@) (19) (20) a R=CO,H
b R=CO,Et
¢ R=COMe

Scheme 1 4

This procedure affords a simple and efficient route to unsymmetrical TTFs
but it does have its disadvantages in that strict temperature control s
necessary since, above -78 °C, TTF-Li* (19) disproportionates to yield di- and
multi-substituted products The presence of substituents on TTF exerts a
directional effect permitting control over the metallation position For example,
the attachment of electron-withdrawing substituents on TTF activates the
adjacent position to metallation (increases the acidity of the adjacent proton)
and gives the 4,5-disubstituted products whereas -electron-donating
substituents (decrease the acidity of the adjacent proton) direct a second
substitution Into the 4' or 5 position This was sometimes complicated by
temperature dependency 30 In addition to this, the electron-donating
substituents have been shown to decrease the oxidation potential whereas
electron-withdrawing substituents have the opposite effect

Mone- and di-chalcogen TTF derivatives have been prepared3! by the
reaction of monofithiated TTF (19) with elemental sulphur and selenium at
-78 °C to give the corresponding thiolate (21a) and selenolate (21b) anion
respectively These were more reactive towards electrophiles than lithiated
TTFs (scheme 1 5) This new route to TTF donors I1s preferable to phosphite-
mediated coupling of the two half-units Reaction of (21b) with
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tnimethylsilylethoxymethyl (SEM) chloride afforded the SEM protected
compound (22b) which could be regenerated upon treatment with fluoride ion
(in the form of tetrabutylammonium fluoride) (scheme 1 58) Thus (22b) 1s a
shelf-stable equivalent of the selenolate anion (21b) Analogous reactions of
the thiolate anion (21a), followed by treatment of (22a) with fiuoride ion gave no
evidence that (21a) was generated 310 However the benzoyl thioester (23) 1s a
shelf-stable equivalent of the TTF-thiolate anion (21a) and the anion can be
efficiently regenerated, as the sodium salt, by treating (22a) with sodium
ethoxide in ethanol at -10 °C 32

S S S S
: : -1 elemental S or Se : :
ﬂ: jl Y » |[ jr
S S S S

XL XSEM

SEMCI [ —( :[]/

(19) (21) a X=S (22) a X=S
b X=Se b X=Se
s s]/ SCOPh NaOEt :n/
[s: :s ot [ o
(23) (21a)
Scheme 15

Reaction of TTF-thiolate anion (21a) with 2-bromoethanol gave
4-(2-hydroxyethylthio)TTF (24a) which 1s a versatile building block for the
synthesis of a range of new mono-functionalised TTF derivatives containing
ether, ester, acrylate and vinylthio groups 312 Derivative (24a) has been used
In the synthesis of bis- and tris-TTF derivatives (24b) and (25) 32

S S R’
L=

TTF-S S-TTF

(24) a R'=S(CH,),0H, R%=H (25)
b R!=S(CH,),CO,TTF, R%=H
¢ R'-R2=-§(CH,),S-
d R'-R?=-Se(CH,),Se-
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Other reactions of monolithiated TTF included the one-pot synthesis of
unsymmetrical donors  ethylenedithio-TTF  (EDT-TTF, 24c) and
ethylenediseleno-TTF (EDS-TTF, 24d) in low yield (10-20%) 31 However,
varying the molar ratio of the reactants TTF, LDA, sulphur and dibromoethane
gave a mixture of unchanged TTF and BEDT-TTF The X-ray crystal structure
of EDS-TTF (24d)31P has a non-planar, boat-lke TTF framework (similar to
BEDT-TTF) The bond distances in the TTF part of EDS-TTF are similar to the
equivalent distances in BEDT-TTF (§) The packing of the EDS-TTF dimers
(figure 1 10) 1s similar to that of the x-type structures of (BEDT-TTF)oX salts
except that in the latter the molecules are aligned along the long axis
perpendicular to the layer (parallel to each other) while in the former they lie
within the layer and perpendicular to each other

Figure 1 10 Crystal packing of EDS-TTF (24c) within a layer of dimers

Symmetrical tetrakis(alkylthio)TTF derivatives have been prepared3? by
the coupling reaction between two identical species 1e 1,3-dithiole-2-thiones
(16a), 1,3-dithiol-2-ones (16b) or 1,3-dithiole-2-selenones (16c) with trivalent
phosphorus compounds but this gave poor yields of tetrachalcogenated TTF
derivatives This problem was overcome by the preparation of the tetralithiated
anion of TTF (TTF4- 4Li*, 26) by deprotonating TTF (3) with four equivalents of
LDA at -78 °C and reaction of the anion with elemental sulphur, selemum or
tellunum to yield the tetrathiolate (27a), tetraselenolate (27b) and
tetratellurolate (27c) anions respectively34 (scheme 1 6) Reaction of (27a-c)
with alky! halides yielded TTF derivatives with four thioalkyl (28a), selenoalkyl
(28b) or telluroalkyl (28c) chains The tetrathiolate anion can also be formed by
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rnng opening of tetrathiapentalenedione (29)35 or by deprotection of
tetrakis(benzoylithio) TTF (30)36 with sodium tert-buty! thiolate (scheme 1 7)

S S LDA (4 equiv) . S S .

> L - “L
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(28) a X=S, R=alkyl (27) a X=S
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Scheme 1 6
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Scheme 17

Coordination complexes of tetrathiafulvalene tetrathiolate salt (27a) that
have potential as building blocks for new two-dimensional electrical conductors
were  recently Investigated37  The  tetrathiafulvalene  complex,
{(F-PrCgH4 ) TI[SoTTES,ITi(1-PrCsHy)o}1 5CgHg (31), formed two-dlmensmna:I
stacks of a chain-link, fencelike structure (herringbone) and is representative of
a new class of potential TTF-type building blocks These TTFs are of interest
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because they can assemble into solid-state architectures which can function as
organic superconductors

]P@ STIQ_ 15CH.
_@/ s:[ I Q— r

1 B 2 1 Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)

The majority of organic conductors are unstable to periodic lattice
distortions at low temperatures, leading to an insulating ground state Over the
past 20 years studies on a wide range of structural and chemical types of
organic linear chain systems were carried out with the aim of suppressing these
instabihties and stabilising a low-temperature metallic or superconducting state
New donor molecules which are capable of forming C-T complexes with
increased dimensionality and thus suppress the metal-to-semiconductor or
-insulator transition were needed for the design of new organic
superconductors in order to understand the requirements for them

One such molecule that was prepared was the tetrakis(alkylthio)
substituted TTF derivative, BEDT-TTF (5) in which extension of the TTF moiety
and the intermolecular interactions of the sulphur atoms, enhances the
dimensionality This permits the suppression of the metal-to-insulator transition
and thus allows transitions to the superconducting state to occur The most
common method for the preparation of BEDT-TTF was the coupling of 4,5-bis-
alkylthio-1,3-dithiol-2-thiones (16a),33 or the corresponding -2-ones (16b)38 or
-2-selenones (16¢) using trivalent phosphorus compounds (scheme 1 8)
However this route sometimes fails to give the desired product or gives it in low
yield Alternatively, reaction of the tetrathiolate anion (27a) with
1,2-dibromoethane can be used3€ (scheme 1 8)

[:I:):X P(OEY, [I Ij Br(CH,) Br ~ SI I

(16) a X=8 ) (27a)
b X=0
¢ X=Se
Scheme 1 8
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The discovery that the TMTSF donor system containing monovalent
anions was superconducting at low temperature!0 stimulated mterest in the

synthesis of analogous BEDT-TTF systems A new family of electrical
conductors was synthesised, having the stoichiometry of (BEDT-TTF),X 39

These salts were similar to the (TMTSF),X salts (section 1 B 4 1) where X is a
charge-compensating monovalent anion The (BEDT-TTF),X salts were
prepared by electrocrystallisation, similar to the (TMTSF),X saits but in

contrast to the TMTSF systems which only yield single phase crystals, the|
BEDT-TTF system produces two to five different phases all with different
crystallographic and electrical properties and often the same stonc:h|ometryZ
Two of the more common phases are B and x-phase salts which arcla
characterised by different structural packing motifs re corrugated-shee}
networks of BEDT-TTF molecules and orthogonally arranged BEDT-TTF
molecular dimers respectively (figure 1 11)

(a) (b)

Figure 1 11 Structural packing motifs in BEDT-TTF salts, (a) “corrugated sheet
network" of BEDT-TTF molecules in B(BEDT-TTF),ReQ4 and (b) orthogonally

arranged BEDT-TTF molecular dimers in k-(BEDT-TTF),Cu(NCS), Thin Im[es
indicate short sulphur-sulphur interactions (<3 60 A)

In the B-phase salts, the stacks of cations are replaced with orthogon?lly
arranged dimers of BEDT-TTF cations which results in strong sulphur-sulphur
(S-S) interactions whereas In the k-phase salts the crystal has two BEDT-TTF
molecules forming a dimerized pair The pairs are inked to each other by short
S-S contacts almost perpendicular, forming two-dimenstonal conducting shefets
in the bc plane All the S-S intermolecular contacts within the dimer are longer

i
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than the sum of the van der Waals radu (36 A) but shorter contacts exist
between the dimers

The first BEDT-TTF sait that showed interesting properties was the
perchlorate salt, (BEDT-TTF)ClO4(1,1,2-trichloroethane)g 5 392 This  salt
remained metallic over the temperature range 300-1 4K and showed no
evidence of a metal-to-semiconductor transition It also showed low
conductivity In the stacking axis (because the overlap of neighbouring
molecules was very small) and in the direction perpendicular to the stacking
axis This BEDT-TTF salt was more conductive than the corresponding TMTSF
salt by a factor of >10 The first sulphur superconductor, (BEDT-TTF),ReQy,
followed soon after!? and this became superconducting below 2K for pressures
above 4 kbar Willams and co-workers reported3®P that (BEDT-TTF),ReOy4
was isostructural with (BEDT-TTF),BrO, but structurally different to (TMTSF),X
systems The BEDT-TTF moiety in (BEDT-TTF),ReQ4 was nonpianar, with the

methylene groups protruding out of the molecular plane In addition to this, the
ReQ,4 anons were ordered at room temperature but this did not happen in the

corresponding TMTSF salt
The structural feature of the (BEDT-TTF),X salts compared to the
(TMTSF),X salts that is surprising is that there are short interstack S-S

Interactions Instead of short Iintrastack S-S interactions with little or no
columnar stacking 390. 40 The interstack S-S interactions are sufficiently strong
that the TMTSF-like (face-to-face) coiumnar stacking i1s not favoured and the
BEDT-TTF molecules are arranged in side-by-side fashion to form two-
dimensional sheets (figure 1 11) This two-dimensionality originates from the
short intermolecular contacts between the sulphur atoms of the donor 40 The
S-S network 1s the pathway for electrical conduction in all (BEDT-TTF)o,X

systems The BEDT-TTF molecules are nonparatlel and nonplanar in structure
and n contrast to (TMTSF),X systems, the loosely connected zigzag stacks
are not equally spaced Willams and co-workers suggested3SP that the
suppression of the metal-to-insulator transition by applying pressure reduces
both the intra- and inter-stack S-S distances This In turn increases the S-S
overlap and dimensionality of the systems At ambient pressure and low

temperature the primary S-S interactions are those between the moleculaq
stacks compared to those within a stack in (TMTSF),X salts

l

Several conducting - (BEDT—TTF)ZX (X=Auly, I37) salts have also been
synthesised The linear symmetnc Auly~ salt had the highest superconductmg
transition temperature T,=3 241 or 4 9K42 at ambient pressure and the 13- saltr
the first ambient pressure BEDT-TTF superconductor, had T.=8K under a

g i
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pressure of 13 kbar 43 As before, superconductivity was correlated to the
observation of a sheetlike network of BEDT-TTF stacks hnked through

extensive S-S interactions giving two-dimensional behaviour Anton disorder
appears to Inhibit the onset of superconductivity in the B-(BEDT-TTF),X

systems similar to that in (TMTSF),CIO4

The length of the counteranion also influences the solid-state structure

and so by Increasing the length of the anion, the intermolecular interactions
and T, increase Thus the need for a longer anion resulted in the preparation of

k-(BEDT-TTF),Cu(NCS), which was the first ambient pressure organic
superconductor based on BEDT-TTF with T,=104K44 «-(BEDT-
TTF)oCu(NCS), was superconducting up to 10 4K at atmospheric pressure and
led to the development of xk-(BEDT-TTF),Cu[N(CN),}X salts (X=Br, T=11 6K45
and X=Cl, T,=12 5K at 0 3 kbar12)

Superconductivity has also been discovered in cation radical salts of the
unsymmetrical BEDT-TTF derivatives, dimethyl(ethylenedithio)diseleno-
dithiafulvalene (DMET, 32a)4 and methylenedithiotetrathiafulvalene (MDT-

TTF, 32b) 47 The salts of these donors exhibit similar packing to that of
x-(BEDT-TTF),Cu(NCS),

R’ X S R3 O s S o]
=T (=)

R2? X S R4 1) s S o)

(32) a X=Se, R'=R?=Me, R3-R4=-S(CH,),S- (33)
b X=S, R'=R2=H, R3-R4=-SCH,S-

|
Within the TTF family the organic metallic state has been achieved with
unsubstituted and various substituted suiphur, selenium and tellurium
heterocycles The superconducting state however, has only been achieved with
derivatives llkke TMTSF and BEDT-TTF with the highest superconducting
transition temperature (T.=12 5K) recorded for (BEDT-TTF),Cu[N(CN),]CI 12
Therefore electron donors that are structurally similar to BEDT-TTF were|
Investigated This led to the first oxygen-containing donor, BEDO-TTF (33) 48 (
The stabilisation of the superconducting state depends on the inter- and|
intra-stack chalcogen interactions, and it was thought that changing a sulphur

atom to a smaller, less polarizable oxygen atom would affect these interactions

Also 1f organic superconductors were BCS superconductors it was expectect2
that a change to a lower atomic mass chalcogen would raise the T, (BCS

|

isotope effect) and decrease the bandwidth, the density of states near the{
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Fermi level would go up and T, would be raised Thus the discovery of an
oxygen containing superconductor would expand the range of organic
superconductors available and establish a link with high temperature oxide
superconductors But in contrast to this the (BEDO-TTF), 413 salt increases the
bandwidth and stabilises the metallic state down to low temperatures 49 the
stability being due to enhanced overlap between the fulvalene sulphur atoms
[analogous to the (TMTSF),X fulvalene chalcogens] and decreased steric bulk
of the ethylenedioxo relative to the ethylenedithio functionality Therefore the
oxygen atom enhances the intermolecular interaction through electronic and
steric factors Radical salts of BEDT-TTF have the highest superconducting
transition temperature (T;) and it was expected that similar radical salts with
superconducting properties could be prepared electrochemically from
BEDO-TTF BEDO-TTF forms many metallic salts with inorganic anions but
only [B-(BEDO-TTF)3;Cux(NCS); and (BEDO-TTF),ReO4(H,0) are
superconducting at ambient pressure and below 1K and 2 5K respectively 0

In conclusion, BEDT-TTF has the ability to form two-dimensional electrical
conductors and superconductors and In contrast with other electron donors it
has formed the largest number of superconducting and metaliic cation-radical
salts

1 B 3 n-Extended TTF Denvatives

The design of highly conductive organic materials requires (1) radical 1ons
based on chalcogenfulvalenoids, for example TTF-TCNQ and (TMTSF),PFsg,
and (n) mmimisation of the Coulombic repulsion in the doubly ionised state 51
Considering these two conditions, the possibility of synthesising alternative
donors by introducing heterocyclic or vinylic spacer groups between the two
1,3-dithiole rings 1n TTF in an attempt to increase its electron-donating ability
was Investigated Extending the w-conjugation between the two 1,3-dithiole
rings lowers the oxidation potential of the donor due to increased delocalisation
of the positive charge and stabilises the dication state (relative to TTF) by
reducing the intramolecular Coulombic repulsion (smatler AE values) These
systems are of interest because they should display different redox and
conformational properties compared to TTF

Extended TTF denvatives (34) have been prepared by either the Wittig or

Wittig-Horner reaction of a 1,3-dithiole (35a) or a 1,3-diselenole phosphonium |
salt (35b) or phosphorane (36) with an aldehyde (scheme 1 9)
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R? X R X R? X
H RCHO
I Hepge O I FPRE, I =
R2 X 3 R2? X R2 X R3
BF

(35)a X=S (36) a X=S (34)a X=S
b X=Se b X=Se b X=Se
Scheme 19

The first vinylogue of TTF, ethanediylidene-2,2'-bis(1,3-dithiole) (EDBDT,
37), in which the two 1,3-dithiole rings were connected by sp? hybridised
carbons was synthesised In 1983 by Yoshida and co-workers 52 The
phosphonium salt (38) was reacted with glyoxal (39) in the presence of
triethylamine to give aldehyde (40) which was subsequently reacted with
another molecule of (38) and triethylamine to give the carbomethoxy derivative
(41) (scheme 110) Subsequent demethoxycarbonylation using hthium
bromide/hexamethylphosphoramide treatment (HMPA) yielded EDBDT (37)

MeOZC S H CHO EtaN Me02C S
Tk, + 89 20 "0

S CHO
MeO_C 6F 3 MeO C S CHO
(38) (39) (40)
EtN
3
MeO C S H
i I )Q'PBu
MeO C S .3
2 BF
# a
)=\=(S - I s CO Me
S HMPA MeO C™ S :[]: 2
s 2 s

COzMe
(37) 41)

Scheme 1 10

Soon after the preparation of EDBDT, an analogous donor, 1,4-
butenediylidene-2,2'-bis(1,3-dithiole) (BDBDT, 42), in which four sp2 carbons
separate the two dithiole rings was prepared similarly by the same group®3 via

reductive coupling of an aldehyde (McMurry-type couphng) (scheme 1 11)
Contrary to TTF [first half-wave reduction potential (E'4/5)=+034 V, second

half-wave reduction potential (E24/,)=+071 V] and EDBDT (E14,,=+020 V,
29



E2,,=+036 V), BDBDT has only one reversible redox wave (+022 V)

attnbuted to a one-step two-electron oxidation probably due to the larger
decrease of the Coulombic repulsion [smaller AE (E'4,5-E24,5) value] of the

doubly 1onised state of BDBDT compared to TTF (+037 V) and EDBDT
(+0 16 V)

I]:S TICl, S
= > [
S  CHO LAH /"BuN S):\=\=(S:[]

Scheme 1 11

Tetraselenafulvalene (TSF, 10) forms a much higher electrically
conducting complex with TCNQ (o, 800 Scm1) than TTF (o4 500 Scm-1) and it

has a metal-to-semiconductor transition at 40K, 18K lower than TTF-TCNQ
Therefore 1t was expected that n-extended selenium analogues would be
stronger donors than their TTF counterparts Thus, the first selenium

vinylogues of TTF, ethanediylidene-2-(1,3-dithiole)-2'-(1,3-diselenole) (44a,
El40,=+t026 V, E2,,=+040 V) and ethanediylidene-2,2'-bis(1,3-diselenole)

(44b, E14,,=40 33 V, E2,,5,=+0 47 V) were prepared>4 by the same synthetic

sequence shown in scheme 1 10 Compared to EDBDT, (44a) and (44b) have
more positive oxidation values, the order being EDBDT<(44a)<(44b) which
implies that oxidation 1s more difficult as the number of selenium atoms Is
Increased However the AE value remains almost unchanged with selenium
replacement Both of these donors form 2 3 (D A) C-T complexes with TCNQ
1e (44b),-TCNQg, 0 24 Scm-! and (44a),-TCNQ4, 0 072 Sem-1

The EDBDT skeleton has been modified by the attachment of peripheral
chalcogen atoms (e g sulphur and selenium) in the search for new electron
donors The TTF derivative, BEDT-TTF forms organic superconductors with
Increased dimensionalty and so, by Increasing n-conjugation between the
1,3-dithiole rings, higher T, organic superconductors may be possible The
BEDT-TTF vinylogue (44c) was prepared simultaneously by three groups> by
reacting a vinylogous aldehyde with a 1,3-dithiole phosphonate anion
Extending the n-conjugation in BEDT-TTF reduces the difference (AE) between
the two redox waves (1 e there 1s reduced intramolecular repulsion) and lowers
the first and second oxidation potentials of (44c) which indicates that it s a
stronger donor than BEDT-TTF In addition to this a range of vinylogous donors
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(45a-c) which contain two or four sulphur atoms at the periphery of the EDBDT
system have been preparedS® and were shown to have lower E'4;o and E2;,,
values compared to the parent fulvalene EDBDT with the separation between
these values reduced to ca 0 2 V In the vinylogues

R X
Se Se I )=\=(Y R
(=] R X
Se Se Y7 TR
(10) (44) a X=S, Y=Se, R'=R2=H
b X=Y=Se, R'=R2=H
¢ X=Y=§, R1-R?=-S(CH,),S-
d X=Y=8, R'-R2=-Se(CH,),Se-

n-Extended TTF denvatives (45d-f) with peripheral alkylseleno
substituents on the EDBDT system have been prepared also,57 the key step
being the Wittig-Horner reaction of a vinylogous aldehyde with a phosphonate
anion 52, 55 All the compounds exhibited two one-electron oxidations
(sequential formation of the radical cation and the dication species) The
selenium donor (44d) in contrast to compounds (45d-f) showed a single two-
electron reduction (dication to neutral species) Similar to the other vinylogues
(44c, 45d-f), these show a reduction In E'y, and E2;,, values as well as a

reduction in AE All of these compounds formed C-T complexes with TCNQ
R! IS
S~ ~R®
R? s)=\=< I
8~ TR¢

(45) a R'=R2=SMe, R3=R*=H
b R'=R2=SMe, R3=R%=Me
¢ R'-R?=-S(CH,);S-, R3=R4=H
d R'=R2=R3=R*=SeMe
e R'-R2=-Se(CH,),Se-, R%=R*=Me
f R1-R2=-Se(CH,),Se-, R3=R4=SeMe

Modification of the BDBDT skeleton by replacing the central double bond
of BDBDT with a heterocyclic ring system (furan, pyrrole or thiophene) gave the
n-extended TTF analogues (46) These analogues were prepared via the
Wittig-Horner reaction of the appropriate dialdehyde (47) with the
corresponding phosphonates (48) in the presence of triethylamines8 and have
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low oxidation potentials and reduced symmetry, desirable properties for the
preparation of organic donors (scheme 1 12)

R! s H EtN R1I P/m IR1
OHC—UCHO * I ><PO(OMe) -78°C R?
X R2” S
(47) X=0, NMe or S (48) (46) a R'=R2=CO,Me

b R!-R?=-S(CH,),S-
¢ R!=R2=H

Scheme 1 12

These TTF derivatives are viewed as two dithiole rings separated by four
carbon-carbon double bonds There should be no difference between the E14,

and E2,,, values as Is seen In the furan derivative (E14/2-E24/,=0 0 V) Except

for the furan denvative, all the compounds showed two oxidation waves The
pyrrole derivative has the highest value for AE because In the cation radical,
the mtrogen atom bears the positive charge better than the oxygen or sulphur
atom of the furan and thiophene derivatives respectively The redox properties
of these donors s strongly influenced by the heterocyclic spacer leading to
separate one-electron oxidations Therefore from the results the heteroatom
and the heterocychc ring has a strong influence on the oxidation process

Many more TTF derivatives, prepared by Wittig or Wittig-Horner
reaction®® yielded extended TTFs which are hybrids of TTF and vinylogous
TTFs (1e they consist of three or four 1,3-dithiole rings) Examples of these
Include (49) and (50) These donors showed a decrease In the on-site
Coulombic repuision due to a greater separation of the charges in the oxidised
states of the donor in addition to increasing their dimensionality through S-S

intra- and inter-chain contacts Compound (49) formed C-T complexes with
TCNQ and inorganic anions BuyN*X- (X=ClOy4, BF4, I3)

(49) (50)
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1 B 4 Selenium and Tellurium Organic Metals

The discovery of TTF-TCNQ as the first organic metal stimulated
increased interest in the preparation of analogous derivatives that have
improved metallic properties One area which has been investigated s the
replacement of the sulphur atom in TTF with a heavier chalcogen atom
(1e selenium or tellurum) and its effect on the solid state structure, electrical
conductivity and optical properties of complex salts derived from these donors
It was envisaged that this replacement would (1) increase the dimensionality of
these systems due to the spatial increase of the chalcogen orbitals in the
intrastack direction In order to circumvent the metal-to-insulator transition
present in quasi-one-dimensional conductors, (i) increase the intrachain
interaction to produce a wider bandwidth metal (because of the increased
overlap of the larger and more diffuse p, m-orbitals and d orbitals on the
chalcogen) and higher electrical conductivity but give a lower transition
temperature to a superconducting state than the corresponding sulphur
compound and (in) reduce the on-site Coulombic repulsion due to the more
polarizable selenum or tellurum atom and change the 1onisation potential of
the donor which thus changes the band filling

1 B 4 1 Selemum denvatives

Since the preparation of TTF-TCNQ, attempts have been made to
enhance the metallic properties of the tetrathiafulvalemium radical cation by
replacing the hydrogen atoms on TTF with electron-donating substituents but
such substitution distorted the orniginal TTF-TCNQ crystal structure Therefore
to improve the metallic properties and hence the electron donating properties,
the selenum analogues, tetraselenafulvalene (TSF, 1080 and
tetramethyltetraselenafulvalene (TMTSF, 4)81 were synthesised by phosphine
or phosphite coupling of the appropriate selenone (51) (scheme 1 13)

R? Se Ph3P or P(OMe)3 R? Se Se R
>se > T I
R? Se R? Se Se R?
(51) a R1=R2=Me (4) R'=R2=Me
b R1=R?=H (10) R'=R2=H
Scheme 1 13

The larger and more polanzable selenium atom reduces the Coulombic
repulsions and increases electronic interactions possibly by enhanced overlap
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between the cation radicals The selenium compounds also have higher
oxidation potentials than the corresponding sulphur analogues This
modsfication has kept the steric requirements of the ongmnal TTF-TCNQ
structure constant

However, this method of preparation8! uses malodorous carbon
diselenide An alternative method for the preparation of TMTSF (4) was the
reaction of N N-dimethylphosgene iminium chloride (52) with pipendinium
hydrogen selenide in the presence of base 62 But this involved the use of
highly toxic hydrogen selenide A modification of this procedure was found,83
using (52) and elemental selenium (scheme 1 14) This is the preferred route to
TMTSF (4)

c o
\=(C‘ 2[NaHSe, ECN] 0 -+ L o,sue_

+N B e, N

) c?l 3 DMF N
(52)

Se Se P(OMe) Se NaHSe, Cl-|3002H Se /
j[ ]: r=se < :[ LN
Se \

Se
4)
Scheme 1 14

TSF, TMTSF and HMTSF form C-T complexes with TCNQS0. 61, 64 whch
were more metallic (c4~800-2000 Scm-1) than TTF-TCNQ (o4 500 Scm-1) The
TSF C-T complex had a metal-to-semiconductor transition at 40K, 18K lower
than TTF-TCNQ but the HMTSF C-T complex was the most interesting
because it behaved like a semimetal and did not become an insulator at low
temperature

Another milestone in the development of organic metals was the discovery
that conductivity in the C-T complex between TMTSF and 2,5-dimethyl-
tetracyano-p-quinodimethane (DMTCNQ, 53) was stabilised under pressure
(13 kbar) down to 1K and at ambient pressure a sharp metal-to-insulator
transition occurs at 42K 69
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However, results from magnetic measurements suggested@6 that the
driving force for this transition resided on the TMTSF stacks. As a result of this,
Bechgaard and co-workers synthesised a family of C-T salts based on TMTSF
(Bechgaard salts),l0 containing monovalent charge-compensating anions.
These (TMTSF/X salts were prepared by electrochemical oxidation according
to equation (5):

2nTMTSF + X  —mov > [(TMTSF)” (5)

The (TMTSF)2X salts (X=NO03-, PF6-, AsF6~ SbF6) exhibited high
electrical conductivities (at temperatures <20K) of ~105 Scrrrl and low
temperature metal-to-insulator transitions (12-18K) whereas the BF4‘ salt had a
metal-to-insulator transition at 40K. The application of hydrostatic pressure
(12 kbar) to suppress the metal-to-insulator transition (Peierls-type transition)
led to the discovery6/ of the first organic superconductor [(TMTSF)2PF6,
TC-0.9K], This was followed soon after by the first zero pressure organic
superconductor (TMTSF)2C104 (TC-1.2K).23

In the (TMTSF)2X salts there was no evidence of a Peierls transition
typical of one-dimensional conductors.63 Instead a SDW distortion causes the
metal-to-insulator transition. The reason for the existence of SDW instead of
CDW is not clear but Wudl® explained it on the basis of the "spin-charge
separation and charge-localisation” hypothesis. This hypothesis was based on
two premises: (i) separation of spin and charge in the radical ion
(inhomogeneous charge and spin distribution in TMTSF and a decrease in
conjugation due to mismatch of carbon-selenium orbital size), and
(i) polarisation of the positively charged n-molecular orbital of ~
molecules in one crystallographic direction by adjacent anions. This hypothesis
was further substantiated by comparing the isostructural (TMTSF)2X and
(TMTTF)jX salts.68' 70 The (TMTSF)2X salts have higher room temperature
conductivities and lower metal-to-insulator transition temperatures than their
sulphur counterparts.
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The crystal and molecular structures of (TMTSF~X conductors were
important in understanding their electrical properties and providing information
regarding the design constraints for new conducting materials. The salts of this
series are isostructural, with the same uniform stack of planar TMTSF
molecules which stack in a characteristic zigzag pattern forming quasi-one-
dimensional chains that parallel the axis of highest conductivity (a axis)

(figure 1.12). In contrast to TCNQ-based organic metals, the metallic properties
and superconductivity in the (TMTSF)2X salts are due to selenium

intermolecular orbital overlap.

t>»-0' %

%
LY f*Y Gb

HiIC Se S« CHj
TMTSF

Figure 1.12 Crystal structure of (TMTSF)2Br04 salt, viewed down the stacking
direction (left) and showing the zigzag stacking of TMTSF molecules (right).

The TMTSF stacks are arranged in two-dimensional molecular sheets
which extend in the ab plane and the selenium atoms have fairly close
interstack contact [less than the sum of the van der Waals radii for selenium
(4.0 A)]. Crystallographic studies also revealed the existence of an infinite
sheet network of selenium-selenium interactions between the TMTSF
molecules within which there are short (d<4.0 A) interstack selenium-selenium
interactions (figure 1.12). In (TMTSF~X compounds intra- and inter-stack
selenium-selenium distances are similar at room temperature (~3.9-4.0 A
compared to 4.0 A for van der Waals radius sum). As the temperature is
lowered from 298K to 125K, the ratio of decrease of the selenium-selenium
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distances in the interstack direction 1s approximately twice that compared to the
Intrastack direction This leads to increased interchain bonding and electronic
delocalisation through the selenium atom network as the temperature s
lowered 71 The interchain coupling is important in understanding the properties
of the (TMTSF),X salts

The TMTSF molecules do not form a complete three-dimensional network
because the sheets are separated along the ¢ axis by anions The anions
appear to have no role in the conduction process but influence the properties
by controlling the band filing The origin of the insulating state seems to be
related to the symmetry of the anion When the anion 1s highly symmetric
(octahedral or tetrahedral) the network of selenium-selenium distances
expands and contracts as the size of the anion 1s varned This expansion 1s
accompanied by changes in the crystallographic unit cell volume, V., which
controls the average selenium-selenium distances and so pronounced changes
in the electrical properties occur The tetrahedral antons are smaller than the
octahedral anions and this results in closer packing of the solid The
tetrahedral anion can either introduce anion order which may open a gap at the
Fermi level or anion disorder which may prevent metal-to-insulator transition In
(TMTSF),CI0,4 there 1s no evidence for ordering and it remains metallic down
to ~1 2K where the material becomes superconducting The suppression of the
metal-to-insulator transition 1s ascribed to close packing and disorder effects

An unusual aspect of the crystal structures of (TMTSF),X systems is the
contact between peripheral atoms of the anions and the hydrogen atoms of the
methyl groups of TMTSF and this may be related to the anion-ordering
transitions 72 The anions in these systems reside in a "methyl group hydrogen
atom cavity" Therefore the synthesis of new superconducting matenals
requires anions that interact with the methyl groups in such a fashion that they
produce anion-ordered derivatives

1 B 4 2 Tellunum denvatives

Tellurium analogues of TTF are of synthetic interest because the metals
formed from tellurium donors have wider bandwidths and lower density of
states (same number of levels spread over a larger energy) than the
corresponding selenium or sulphur analogues and it was thought that the
tellunum analogues might also expect to have lower superconducting transition
temperatures However, compared to sulphur and selenium derivatives, the
number of derivatives containing tellurium atoms i1s limited due to synthetic
difficulties encountered with tellurium chemistry
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The first tellunum electron donors, hexamethylenetetratellurafulvalene
(HMTTeF, 54a)’3 and dibenzotetratellurafulvalene (DBTTeF, 54b)’4 were
prepared similarly in 1982 by reacting a 1,2-diithio compound (55) with
elemental tellurium to give 1,2-dilithioditelluride (56) Compound (56) was
reacted with tetrachloroethylene at -78 °C to give DBTTeF and HMTTeF in
36% and 10% yield respectively (scheme 1 15)

R1ILI elemental Te :[TeLl C|C ccl :[[Te Te]:R1
R2 LI Te

Tely
(55) (56) (54) a R!- R2—-(CH2)3-
b R'-R2=-(CH=CH),-

Scheme 1 15

However, this method was not useful for the synthesis of
tetratellurafulvalene (TTeF, 9) or TMTTeF (57) In contrast to TMTTeF
(which 1s still unknown), TTeF has been prepared’> via a transmetallation
reaction using a distannylalkene, 1,2-bis(trimethylstannyl)ethylene (58), to yield
TTeF in 36% yield (scheme 1 16) The yield of TTeF was limited by the
equilibnum of the transmetallation reaction and also by the reaction of
tetrachloroethylene which gives polymeric products However, a recent
synthetic study of TTeF76 has resulted in an optimized preparation and a
reduction in by-product formation TMTTeF, on the other hand could not be
prepared from an acyclic dibromide because metal halogen exchange yields an
acetylene due to the elimination of lithium bromide

Ri—-SnMe o Rl gementalTe  R'~y-Tel
- —» —_—»

SnMe3 R? SnMe3 R2 SnMe3

l"BuLl

lelementai Te

" (58)

R? :[[Te Te R C|2C:CC|2 R Tel,
= — T
Telt
(9) R'=R2=H
(57) R'=R2=Me
Scheme 1 16
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In addition to these tellurium containing donors, tetraalkyltellurum (59)342
and ditelluride derivatives (60)7728 and (61)770 have also been synthesised
Compound (59) forms a mixed stack complex with TCNQ, having a room
temperature conductivity of ~10-2 Scm-1

RT€~.S S~.TeR S Sl Te __s S
=T =T TH=]
RTe” S S” ~TeR S S s s

(59) (60)

S Swyr 1855 S
(=1 =]
(61)

HMTTeF, DBTTeF and TTeF all exhibited two reversible one-electron
oxidations of (E11/2=+0 40 V, E21/2=+0 69 V), (E11/2=+0 71V, E21/2=+1 05 V)

and (E1,,,=+059 V, E2;,,=+0 84 V) respectively Compared to their sulphur
and selenium counterparts these tellunum analogues have the smallest AE
values, the order being S>Se>Te and so there was no correlation between the
oxidation potential and the size of the heteroatom Thus Wudl and
Aharon-Shalom suggested’3 that the ionisation of the sulphur fulvalene occurs
primarily from the n-bonded network and that in the teliurium fulvalene it
originates from the tellunum lone pairs However, this explanation seems less
likely than the one given by Lerstrup and co-workers who suggested’4 that the
lonisation was influenced by two factors which have opposite effects in the
series sulphur, selenium, tellurnum These are the valence state ionisation
potentials and the differences In their orbital interactions with carbon Thus the
resonance integral Be.x becomes smalier due to larger C-X bond distances
(X=S, Se or Te), and this stabilises the HOMO making 1t harder to remove an
electron However, the valence state ionisation potentials decrease in the
series S, Se, Te and has the opposite effect to that caused by B re 1t 1s easy to
remove an electron and this may account for the unusual trend In E¢/, values
The value of AE decreases in the series S>Se>Te which suggests that the
Intramolecular Coulomb repulsion energy decreases in the order Te<Se<S 78
In contrast to DBTTeF and TTeF, for which few metallic complexes have
been prepared, HMTTeF has formed C-T complex salts [(HMTTeF),X] with
inorganic anions (X=CI-, Br-, I-, PFg, AsFg~ and CIO,) and with TCNQ 73 The
PFg-, AsFg~ and CIO4~ salts were semiconductors whereas the TCNQ

complexes form both conducting and semiconducting crystals 7¢
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As seen from the above information numerous TTF derivatives are now
avallable These derivatives offer a wide range of steric and electronic
variations on the TTF molecule ranging from substitution of sulphur atoms with
selenium or tellunum to derivatives with fused heterocyclic rings and extended
n-orbital frameworks The search for new organic conductors and
superconductors 1s still active with the main emphasis on the solid state
properties of TTF salts and ultimately higher temperature organic
superconductors
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1 C Electron Acceptors

1 C 1 Introduction

The development of electron acceptors with planar geometry and a
delocalised n-electron system 1s a prerequisite for the formation of C-T
complexes Many organic compounds function as acceptors in C-T complexes,
among the most common being p-benzoquinone and its derivatives (62),80
anhydrides of carboxylic acids and their halogenated derivatives (63)800 and
acid chiondes (64) 80b However, it was the presence of the powerful electron-
withdrawing cyano group and its inferred high electron affinity that led to cyano-
containing molecules being investigated as potential electron acceptors The
cyano-alkene, tetracyanoethylene (TCNE, 65) was one of the first to be
investigated 81 It formed C-T complexes with a vanety of donors and was the
precursor to cyano-based acceptor molecules of today Extending the
conjugation between the cyano groups of TCNE led to the discovery of 7,7,8,8-
tetracyano-p-quinodimethane (TCNQ, 2)7 which was one of the most
extensively studied electron acceptors 20

O o)
R R4 R? R cocl NC CN
0 I =
R2 R3 R2 R2 COClI NC CN
0 O

(62) a R'=R2=R3=R%*=H (63) a R1=R%=H (64) a R'=R2=H (65)
b R'=R2=R3=R4=C| b R'=R2=-(CH=CH),- b R!=R2=-(CH=CH),
¢ R'=R2=R3=R*=Br ¢ R'=H, R2=CI
d R'-R2=-(CH=CH),-,
R3=Ré=H

e R'=R2=R3=R%=CN

NC~p—CN NC
R' R NC /= CN
= = o
R? R Ne X oN NC
NC™ —CN CN
(2) R'=R2=R3=R*=H (67) X=S, Se, O (68)

(66) R'=R2=R3=R4=Me

in addition to TCNE and TCNQ a large variety of electron acceptors containing

the cyano group have been prepared These include substituted (66),

heterocyclic (67) and =-extended (68) TCNQ derivatives along with
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N,N'-dicyanoquinonedimines (69) In recent years two other families of organic
n-acceptor molecules, metal(DMIT), (70) and buckminsterfullerenes (6), have

been prepared Both of these form superconducting C-T salts

CN
$
N
N\ S-S S~—-S  |2-
| s=< M =s
s~8 §7 s

N\‘
A
CN

(69) \ (70) )

1 C 2 Synthesis and Properties of TCNQ

TCN(}/ was intially synthesised in 19607 1t was prepared by the
condensation of cyclohexane-1,4-dione (71) with malononitnile followed by
bromination/dehydrobromination  of  1,4-bis(dicyanomethylene)cyclohexane
(72a) in the presence of pyndine (scheme 1 17) Condensation 1n benzene
solution In the presence of a small amount of acetic acild and ammonium
acetate afforded a mixture of isomers (72a) and (72b) but condensation n
aqueous solution in the presence of B-alanine afforded (72a) only

o NC——CN NC~,—~CN NC~,CN
CHz(CN)2 Brzl pyrdine -
e + —_—
o NC™ —CN NC™ ~CN NC™ ~CN
)] (72a) (72b) (2)
Scheme 1 17

The presence of four electron-withdrawing cyano groups and the planarity
of TCNQ 1s responsible for its unique =-acid character It undergoes 1,6-
addition” as well as substitution reactions with nucleophiles 82 In some cases
the substitution reactions proceed via a one-electron transfer from donor to
acceptor with the formation of an intermediate radical ion salt TCNQ also
forms stable radical anions83 and gives rise to C-T complexes with many
organic and inorganic electron donors 20 These C-T complexes exhibit a wide
range of electrical properties from Insulators, pyrene-TCNQ,20 to
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semiconductors, morpholinium-TCNQ,20 to even metals, N-methylphenazinium-
TCNQ 84

O H.*.H Me
P Q0 o
() o P
Pyrene Morpholinium N-Methylphenazinium

In the early 1960s conductivities as high as 102 Scm-1 were reported for
C-T complexes of TCNQ29 but it wasn't until the discovery of TTF-TCNQ? that
a major breakthrough In the field of C-T complexes occurred The TTF-TCNQ
C-T complex showed metallic conductivity (c4=500 Scm1) with a maximum of
ca 104 Scm-1 at 59K, where it undergoes a metal-to-insufator transition The
typical structural features that makes the TTF-TCNQ C-T complex so highly
conducting 1s the plananty and high degree of symmetry of both molecules with
n-delocalisation extending throughout Both the 1onisation potential of TTF and
the electron affinity of TCNQ favour incomplete charge-transfer (0 59) The
crystal structure of TTF-TCNQ17 consists of parallel columns of segregated
stacked TTF and TCNQ molecules which are uniformly spaced (figure 1 13)
Both TTF and TCNQ stack face-to-face with considerable n overlap The
strength of this overlap 1s indicated by a 317 A stacking distance in the
TCNQ-* column compared with 3 45 A in neutral TCNQ and a 3 47 A stacking
distance in the TTF-* column compared with 3 62 A In neutral TTF Within the
TTF and TCNQ columns there is a 'ring-over-bond' overlap 1 e the exocyclic

carbon-carbon double bond lies over the ring of the molecule adjacent to it in
the stack 17

3478

3178

Figure 1 13 Crystal structure of TTF-TCNQ
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C-T complexes of the electron donors tetramethyltetrathiafulvalene
(TMTTF, 17a),25 tetraselenafulvalene (TSF, 10),60 tetramethyltetra-
selenafulvalene (TMTSF, 4)81 and hexamethylenetetraselenafulvalene
(HMTSF, 8)84 with TCNQ have also been prepared These C-T complexes
exhibited room temperature conductivities of ca 103, 800, 800 and 2000 Scm-1
respectively The conductivity of the TSF-TCNQ complex rises to 105 Scm-! at
40K and thus is a better conductor than the corresponding TTF complex The
HMTSF-TCNQ complex remains metallic as the temperature approaches zero

Rl~merS SR Rl~Se Sew R
T=T TI=T
RZ~g S~ ~R® R~ ~Se Se” “R®
(3) R'=R2=R3=R%=H (4) R'=R2=R3=R4=Me

(17a) R1=R2=R3=R%=Me (8) R'-R?=-(CH,)5-, R3-R*=-(CH,)4-
(10) R'=R2=R3=R4=H

Since the preparation of the TTF-TCNQ C-T complex and the discovery
that TCNQ radical anions are semiconductors,’2 a lot of research has been
devoted to the synthesis of new electron acceptors with enhanced electrical
properties The synthests of TCNQ derivatives has followed three main routes

(1) substitution of the hydrogen atoms on the parent TCNQ molecule with
alkyl, alkoxy, thioalkyl, halogeno and cyano groups This allows variation
of band filing as well as nterstack Interactions and so the redox
properties of TCNQ can be finely tuned

(1) extension of the & system This reduces the on-site Coulomb repulsion
thus leading to more stable radical anions and is important for attaining
high electricai conductivity

(u) introduction of heteroatoms into the TCNQ molety (heterocyclic-
TCNQs) The heteroatoms reduce the on-site Coulomb repulsion and also
participate In interheteroatom interactions which suppress the metal-to-
insulator transition leading to superior electrical conductivities in organic
metals

1 C 3 Substituted TCNQ Denvatives
One of the early routes to substituted TCNQs proceeded from p-xylylene
dihalides (73) wvia 1,4-di(cyanomethyl)benzene  derivatives  (74)85
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(scheme 118) This procedure Involved the conversion of (74) into
dimethyltetracyano-p-phenylenediacetate  derivatives (75) followed by

/ hydrolysis, decarboxylation and bromine oxidation to afford the substituted
TCNQs (76)

COMe
CN1 (1) NaOMe NG

NaCN R _Meo0 (1)KOH
(2) CICN Rz (2) HCI o
3 Br

CO Me

2

(73) R'=R2=alkyl, alkoxy,  (74) (75) (76)

thioalkyl, cyano,

halogeno
Scheme 1 18

TCNQ derivatives with alkyl, alkoxy, thioalkyl, halogeno and cyanc substituents
In the ring have been synthesised using this procedure 852 For example,
tetrafluoro-TCNQ (7) was prepared by reacting hexafluorobenzene with t-butyl
malononitrile In the presence of sodium hydride Thermolysis of the resulting
product (77) followed by bromine oxidation gave compound (7) (scheme 1 19)
2,5-Dicyano-TCNQ (78) was similarly prepared from 2,5-dichloro-
terephthalonitrile (79) (scheme 1 19)

1 H
F NC——CN NC CN NC~,~CN
F F F F F F F F
NaH “ A ) B "
CN NN '
F F ‘ | , F F _> F F F F
—— H
an @
ol NC~—~CN
N Nan A B, CN
o > >
NC ‘ ‘ y _> NC
Ci oN NC CN
79) (78)
Scheme 1 19
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An alternative route to substituted TCNQs involved the condensation of
alkyl cyciohexane-1,4-dione derivatives with malononitrile86. 85b analogous to
that used for the preparation of TCNQ This procedure has been used for the
synthesis of methyl-, 2,5-dimethyl- and 2,5-diethyl-TCNQ dervatives (80a-c)
Derivatives (80d-f)852 along with tetramethyl-TCNQ (80g) are also known 87

NC CN
R R*
R? R3

NC CN

(80) a R'=R2=R3=H, R4=Me
b R1=R3=H, R2=R%=Me
¢ R'=R3=H, RZ=R4=Et
d R'=R3=H, R2=R4=IPr
e R'=R3=H, R2=0Et, R*=0OMe
f R'=R3=H, R2=I0OPr, R4=OMe
g R'=R2=R3=R4=Me

1 C 31 C-T Complexes of Substituted TCNQ Denvatives

Wheland and Gillson prepared over eighty C-T complexes to investigate
the factors required for high conductivity 18 The majority of acceptors in these
C-T complexes were TCNQ derivatives and the electrical conductivity was
correlated with redox potentials, heavy atom substitution and steric factors 88 It
was found that stronger acceptors (e g TCNQF4, 7) for which complete

electron transfer i1s most likely, gave poorly conductive complexes whereas the
weaker electron acceptors (eg TCNQEt,, 80c) gave highly conductive

complexes High conductivity was shown to be associated with moderately
strong electron acceptors (-002 V<El;,<+035 V) in combination with
moderately strong donors (-0 1 V<E1,,,<+0 4 V) such that the redox potentials
are closely matched [E14,»(A)-E?4/2(D)<0 25 V] This correlation was subject to

the strict requirements of crystal structure High conductivity also required the
anion or cation radical to stack on top of itself closer than van der Waals radu
Substitution of the TCNQ moiety with increasingly large groups appears to
have only a minor effect until five to six side chain carbons or oxygens have
been added Beyond this point a breakdown in conductivity occurs For
example, the resistivities of the TTF complexes with diethyl- and dusopropyl-
TCNQ derivatives (80c and d) increase from 01 Qcm to 210 Qcm
Tetrathiatetracene (TTT, 81) forms a C-T complex with TCNQ(OMe)(OEt) (80e)
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but does not complex with TCNQ(OMe)('OPr) (80f) Tetramethyl-TCNQ (80g),
on the other hand, does not form C-T complexes with TTF, TMTTF or
TMTSF 87 This 1s due to distortion from planarity as a result of steric interaction
of the methyl groups 8°

CLC

A comparison of the reduction potentials of the substituted TCNQs
(table 1 1) shows that replacing the hydrogen atoms of TCNQ with alkyl groups
results in poorer electron acceptors TMTCNQ (80g), in contrast to the mono-
and 2 5-substituted derivatives, shows a single redox wave (E'4,,=-0 405 V)
corresponding to a two electron process This coalescence of the first and
second reduction potentials was attributed to its distortion from pianarity 87

Table 11 Cyclic Voltammetry Data for Substituted TCNQ Denvatives
(measured in acetonitnle)

Compound Rl RZ R3 R4 | E'yo/V | E2;o/V | Ref
NC~p—CN H H H H | +019 035 85b
R’ R H H H Me | +017 034 85b
. oo H Me H Me | +011 035 85b

H Et H Et| +012 -0365| 85b
NC CN

Me Me Me Me -0 405 (2e") 87

1 C 4 Alternative Routes to TCNQ Derivatives

TCNQ derivatives have been synthesised from either cyclohexane-1,4-
dioned8 or 1,4-di(cyanomethyl)benzene derivatives 858 The latter procedure
was tedious and used the electrophilic cyanating agent, cyanogen chloride for
the formation of the dicyanomethylene group Thus aiternative approaches to
TCNQ derivatives were required, and the new methods subsequently
developed were
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(1) Bis(dicyanomethylenation) of 1,4-quinones using malononitnle and Lehnert's
reagent (titanium tetrachlonde and pyndine)90 (scheme 1 20)

This method affords ready replacement of the carbonyl group with a
dicyanomethylene and s generally applicable®’. 81 to tetrasubstituted
derivatives The ttanmum tetrachloride promotes nucleophiic addition
specifically to the carbonyl by complexing with carbonyl oxygen and in doing so
inhibits 1,4-additions to the carbon-carbon double bond

o NC—CN
{ } TICl/ pyndine { }
>
d-12(CN)2
o NC™ ~CN
Scheme 1 20

However, this method failed with bis(phenyithio)benzoquinones (82a) and (82b)
affording the 1,4-addition products followed by cyclisation to yield (83a) and
(83b) respectively 92

o OH OH
(U\ PhS SPh SPh
1
PhS~+ -+SPh
U\n)' CN PhS cN
o} 0
Y NH NH

2 2

(82) a 2,5-1Isomer (83a) (83b)
b 2,6-1somer

Recent investigations by Bryce and co-workers®3 showed that reaction of
quinones (84) with malononitrile n the presence of Lehnert's reagent afforded
mono-dicyanomethylated products (85) along with phenol products (86) This
differs from previously reported data87. 94 which yielded TCNQ derivatives (87)

o NC——CN e N NG~y CN
I CN 1 4
R? R R! R4 Rt by R R
2 3 2 3
R ) R R2 R? R? RS R R
(@]
OH NC CN
(84) a R'=R2=R3=R%=H (85) (86) (87)

b R'=R2=R3=R4*=Me
¢ R1-R2=R3-R4=-(CH=CH),-
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The phenolic products arise by 1,6-addition of malononitrile to quinomethanide
system followed by 1,2 elimination of hydrogen cyanide In the presence of
Lehnert's reagent TCNQ formation (1,2-addition) 1s usually the major or sole
pathway However, Kini and co-workers87 obtained phenolic products (86)
along with TCNQ derivatives (87) Other workers also reported®S that several
dervatives of quinone (88) could not be converted into TCNQ derivatives using
Lehnert's reagent Instead, quinomethanides (80) and phenolic products (91)
were isolated (scheme 1 21)

oo == e

(88) (89)
oo
H
CN NC——CN
NC~== NC——CN
0 - OO0
Y o
OH
(91) (90)
Scheme 1 21

(n) Palladium(0)-Catalysed Substitution of Dihaloarenes

1,4-Diiodobenzenes (92) react with malononitrile anion in the presence of
a palladium catalyst to yield phenylenedimalononitrile derivatives (93) which
are readily oxidised to yield the TCNQ system (94)89, 962 (scheme 1 22)
Heterocyclic-TCNQs have also been synthesised by this method

The reaction pathway I1s postulated®6P as proceeding via the nitially
formed arylpailadium intermediate (95) which can undergo displacement of the
halide when reacted with malononitrile anion Rearrangement affords the
coupled product (96) (scheme 1 23)

49



H
[ NC——CN NC~r—CN
R’ Pd(0) R Oxidation R
_— e
R? 'CH(CN)Z R2 R2
H

(92) a R'=R2=H (93) (94)
b R'=R2=Me
¢ R'=R2=Et
d R'=R?=OMe
Scheme 1 22
Ar CH(CN), Pd(0)
(96) Ar X
Ar—Pd-CH(CN)2 Ar-Pd-X (95)
X~ CHEN)
Scheme 1 23

(m) Cyanotnmethyisilylation/Desiloxylation of Terephthaloyl Chlondes

Terephthaloyt chlorides (97) react with an excess of cyanotrimethylsilane
In the presence of pyridine to produce 1,4-bis[dicyano(trimethylsiloxy)methyl]-
benzenes (98) ®7 Treatment of (98) with phosphorus oxychioride yields the
TCNQ derivatives (99) (scheme 1 24)

OSiMe3

CocClI NC CN NC—,—CN

o} O o)
~"onc Me SCN OAc  POCL ~"0Ac
pyndine pyndine

cocl NC——CN NC==CN
OSiMea

97) (98) (99)
Scheme 1 24
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(iv) Reaction of Arylacetonitrile Anions with an Electrophilic Cyanating Agent
Reaction of 1,4-di(cyanomethyl)benzenes (100) with 2-chiorobenzyl

thiocyanate in the presence of lithium diusopropylamine followed by bromine

oxidation of (101) afforded the TCNQ derivatives (102)89. 98 (scheme 1 25)

H
1N NC~—~CN
R4 Br R R4
— 1 —
RS RZ R3
CHCN —T N NC™ ~CN
H
(100) a R'=R3=H, R2=R4=C| (101) (102)
b R'=R3=H, R2=R%=Br
¢ R1=R3=H, RZ=R4%=0OMe
d R'=R2=R3=H, R4=CO,Me
Scheme 1 25

2-Chlorobenzyl thiocyanate in contrast to the other electrophilic cyanating
agent, cyanogen chloride, does not react with the phenylmalononitrile anion to
form the tricyanomethyl group Thus there i1s no need to insert and then remove
the ester groups (1e proceed via dimethyl tetracyano-p-phenylenediacetate
derivatives) as was previously necessary 852 In additon to this, electron-
withdrawing, electron-donating and ring-fused TCNQ derivatives can be
prepared In a one-pot procedure using 2-chlorobenzyl thiocyanate
Arylselenocyanates (103a) and (103b) also function as electrophilic cyanating

agents 98b
s

(103) a X=NO,
b X=CF,

1 C 5 n-Extended TCNQ Denvatives
Minimum Coulomb Interaction is required to achieve a metallic state 99

The difference, AE, between the first and second reduction potentials
(AE=E14,0-E2,,5) 1s a measure of the Coulomb interaction, with smaller values

of AE being desirable Theoretical studies suggested®® that extension of the
n-system of TCNQ would lower the intramolecular Coulomb repulsion and thus
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maintain a metallic state in organic systems The first n-extended TCNQ
derivative prepared was 11,11,12,12-tetracyano-2,6-naphthogquinodimethane
(TNAP, 68), which was synthesised® from 2 6-dicyanomethylnaphthalene
(104) in severail synthetic steps (scheme 1 26)

NC H
CH CN B
e e LI e
NCH C (EtO)zCO H

2

COZEt
(104) (105)
aq NH3
POCI
3
NC NC H
CN NBS N
<
NC NC
CN H on
(68) (106)

Scheme 1 26

This synthetic route was hampered by the fact that
2 6-naphthalenediacetonitrile (106), the precursor to (68), was only obtained In
25% yield However, an improved synthesis of (106) and subsequently TNAP
was reported soon after,100 and recently Bryce and co-workers reported its
synthe5|s' In three steps from 2,6-dicyanomethylnaphthatene (104) and
2-chlorobenzyl thiocyanate but lower yields were obtained 98¢ TNAP
undergoes two, one-electron reductions (E14,,=+0 21 V, E2,,,=-0 17 V) to the
corresponding radical anion and dianion 101 It readily undergoes chemicai
reduction to give anion radical salts of TNAP-® and also forms C-T complexes

with HMTSF and TTF The HMTSF complex exhibits high conductivity at
ambient pressure and low temperature (c3gpk=2400+/-600 Scm1,

o50k=15,000 Scm-1)102a whereas the TTF complex has room temperature

conductivity of 40 Scm-1 and wirtually no temperature dependence down to
185K where a sharp metai-to-insulator transition takes place 1020

Soon after the preparation of TNAP, and in keeping with the desirable
features of extended © conjugation and high degree of symmetry, the synthesis
of the electron acceptor, tetracyanodiphenoquinodimethane (TCNDQ, 107) was
investigated 100. 103 However, initial attempts to isolate TCNDQ failed,10? due
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to its instability This instability was attributed to the repulsive interactions of
the biphenylic hydrogens Formation of a polymeric material resulted but
dianion salts with alkall metais and tetraalkylammonium counterions were
prepared 107 TCNDQ was eventually synthesised by deprotonation of dihydro-
TCNDQ (108) followed by electrochemical oxidation of the resultant dianion 104
The tetrahydropyrene analogue, TCNTP (109) was similarly prepared but can
also be chemically synthesised 194. 105 Catalytic dehydrogenation of TCNTP
followed by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) oxidation
afforded the pyrene analogue TCNP (110) 106

NC CN CN CN
a®ats anUa Ve
NC CN CN CN

(107) (108)

NC CN NC CN
NC CN NC CN

(109) (110)

C-T complexes of TCNDQ with TTF, and TCNTP with TTF and TMTTF
have been isolated, 104 the latter complex showing a room temperature
conductivity of 02 Scm-1 105 Cyclic voltammetry studies showed that TCNDQ
and TCNTP undergo two one-electron reductions 104, 105 The difference, AE,
between the first and second half wave potentials for TCNDQ (AE=0 16 V),
TCNTP (AE=023 V) and TCNP (AE=0 30 V) i1s smaller than that found for
TCNQ (AE=0 42 V) or TNAP (AE=0 38 V) Therefore there is a reduction in the
intramolecular Coulomb repuisions resulting from © conjugation

The synthesis of the first TCNQ-fused aromatic system, 11,11,12,12-
tetracyano-1,4-naphthaguinodimethane (TCNNQ, 111), usually named benzo-
TCNQ was reported in 1967 107 This was prepared by Knoevenagel
condensation of ¢is-2,3,5,8,9,10-hexahydro-1,4-naphthoquinone (112a) with
malononitrile followed by bromination/dehydrobromination of the resulting
product (112b)
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NC CN X

NC CN X
(111) (112) a X=0
b X=C(CN),

However, 1t wasn't until the early 1980s that the synthesis of ring-fused
TCNQs was extensively studied The first TCNQ analogues fused to two
benzene nings, 11,11,12,12-tetracyano-1,4-anthraquinodimethane (1,4-TCAQ,
113) and 11,11,12,12-tetracyano-9,10-anthraquinodimethane (9,10-TCAQ,
114a) were synthesised by Yamaguchi and co-workers 108 9 10-TCAQ was
simultaneously prepared by the Matsushita Electric Industrial Co in Japan,109
Aumuller and Hurig94a and Kini and co-workers 110 Extending the = structure
of 9,10-TCAQ both symmetrically and asymmetrically by benzannulation
afforded TCPQ (114b) and 1ts analogue (114c) 91. 111 1 4-TCAQ was prepared
in low yield (54%) from 1,4-bis(bromomethyl)anthracene (115a) using a
multistep procedurel®® but recently an mmproved one-step synthesis
(58% yield) from the corresponding quinone using Lehnert's reagent was
reported 112

NC CN NC CN
9¢ b e e od
O D00
NC™ ~CN NC™ ~CN
(113) (114) a R1=R2=R3=R4=H
b R1-R2=R3.R4=-(CH=CH),-
¢ R1-R?=-(CH=CH),-, R®=R*=H
CH2X o
(115) a X=Br (116)
b X=CN
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1.C.5.1 Electrochemical Properties of n-Extended TCNQ Derivatives

The electrochemical data (table 1.2) reveals that in general the first and
second half-wave reduction potentials of the t-extended TCNQ derivatives
have more negative values compared to TCNQ which implies that they are
poorer electron acceptors. In addition to this, as the number of fused benzene
rings is increased, the strength of the acceptor is lowered i.e. TCNQ>benzo-
TCNQ>9,10-TCAQ. This decrease in redox potentials was attributed to the
distortion of the TCNQ moiety which on extension of the n system adopts a
butterfly-like conformation i.e. the dicyanomethylene groups fold in opposite
directions and a boat conformation is obtained for the TCNQ ring. This
molecular deformation occurs to avoid the steric interactions between the
dicyanomethylene groups and the peri-hydrogens. This was confirmed by X-ray
crystal structures of benzo-TCNQ (111),113 9,10-TCAQ (114a)l14 and
10-(dicyanomethylene)anthrone (116).115

In an attempt to overcome this deformation, a thiophene ring was fused to
the TCNQ system. The sulphur-containing TCNQs (117a) and (117b) were
prepared from the corresponding quinone and Lehnert's reagent.l16 The
sulphur atom can participate in inter- and intra-stack interactions and
consequently the conductivity and stabilisation of the metallic state are
enhanced. The presence of a ~-system in these molecules lowers the Coulomb
repulsion energies in the dianion species. However, the X-ray crystal structure
of (117a) shows a highly distorted non-planar structure and its cyclic
voltammogram reveals a two-electron single wave reduction to the dianion.1163
This is in agreement with the previously described two-electron reduction
observed for 9,10-TCAQ (114a) (table 1.2) but contrasts to previously reported
thiophene-TCNQs (118-121) which show two single electron waves.ll/ The
data obtained shows that (117a and b) are not as good electron acceptors as
TCNQ but (117a) is a better acceptor than 9,10-TCAQ (114a). This could be
accounted for by the more planar structure of (117a) compared to 9,10-TCAQ.
The presence of an additional fused ring on (114a) and (117a) leads to a more
severe deviation from planarity as confirmed by UV/visible spectroscopy and
the shifting of the conjugated cyano group vibration in the IR spectrum.
Coalescence of the first and second reduction potentials has been observed for
the closely related 9,10-TCAQ (114a), TCPQ (114b) and TMTCNQ (80g) and is
attributed to the lower stability of the anion radicals of the tetrasubstituted
TCNQ rings. Some of the K-extended derivatives form radical trianions. It was
suggested118 that the third electron enters the central arenediyl fragment which
is the next LUMO (NLUMO).
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Table 12 Cyclic Voltammetry Data for nExtended TCNQ Denvafives
(measured in acetonitnie unless otherwise stated)

Compound Solvent |E'12 |E212 | AE | E312 | E*12 | Ref
volts | volts volts | volts
NC CN
@l +008 -048 056 108
NC CN
(2) TCNQ
NC
. +021 017 038 87
NC
CN
(68) TNAP
NC CN
)=<:>=C>=( +013 -003 016 101
NC CN
(107) TCNDQ
NC CN
+0012 0214 023 105
NC CN
(109) TCNTP
NC CN
l: [ ] 004 -041 037 108
NC CN
(111) Benzo-TCNQ
NC I CN
OO‘ 018 -048 030 108
|
NC CN
(113) Naphto-TCNQ
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(114c)

NC CN

]

NC~ —CN
(117a)

(117b)

NC CN
S S
NC CN

(118)

DMF

-0 285 (2¢7)

-057 -091

044 093

-0 18 (2¢)

-0 37 (2e)

+013 -019

-2 06

034 -161
043 -185
032

110

111

111

116b

116b

117
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NC CN
S
s +013 -021 034 117

NC CN DMF
(119)
NC CN
S
&#S 014 041 027 117
NC CN DMF
(120)
NC CN
S#S 047 -073 024 117
NC CN DMF

+026 +005 021 044 053 119

Attempts to prepare C-T complexes of the n-extended TCNQs with strong
donors such as TTF was unsuccessful probably due to distortion of the
benzene rings However, the heterocyclic compounds (118) and (119) form C-T
complexes with TTF which are conducting (c4=0 9-4 8 Scm'!) and OCNAQ
(122) forms a semiconducting complex with TTF which has a conductivity of
10-2 Scm-1 119

1 C 6 Heterocyclic-TCNQs

The development of new electron acceptors with small on-site Coulomb
repulsion and better overlap have been extensively studied in an attempt to
obtain new TCNQ analogues This has already been exemplified in the last
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section with the n-extended TCNQs However, another way in which the on-site
Coulomb repuision may be reduced is by introducing heteroatoms into the
TCNQ system These heteroatoms can participate n interheteroatom
Interactions and in contrast to benzenoid systems they can prevent the
unfavourable steric interaction between the cyano groups and the
per-hydrogens Therefore they can Influence the metallic properties
Heterocyclic-TCNQs, or hetero-TCNQs as they are commonly called, are very
stable and avoid the steric Interactions In lnearly conjugated systems
[eg compound (128)] by taking the trans conformation Hetero-TCNQs are
synthesised by two methods

(1) Gronowitz and Uppstrom reaction of tetracyanoethylene oxide (TCNEQO) with
heteroaromatic halides (123) (scheme 1 27) 120

0O NC — CN
Br_é Q_Br + NCo/ALLN )=£_)=( + 2COCN) *+ Br
NC CN ve X o 2 T2

X

(123) a X=S (124)
b X=Se

Scheme 1 27

The mechanism Is thought to be rather complex and 1s likely to invoive the
thermal dissociation of TCNEO into dicyanomethylene (125) and carbonyl
cyanide (126) (scheme 1 28) followed by cycloaddition of carbene (125) to the
2,3 and 4,5 double bonds affording (127) This product rearranges yielding
(124) Support for the mechanism was the fact that tetracyanoethylene was
observed as a minor by-product in the reaction

0 NC
NCys \CN —> C + COCN)
NC CN NC 2
(125) (126)
NC NC  p\ CON NC F/~ CN
BﬂBr* 2 C——DNCWCN———D )=[_)=(
X NC Br X Br N X CN
(127 (124) a X=S
b X=Se
Scheme 1 28
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(n) Palladium(0)-catalysed substitution of aromatic halides with sodium
dicyanomethanide and successive oxidation 96b, 121

The malononitrile anion reacts with aryl halides in the presence of a
palladium catalyst to give product (128) (scheme 1 29) The mechanism of this
reaction was previously shown in secton 1 C4 and involves the inital
formation of an arylpalladium intermediate The final dehydrogenation step was
accomplished using bromine, DDQ or lead tetraacetate

1 e—
o ( )NaCH(CN)z, Pd(PhaP)4 NC o CN
B Br —>»
0 o (2) DDQ NG 0 0 N

(128)

Scheme 1 29

2,5-Bis(dicyanomethylene)-2,5-dihydro-thiophene (124a) and
-selenophene (124b) were the first heterocyclic TCNQs to be prepared 120 This
was achieved by heating 2,5-dibromo-thiophene or -selenophene and
tetracyanoethylene oxide under reflux in 1,2-dibromoethane Distillation of
carbonyl cyanide from the reaction followed by work-up procedures afforded
the required products (124a) and (124b) respectively Similarly prepared using
this procedure was the furanoquinoid analogue (129),122 the extensively
conjugated homologues (130)123 and (131a and b)'23b and the fused
homologues (132a) and (133) 124

R R R!
NC C—j_ CN NC X CN NC X CN
Ne © o N X oN Ne X X eN
R RZ2 Rz2
(129) (130) a X=S, R=H (131) a X=S, R'=R2=H

b X=Se, R=H b X=Se, R1=R2=H
¢ X=0, R=H ¢ X=0, R'=R2=H
d X=0, R=Br d X=0, R'=Br, R=H
e X=0, R'=R2=Br
NC):FQZ(CN ”CmCN
CN

Ne S R Nne S S o
(132) a R=H (133)a R=H
b R=Br b R=Br
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The heteroquinoild TCNQs (131c-e),122 (134) to (136)125 and the
vinylogous hetero-TCNQ (137)126 were prepared by palladium (0)-catalysed
substitution of aromatic halides with sodium dicyanomethanide

NC s S CN
CN NC NC - CN
(134) (135)
Rl R?
NC S CN NG N
NC S S
S
NC CN N
R3
(136) (137) a R'=R2=R3=H

b R1=H, R2=R3=Br
¢ R'=R?=Br, R3=H

1 C 6 1 Electrochemical Properties of Heterocyclic-TCNQs

From the cyclic voltammetry data (table 1 3) of heterocyclic-TCNQs it can
be seen that they are generally weaker electron acceptors than TCNQ This
reflects the decrease In aromaticity of the central heterocyclic moieties formed
upon reduction 127 For the same reason, within the furan, thiophene and
selenophene series the electron accepting ability increases in the order
thiophene>selenophene>oxygen However, the differences between the first
and second reduction potentials (AE) become smaller when the conjugation s
expanded 1 e AE of (131a-c) 1s almost zero Therefore they have the attractive
features of strong electron affinities and reduction of on-site Coulombic
repulsion which 1s a requisite for components of C-T complexes The acceptor
abilities may be improved by the introduction of additional electron-withdrawing
groups 124b

1 C 6 2 C-T Complexes of Heterocyclic-TCNQs

Contrary to the fact that the heteroquinoid analogues (124) and (129) and their
conugated and fused homologues (130-133) have poor electron accepting
abilities compared to TCNQ, they form C-T complexes with TTF The
thiophene-fused derivative (132a), which s 1soelectronic with TNAP, also forms
C-T complexes with HMTTeF124b and BEDT-TTF 128 The dibromo derivative
(132b) also formed a C-T compiex with HMTTeF exhibiting a room temperature
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Table 13 Cychc Voltammetry Data for Heterocyclic-TCNQs (measured in

acetonitnle unless otherwise stated)

Compound Solvent | EY12/V | E240V AE Ref
NC——CN
I +0 08 -0 48 056 108
NC™ —~CN
(2 TCNQ
NC == CN
)=(_)=( +003 055 058 122
Ne 9 on
(129)
NC CN
% 009 031 022 122
ne O = N
(130c)
Br
NG oo ™ +008 012 020 122
ne © CN
Br
(130d)
NG oo [\ W -0 09 (2e7) 122
ne © = O oy
(131¢)
Br Br
NG o CN 001 (2¢) 122
ne © O N
(131d)
Br Br
NG o CN +0 14 (2¢) 122
ne © ° o
Br Br

(131e)
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NC [\zj CN
S

o, " +0068 0259 0612  123a
(124a) ~
NC s CN
)=(=\»=(_7=( 0026 0259 0285  123a
Ne S = N
(130a)
NC — CN
S -0 028 (2¢7) 123a
NG O S o
(131a)
NG CN 4003  -054 057 123b
NG S N
(124b)
NC — Se CN
)=[_3=‘=7=( 005 -025 020 123b
Ne  Se CN
(130b)
NG se. [\ W -0 07 (2¢7) 123b
NG Se Se CN
(131b)
s CN
NC>=(=S:7=( #0058 -0355 0413 124a
CN
N
(132a)
S
NG CN
m +0048 0288 0336 124a
Ne S8 o
(133a)
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NC S S CN +0 26 -001 027 125a
CN NC DMF

(134)
NC} Sl Q S] :CN +032  +009 023 125a
NC CN DMF

(135)
NC S CN
% +020 005 025 125a
NC S CN DMF

(136)

conductivity of 170 Scm-1 124b The C-T complex of BEDT-TTF exhibited a room
temperature conductivity of 6 9x10-10 Scm-1 The X-ray crystal structure of
(132a)-BEDT-TTF C-T complexi28 (figure 1 14) shows segregate stacking
columns along the a axis with the sulphur-sulphur distances (3 73 and 3 82 A)
between the stacked components slightly longer than the sum of the van der
Waals radius (370 A) The sulphur atoms of BEDT-TTF also interact with
atoms of the adjacent BEDT-TTF molecules (364 and 3 59 A) and with the
nitrogen atoms of the acceptor, with a van der Waals contact of 333 A In
addition to this there are strong sulphur-sulphur interactions between the
acceptors (3 48 A) which indicates that this system is capable of inducing multi-
dimensionality in molecular comptexes

In contrast to the selenium and thiophene analogues, complexation of
furanoquinoid acceptors with donors was difficult due to weak electron affinities
as well as weak nonbonded Interaction of oxygen relative to sulphur and
selenium Derivatives (129) and (130c) formed complexes with TTF which were
nearly insulating but no C-T occurred The dibromo analogue (130d) was a
better acceptor and afforded a C-T complex with TTF whereas (131e) gave a
highly conductive complex with TTT (81) 122

TCNQs fused with 1,2,5-thiadiazole (138a, 139a and 140) and 1,2,5-
selenadiazole (138b and 139b) rings were also synthesised and were shown to
be planar molecules by X-ray crystallography 129
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373 382

(@)

Figure 1 14 Crystal structure of (132a)-BEDT-TTF C-T complex showing (a) the

mode of molecular overlap and (b) sulphur-sulphur and sulphur-nitrogen
interactions between the donor and acceptor molecules

NC~~CN NC~—~CN NC~CN
N N N, N
X, X X S
N N N N
NC™ ~CN NC™ ~CN NC™ ~CN

(138) a X=S (139) a X=S (140)
b X=Se b X=Se

Derivatives (138) and (139) possess short sulphur-cyano or selenium-cyano
contacts forming a coplanar “sheetlike" network The sheets stack to form
infinite layers with face-to-face overlapping between heterocycles Compounds
(138) and (139) show strong intermolecular interactions This interaction 1s one
of the sources of directionality in the crystal packing of organic molecules and
causes the formation of inclusion lattices in the C-T complexes of (138) 129 |n
contrast 1,2 5-thiadiazolotetracyano-p-quinodimethane (TDA-TCNQ, 140)
shows no sulphur-sulphur or sulphur-nitrogen interactions in the crystal but
forms a coplanar dyad by hydrogen bonding of the cyano groups (2 35 A) with
the hydrogens on the adjacent quinodimethane ring (figure 1 15) 1292 The dyad
formation shows the possibility that the negative charge can be delocalised
over the two molecules in the anion radical salts This 1s another way of
reducing the on-site Coulomb repulsion Contrary to BTDA-TCNQ (138a),
TDA-TCNQ 1s a stronger acceptor and it forms highly conducting complexes
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with TTF and its derivatives indicating that the inclusion behaviour of (138a) is
diminished by eliminating one of the heterocyclic rings 1292

Figure 1 15 Crystal structure of TDA-TCNQ (140) showing dyad formation

1 C 7 N,N"-Dicyanoquinonedumines

The planarnty of the donor and acceptor molecules has been suggested
as one of the prerequisites required to form C-T complexes However, in order
to preserve the planarity, only TCNQ derivatives with small substituents are
tolerated in the nng To remove the steric drawbacks of the Y-shaped
dicyanomethylene [=C(CN),] group, replacing it with a smaller, flexible and less
sterically demanding cyanoimine (=NCN) group led to the preparation of the
DCNQI family of acceptors The =NCN group does not alter the plananty even
on tetrasubstitution of the molecule 114 N,N-Dicyanoquinonedimines (141)
were intially prepared from substituted p-phenylenediamines (142a) via the
N,N'-dicyanodiamines (142b) However, this synthetic route was lmited
because only a few substituted phenylenediamines were easily accessible 130

CN
3

N NHR"

1 @
hey
K

R3
N NHR!

(141) (142) a R1=H, R2=R3=H Me or CI
b R'=CN, R2=R3=H Me or Ci
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However, an alternative preparation of (141) was discovered from non-
enolising ketones using bis(trimethylsilyl)carbodiimide (BTC) in the presence of
fluoride or cyanide catalysts 131 But when this reaction was applied to
p-benzoquinones only 1,4-addition products were isolated This problem was
overcome by using titanium tetrachloride as a Lewis acid catalyst in the
reaction The use of Lewis acids aluminium trichloride, boron trifiuoroetherate
and tin (IV) chionde were found to be either inactive or led to the
decomposition of the p-benzoquinone The highest yields are obtained when
titanium tetrachloride 1s added first to the quinone Thus Aumuller and Hunig
prepared N,N-dicyanoquinonedimine (DCNQI, 143) derivatives in one step
from the corresponding quinones (144) by reacting with titanium tetrachloride
and bis(trnmethylsilyl)carbodimide (BTC)131 (scheme 1 30)

CN
s
0 N
R R¢ TCl R R¢
e + TO, + 4MesSCl
R? RS Me SN=C=NSMe_ r2 RS
o} N
p2
CN
(144) a R'=R?=R3=R%=H (143)
b R'=R2=R3=H, R4=Me
¢ R'=R%*=Me, R2=R3=H
d R'=H, R?=R3=R4=Me
e R'=R?=R3=R4=Me
f R'-R2=R3-R4=-(CH=CH),-
Scheme 1 30

The parent compound (143a) showed redox potentials (E14,=-025 V,
E24/,=+0 39 V) similar to those of TCNQ (E'4/p=-0 28 V, E2;,,=+039 V) 132 A
variety of substituted DCNQIs have been prepared Examples of these are
(145-148)

NC~p NC~n N-CN NC-N ci
R' R’ i E
R? R
N~cN ne-N N~cn Cl  N-cn
(145) (146) (147) (148)

R' and R2 can be alkyl, atkoxy, thioalkyl, aryl halogeno
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The =NCN groups of the DCNQI derivatives can exist as syn and antt
isomers with respect to the neighbouring ring atoms so that in total four iIsomers
may exist However, only one syn and/or antr 1Isomer has been observed by 13C
and TH NMR spectroscopy of these imines Generally the 2,3- and
2,5-substituted dicyanoimine derivatives exist only In that configuration in which
the cyano group prefers the ant/ position to the ring substituents Accordingly
the anti configuration 1s observed in compounds (145) and (148) and the syn
configuration Iin (146) and (147) The monosubstituted derivative (143b) also
exists as a mixture of syn/ant! Isomers since only one cyano group Is fixed In
the “anti” position In contrast, only one of the cyano groups of the
2,6-disubstituted dicyanoimines (143c) and trisubstituted derivative (143d) 1s
configurationally stable (antj) while the other one undergoes rapid syn/ants
iIsomerisation at room temperature As a result the signals of the a-carbon
atoms are broadened and are hard to detect In the tetrasubstituted
dicyanoimine (143e) both cyano groups isomerise so rapidly that the number of
NMR signals 1s diminished

The hybrid acceptor molecules, N,7,7-tricyanoquinomethanimines
(TCNQI, 149) n which the dicyanomethylene and cyanoimine groups are
present In the same structure have also been synthesised 133 These
compounds were prepared by titanium tetrachlonde-mediated Knoevenagel
condensation of quinone (150) with maiononitrile followed by reaction of
compound (151) with BTC in the presence of fitanium tetrachioride
(scheme 1 31) In addition to these alkyl substituted derivatives n-extended
TCNQIs (152) and (153) have also been synthesised 133

(@] NC CN NC CN
R? R? TCl/pydne R R4 TICl R! R4
SN'(.;N M
R? SRAC A R2 R3 Me SN=C=NSMe, R R3
(@] 0O N
3
CN
(150) a R'=R2=R3=R4%=H (151) (149)
b R1=R?=R3=H, R4=Me
¢ R'=R2=R3=Me, R4=H
d R'=R2=R3=R4=Me
Scheme 1 31
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(152)

Tetramethyl-TCNQ (80g) and other tetrasubstituted TCNQ derivatives
(eg 9,10-TCAQ, 114a) are non-planar as shown8% 114 by X-ray
crystallography However, In contrast the tetrasubstituted DCNQI dervatives
are essentially planar This 1s due to the =NCN groups being smaller than the
=C(CN), groups and therefore they can bend with the DCNQI molecular plane
while the latter are forced out of the plane thus distorting the tetrasubstituted
TCNQ ring Into a boat conformation The X-ray crystal structure of tetramethyl-
TCNQI (149d) shows that the ring is strongly distorted intc a boat conformation
with greater deformation about the bulkier =C(CN), group than about the =NCN
group 93 Contrary to this, trimethyl derivative (149c) I1s essentially planar
Hybrid molecule (153) shows similar distortion to the tetramethyl-TCNQI (149d)
and analogously exhibits greater deformation about the =C(CN), group than
the =NCN group

The cyclic voltammetric data of the DCNQI and TCNQI derivatives exhibit
two one-electron reduction waves to the corresponding radical anion and
dianion except for derivatives (152) and (153) Molecule (153) shows a single
two electron reduction whereas compound (152) the second reduction potential
is not observable The latter result contrasts with the results obtained for the
corresponding TCNQ and DCNQI derivatives in which dianion formation is
observed Increasing the benzannulation of DCNQI results in poorer electron
acceptors (1e decrease In first reduction potentials with an increase in
benzannulation) This 1s mainly due to steric factors'32 and a smaller
difference, AE, between the first and second reduction potentials compared
with that of the parent DCNQI This suggests a reduction in the intramolecular
Coulomb repulsion due to n-system extension A similar situation Is found in the
TCNQ system The acceptor ability of DCNQI derivatives can be improved by
the presence of chlorine or bromine groups or the replacement of a benzene
nng with a sulphur heterocycle 116b, 134

1C 71 C-T Complexes of DCNQI Acceptors
Substituted DCNQIs form C-T complexes with TTF and TMTSF many of
which show powder conductivites of ca 01 Scm! This 1s indicative of
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segregated stacking between the donor and acceptor molecules. The first
DCNQI-type C-T complex obtained was the C-T complex of /V,A/'-dicyano-1,4-
naphthoquinodiimine (DCNNI, 147) with TTF.135 This contrasts with the
tetracyano analogue, benzo-TCNQ (111) which does not form a C-T complex
with TTF. The C-T complex of TTF and DCNNI consists of separated oblique
stacks of almost planar donor and acceptor moieties which are equidistant at
room temperature [figure 1.16(a)], The crystal packing in TTF-DCNNI C-T
complex was due to the electrostatic interaction between the syn-configurated
cyanoimine group and the sulphur atoms of TTF (318-324 pm). This interaction
causes two stacks of the acceptor to crystallise in 'dimers’ with the
unsubstituted part of the naphthalene ring oriented towards each other with two
parallel rows of TTF on the other side.135 The conductivity of the TTF-DCNNI
C-T complex increases with decreasing temperature down to a phase transition
temperature of 140K. A similar stacking arrangement is also seen in
TTF-DCNQI.2H20. The X-ray crystal structure of TTF-DCNQI.2H20 (figure
1.16(b)] shows the segregated stacks of TTF and DCNQI molecules to have
chess-board-like arrangement with both stacks skewed to the same side.l36
This contrasts with the TTF-TCNQ C-T complex in which the donors and
acceptors form alternating rows and the two components are skewed in a
cross-like manner.17

Figure 1.16 Stacking modes of (a) TTF-DCNNI and (b) TTF-DCNQI.2H20.

The first example of a heteroquinoid system containing the =NCN group,
2,5-bis(cyanoimino)-2,5-dihydrothieno[3,2-b]Jthiophenes (DCNTT, 154) were
prepared in 1990.137 Derivative (154b) formed C-T complexes with TTF,
TMTTF, BEDT-TTF and TMTSF. The TMTSF complex exhibited the highest
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conductivitly (6=200 Scm-1) The crystal structure of the (154b)-TTF C-T
complex shows segregated stacks of planar donor and acceptor molecules
which are almost equidistant at room temperature with a stack separation of
348 pm This C-T complex undergoes a metal-to-semiconductor phase
transition at 160K

(154) a R=H
b R=Br

1 C 7 2 DCNQI Radical Anion Salts

The DCNQI acceptors, in addition to forming C-T complexes with TTF,
also form conducting radical anion salts with monovalent metals in a 21
stoichiometry of which the 2,5-disubstituted were the most important These
salts, (2,5-R1,R2-DCNQI);M (R1,R2=Hal, Me, MeO, M=Li, Na, K, NH,, Cu, Ag,
Tl), have the unique feature of having the same space group (/44,,) or a very
similar one (C2/c or P4/n) Therefore the effects of either the substituents or
metal 1ons on the electronic properties can be evaluated The metal-nitrogen
distances In the alkali-metal salts are close to the sum of the van der Waals
radius of nitrogen and the ionic radn of the metal 1ons indicating that mainly
Coulomb Interactions are present All of these radical anion salts behave as
one-dimensional metal-like semiconductors except for the copper salts which
display metallic properties

The first radical-anion sailt to be prepared was the copper salt of
2,5-dimethyl-N, N-dicyanoquinonediimine (2,5-Me;DCNQI),Cu 138 This  salt
exhibited a single crystal conductivity of ca 500,000 Scm-! at 3 5K Previously
radical anions with such high conductivity were unknown The crystal structure
of (2,5-Me,DCNQI),Cu (figure 117) shows that each copper atom s
surrounded by four DCNQIJ molecules in a slightly distorted tetrahedron
arrangement with strong Cu-N nteractions (d=1 99 A) The acceptor forms one-
dimensional columns with an intrastack distance of 32 A 138 Many of the
(2,5-R1,R2-DCNQI),M salts possess this structure Electrical conductivity along
the copper atoms s unlikely because of the large copper-copper distance
(388 pm) and thus occurs through the stacks of the acceptor molecules along
the ¢ axis The copper ions function as a conductivity bridge between the
individual stacks 1e the electrons migrate between the stacks via the copper
lons which possess an average charge of Cut 33+ (Cu*, Cu*, Cu2+)
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Figure 1 17 Crystal Structure of (2,5-Me,DCNQI),Cu

Although all of the copper salts derived from 2,5-disubstituted DCNQIs are
isostructural (space group /44,,) and show metallic properties, they behave
differently on cooling One group of compounds (Group |, 155a-) exhibits
metallic conductivities which increase down to low temperatures and the other
group (Group Il, 155-0) exhibit decreasing conductivities with decreasing
temperature 1e they undergo a metal-to-insulator phase transition between
160-230K 139 The size of the substituents is an essential factor governing the
occurrence of a phase transition on cooling re combinations of small
substituents (e g Cl and Br) induce phase transitions (Group [l) whereas large
substituents (e g MeOQ) remain metallic to the lowest temperatures (Group |)
However, the (2,5-Me,DCNQI),Cu salt 1s an exception and no phase transition
ts found although the van der Waals volume of the methyl group (227 A) i1s
smaller than that of bromine (25 1 A) The electron donating properties of the
methyl group are probably responsible for suppressing the phase transition In
both types of salt the distorted tetrahedral coordination around the copper
cation and the pr-d band mixing between DCNQI and the copper cation are
associated with their peculiar properties 140 Coordination of the =NCN groups
to the copper ions plays an important role in achieving three-dimensional
conductivity required for a metal The (2,5-R1,R2-DCNQI),Cu salts display
conductivities both parallel and perpendicular to the ¢ axis 1e electron

transport occurs through the stacks as well as. through infinite arrays of
-Cu-DCNQI- moteties
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| NG~y
R1
Cu
RZ
L Neon |,
(155)
Group | Group )l

a R'=RZ2=Me | R1=R?=C|
b R1=Cl, R%=| k R'=Cl, R%=Me
¢ R'=Me, R2=I | R1=CI, R%=Br
d R'=Br, R?=| m R'=Br, R=Me
e R1=R2=} n R1=R2=Br
f R'=Me, RZ==OMe o R!=Cl, R2=OMe
g R'=Br, R2=OMe
h R'=l, RZ=0OMe
1 R'=R2=0Me

The conductivity brought about by the copper 1ons implies mixing of the copper
3d orbitals with the organic n electrons near the Fermi level This tumns the
original one-dimensional character of the DCNQI chain into a multi-Ferm

surface one and s responsible for the suppression of the metai-to-insulator
transition 1in (2,5-Me;DCNQI),Cu For this transition a threshold coordination

angle N-Cu-N (o) 1s found The o, angle reflects the distortion of the

tetrahedral geometry around the copper 1on The distortion of the coordination
tetrahedron decreases the number of d orbitals participating in the pr-d mixing
and weakens the multi-Fermi surface nature, which leads to the gap formation
by a charge density wave (CDW) on DCNQI columns 13°

1 C 8 Metal(DMIT), Acceptors

The desire to prepare conducting organic materials with increased
dimensionality has been prevalent in the work of many groups This was
achieved by enhancing the interstack interactions and thus the metal-to-
Insulator phase transition associated with one-dimensional metals 1s avoided

The majonity of work In this area has concentrated on & donor molecules but
has also been applied to metal(DMIT), n acceptors Metal(DMIT), (70) or

M(DMIT), for short, were prepared!4! from 1,3-dithiole-2-thione-4,5-dithiolate

(DMIT, 156) by reacting with the appropriate metal dichloride and counterion
(scheme 1 32) The M(DMIT), system 1s attractive as a rn-acceptor molecule

because 1t 1s planar, it contains ten sulphur atoms which can participate in
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intra- and inter-stack interactions and also its redox properties can be tuned by
varying the metal atom M(DMIT), anions have formed complexes with TTF and
tetraalkylammonium salts, both of which are superconducting

"S__s MCl S-S, S~S_ |2
T =s — |sX T M T =s
“s-~s s78 §7 s
(156) 70)

Scheme 1 32

These complexes are prepared by diffusion of solutions of the appropnate
[n-BugN]J[M(DMIT),] with, for example, (TTF)3(BF4), in the case of the TTF
complexes The stoichiometry of the TTF[M(DMIT),], complexes depends on
the nature of the metal 1 e when the metal is nickel or palladium, x=2 and when
it is platinum, x=3 142 However, a disadvantage with this technique Is the
possibility of obtaining a heterogeneous sample An alternative is to synthesise
the complexes electrochemically in a U-tube This method 1s more selective
and yields a homogeneous sample

The first superconducting M(DMIT), complex, TTF[Ni(DMIT),],, was
synthesised by Bousseau and co-workers143 and provided the first example of
superconductivity in a t-amion molecule with a n-counterion This salt exhibited
superconductivity at 16K on the application of 7 kbar of pressure 144
TTF[Ni(DMIT),], exhibited a metal-iike conductivity temperature dependence
down to 4K, with a conductivity at room temperature of ca 300 Scm-1 and at 4K
of over 10° Scm-1 without undergoing a metal-to-insulator phase transition The
crystal structure of TTF[Ni(DMIT),]» (figure 1 18) consists of segregated stacks
of essentially planar donors and acceptors with intermolecular intrastack
sulphur-sulphur distances between molecules in either the TTF or Ni(DMIT),
stacks not larger than the sum of van der Waals radin On the other hand, a
number of intermolecular interstack sulphur-sulphur interactions are shorter
(345-354 A) than the van der Waals separation (370 A) between the
Ni(DMIT), groups or between the Ni(DMIT), and TTF units 144 Shorter sulphur-
sulphur interactions (3 38 A) are found between the terminal sulphur atoms of
the Ni(DMIT), units and the sulphur atoms in the TTF thus extending the range
of interactions 1n the third direction

Based on these observations, TTF[Ni{DMIT),], appears to have a quasi-
three-dimensional network of intermolecular sulphur-sulphur interactions Soon
after the preparation of the nickel TTF complex both palladium and platinum
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Figure 118 Crystal structure of TTF[NiI(DMIT),], Parallel view of entities

stacked along [010] Thin hnes indicate sulphur-sulphur distances shorter than
370A

complexes with TTF were prepared 142 The TTF[Pd(DMIT),], complex, which
1s 1somorphous with the nickel derivative, exhibits a room-temperature
conductivity of ca 750 Scm-1 and undergoes a metal-to-insulator transition
below ca 220K The TTF[Pt(DMIT),};, unlike the nickel and palladium
dervatives, 1s a' semiconductor throughout the 300-100K range with a room
temperature conductivity of ca 20 Scm-1 142 |ts urut cell consists of one TTF
molecule, one monomer Pt(DMIT), molecule and two Pt(DMIT), molecules
connected by a platinum-platinum bond thus forming a dimer The X-ray crystal
structure shows TTF[Pt(DMIT),]; to consist of alternate layers of donor and
acceptor molecules The acceptor layer contains Pt{(DMIT), monomers and
[Pt(DMIT),], dimers stacked In columns Within a column, the monomers and
dimers alternate The two Pt(DMIT), dimer units are distorted from planarity as
evidenced by the dihedral angle value (11 2 °) between the two P{(DMIT)
moieties 1n each Pt(DMIT), unit Intermolecular sulphur-sulphur contacts
shorter (3 23-3 66 A) than the sum of the van der Waals radu (370 A) are
observed within a stack and within a dimer as well as between dimers and
monomers and between PYDMIT), units of either monomers or dimers
belonging to adjacent stacks (3 45-3 65 A) Therefore these sulphur-sulphur
interactions form a two-dimensional network Short intermolecutar sulphur-
sulphur separations also occur between two TTF sulphur atoms and the
terminal sulphur atoms of the monomeric Pt(DMIT), units There are no short
sulphur-sulphur separations between TTF molecules in a layer
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The first molecular superconductor based on the ji acceptor M(DMIT)2
and closed-shell cations was the salt [(CH3)AN][Ni(DMIT)2J]2.145 This salt

exhibits a superconducting transition at 5K under 7 kbar of pressure and its
X-ray crystal structure consists of planar Ni(DMIT)2 anions separated by

channels containing the tétraméthylammonium cations. Thepalladium
analogue, [(CH3)4AN][Pd(DMIT)2]2 was obtained in two different forms, a and p,
whose crystal structures were similar to [(CH3)4N][Ni(DMIT)2]2. The Pd(DMIT)2

dimers form segregated one-dimensional stacks.  Withinthe dimers the
Pd(DMIT)2 anions are eclipsed but between the dimersthe anions are

displaced sideways with respect to each other by 0.07 A
P-[(CH34N][PA(DMIT)2]2 exhibited a transition temperature of 6.2K at

6.5kbarl46 whereas the a form showed no sign of a superconducting transition
up to 12 kbar.147

1.C.9 Buckminsterfullerene Electron Acceptors
Buckminsterfullerene, Ceo (6), and its derivatives are the latest type of
electron acceptors to be discovered. These acceptors are the first three-

dimensional molecular conductors i.e. unlike traditional molecular conductors
which are planar, C60 has radially oriented tcorbitals in all three dimensions.

(6)

C@A0 has icosahedral symmetry which places each carbon atom in an identical

environment. There are 20 six-membered hexagonal rings and 12 five-
membered pentagonal rings on the surface of the sphere. It is the non-planarity
and sp-orbital hybridisation that allows Ceo t0 accept electrons. Curving the
surface of conjugated organic molecules causes the o-bonds of the carbon
atoms to deviate from planarity. Rehybridisation of the carbon atom occurs so
that the rcorbital is no longer of purely p-orbital character and the a orbitals no
longer contain all of the s-orbital character. Thus the fullerenes are of
intermediate hybridisation (sp2-28), between that of graphite (sp2) and diamond
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(sp3) The 2s-orbital ies at a much lower energy than the 2p orbital therefore
the molecular orbitals which form from these rehybridised orbitals will have
enhanced electron affinity relative to the usual type of molecular orbitals
derived from pure carbon 2p atomic orbitals

The high electron affinity of Cgq allows the addition of up to six electrons
In solution 148 Its electron accepting ability was measured electrochemically
with respect to the 9,10-diphenylanthracene/9,10-diphenylanthracene radical

cation reference redox couple and then referenced to saturated calomel
electrode (SCE) This gave a first reduction potential E';,,=-059 V n

dichloromethane (vs SCE) 149 The first half-wave reduction potential of Cgq has
also been given as El4,0=-0 422 V in acetonitrile 130 Although 1t 1s a weak
electron acceptor, Cgg formed C-T salts with alkali and alkaline-earth metais
some of which exhibited superconductivity e g the C-T salt K;Cgq exhibited

superconductivity at 18K 151 Higher values for onset of superconductivity were

subsequently obtained and currently the highest temperatures at which
superconductivity 1s observed ts 40K under a pressure of 15 kbar for Cs3Cgq 13

Cgp also formed a C-T complex with the strong electron donor

tetrakis(dimethylamino)ethylene which exhibits ferromagnetic properties and an
ambient temperature conductivity of 102 Scm-1 152 However, 1t failed to form
C-T complexes with TTF and its derivatives 190 As a result of these findings,
novel fullerene derivatives with better acceptor abilities were investigated At
present only two derivatives, (CggF4g)’4® and a quinone-type

methanofullerene33 exhibited more positive first half wave reduction potentials
than Cgy The first reduction potential of CgoF4g, E'12=079 V (vs SCE) in
dichloromethane s more positive than that of most neutral organic electron
acceptors known The reduction potential of the quinone-type
methanofullerenes on the other hand can be tuned depending on the
substituents on the cyclohexadienone moiety and are thus precursors for
organic metals
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Chapter 2

RESULTS AND DISCUSSION

Synthesis of Dicyanomethylene Electron Acceptors
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2 1 Introduction

As outlined In the previous chapter there has been considerable interest
In the synthesis of derivatives of TCNQ (2) that have potential as novel electron
acceptors In the formation of charge-transfer complexes and radical-ion salts
interest in these matenals arises from their electrically conducting properties
and the fact that at low temperatures many such salts exhibit superconductivity
New electron acceptors are sought in an attempt to raise the temperature at
which onset of superconductivity 1s observed

Our approach has been to Iinvestigate the synthesis of heterocyclic
analogues of TCNQ, (157), in which isoelectronic replacement of a double
bond n-electron pair has been achieved by a heteroatom carrying a lone pair of
electrons capable of n-type conjugation

NC CN NG CN

L X

NC CN NC CN

) (124a) X=S
(124b) X=Se
(129) X=0
(157) X=NR, R=H, alkyl, aryl

A comprehensive structural search of the literature showed that only four
closely related examples of compounds containing the structural unit (158) had
been synthesised Thus compound (159a) and some of its salts are known, 194
as are the nitro derivative (159c),1%5 the dianion (160)156 and the anion
(161) 158 No tetracyano N-substituted derivatives required as precursors to the
potential organic metals were known at the outset of this work, but the
thiophene, selenophene and furan analogues (124a), (124b) and (129) have
been prepared 120, 122 These derivatives, upon one- or two-electron reduction,
should form an aromatic sextet resulting in a planar cyclic system Since the
aromaticity decreases in the order thiophene>selenophenexpyrrole>furan, it 1s
expected that the reduction potentials of the pyrroline system (157) will be
between that of the thiophene and furan systems The pyrroline ring system, in
contrast to (124a), (124b) and (129) has the ability to tune its electron
accepting properties by varying the substituent on the nitrogen atom This
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would also allow a variety of functional groups to attach which should lead to
increased solubilities for these compounds

CN NC NEt NC
2
CN NC CN NC
(158) (159) a R1—R2— (160) (161)

b R'=Me, R?=H
¢ R'=H, R2=NO,,

Recently work 1n our laboratory amed at the synthesis of the
N-substituted derivative (159b) was successful in achieving this objective 157 It
was also found157 that reaction of (159a) or its ammonium salt with a variety of
acylating and alkylating agents did not yield the desired compounds This was
probably due to the non-nucleophilicity of the anion as a result of stabilisation
granted by the dicyanomethylene [=C(CN),] group The N-substituted
derivatives are of interest in order to examine thesr ability to form radical anion
salts and charge-transfer complexes and their potential as conducting organic
materials

It was decided to investigate the synthesis and chemistry of
4-dicyanomethylene-2-butenciide (162) as a potential precursor to (157)
starting from the readity available compound maleic anhydride (63a) (scheme

2 1)
(@) NC CN NC CN NC CN
'f;o — ﬂ) — EW(NR — q
o o] o NC— —CN

(63a) (162) (163) (157)

C

Scheme 2 1

It has been shown that Z and E isomers of lactones (164) can be
prepared!58 by reacting substituted maleic anhydnides (165) with

ethoxycarbonylmethylene(triphenyli)phosphorane (166) via the Wittig reaction
(scheme 2 2)
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(o) COzEt

R R!
o . Ph3P=CHCOzEt — o)
R? R2

o o]
(165) a R'=Me, R%=Me  (166) (164) a R'=Me, R2=Me
b R1=H, R2=Me b R'=H, R2=Me
Scheme 2 2

Analogous reactions of maleimides with stabilised phosphoranes have
received scant attention despite the fact that the reactions of phosphoranes
with both cyclic and acyclic imides are known to give ylidene dervatives 1380
This 1s because forceful conditions are required and also maleimide itself
undergoes nucleophilic attack at the carbon-carbon double bond rather than at
the carbonyl group But maleimides (167) have been shown to undergo Wittig
and Peterson olefination reactions to form 5-ylidenepyrrol-2(5H)-ones (168)15¢
(scheme 2 3)

0 CO Et
R! Ph P" CHCO Et R
NR3 vy, > NR3
R2 ) Me SHC (L1)CO Et R?2
o}
(167) R1, R2, R3=H, alkyl (168) R, R2, R3=H, alkyl
Scheme 2 3

It was of interest to see whether an analogous nucleophilic substitution
would occur at the carbonyl group of maleic anhydride (63a) using
malononitrile, via Knoevenagel condensation (scheme 2 4)

0 NC~—CN
CH2(CN)2
ﬁo NaH > 0
O o]
(63a) (162)
Scheme 2 4

Knoevenagel condensation involves the reaction of an active methylene
compound of the form XCH,X (where X=CO,Et, CN, CO,H) with an aldehyde
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(169a) or ketone (169b) to afford an alkene (170) (scheme 2 5) The aldehyde
or ketone does not contain an o hydrogen usually In contrast to ketones,
aldehydes react much better with active methylene compounds and few
successful reactions with ketones have been reported However, Lehnert has
shownS80 that good yields of alkene (170, X=CO,Et) result from the
condensation of diethyl malonate with aldehydes and ketones when the Lewis
acid titanium tetrachioride 1s used with pyndine n tetrahydrofuran
(scheme 2 5)

o XCH X XX
By > I
R? R2 or R R2
XCH2X/ TiIC I4/ pyndine
(169) a R'=H, R2=alkyl (170) a R'=H, RZ=alkyl
b R!, R%=alkyl b R!, R%=alkyl
Scheme 2 5

At the outset of this work Knoevenagel condensation of maleic anhydride
with the active methylene compound malononitrile had not been reported
However, 3-dicyanomethylenephthalide (171b) had previously been
synthesised160 by base-catalysed condensation of phthalic anhydride (171a)
with malononitrile and more recently Heller and co-workers condensed
malononitrile with a substituted succinic anhydrnde (172a) to afford a new class
of photochromic fulgides (172b) 181

R2
0 Me ©
Y
0 O
Me R?
X R X
(171) a X=0 (172) a X=0, ¥Y=0, S
b X=C(CN), b X=C(CN),

2 2 Synthesis of Sodium (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoate
(173a), Tetraethylammonium (Z)-4-Dicyanomethylene-4-hydroxy-2-
butenoate (173b) and (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoic acid
(179)

Nucieophilic addition to a,B-unsaturated carbonyl compounds i1s well
documented in the literature and can occur either at the carbon-carbon double
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bond or at the carbonyl group resulting in 1,4- (Michael addition) or 1,2-addition
respectively (scheme 2 6) However, during the course of our work nucleophilic
attack occurred predominantly at the carbonyl group of maleic anhydnde (63a)
(scheme 27) Thus reaction of maleic anhydrnide with malononitrife In
tetrahydrofuran  afforded sodium  (Z)-4-dicyanomethylene-4-hydroxy-2-
butenoate (173a) as a yellow solid which was isolated by filtration This solid
was found to be insoluble In most organic solvents but did dissolve in water

X X
X~ e
)L / \_ o \_\=o
/—'\_ 1,4-addtion
X- /=\<X
CH
1,2-addition
Scheme 2 6
0
NC CN
o€ CHON, o
-v+
o co Y
(63a) (173) a Y*=Na*
b Y*=*NEt,
Scheme 27

The IR spectrum of (173a) showed a broad hydroxyl band at 3460 cm-t,
two strong nitrile bands at 2216 and 2191 cm-1 and a strong carbony! band at
1550 cm~1 The TH NMR spectrum displayed one proton doublets at 5 6 11 and
6 74 ppm (vinylic protons) with a coupling constant of 12 8 Hz consistent with
the expected Z geometry of the molecule and a broad singlet at 3 17 46 ppm
(hydroxyl proton) The presence of the hydroxyl proton was confirmed by its
disappearance from the TH NMR spectrum on shaking with deuterium oxide
The 13C NMR spectrum exhibited seven signals, a signal at § 57 47 ppm due to
the dicyano substituted carbon, two nitrile absorptions at & 116 97 and
117 81 ppm, two vinylic absorptions at 6 133 02 and 133 69 ppm and two
absorptions at & 16554 and 18230 ppm due to the carbonyl and
dicyanomethylene substituted carbons The carbon absorption at & 57 47 ppm
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was assigned as the dicyano substituted carbon by comparison with the 13C
NMR spectral data of (174) 162

NC~~CN NC—~CN  NC=~CN NC~—CN
NC~—CN
I [ one” OH [ NHPh
Ph~ ~OH
CO H CO Et COEt  ppyN” ~COE

(174) (175) (176) (a77) (178)

On the basis of the IR and NMR data it was also possible that the
iIsomeric compound (175) had been formed However, heating (173a) under
reflux in ethanol containing a catalytic amount of sulphuric acid afforded the
ethyl ester (176) Comparison of the melting point, IR and NMR spectra of
(176) with an authentic sample, prepared by treating lactone (162) with ethanol,
section 2 3 1, showed that they were identical Conversion of the ethyl ester
(176) to the corresponding chioroester (177) and subseguent reaction of (177)
with aniline, as discussed In section 2 4, afforded (178) as the major product
An X-ray crystal structure of (178) (figure 2 1) confirmed the structure thus
providing conclusive evidence that the yellow solid 1solated was the sodium salt
(173a) rather than the 1someric compound (175)

The sodium salt (173a) was difficult to recrystallise so it was converted to
the corresponding tetraethylammonum salt (173b) by reaction with
tetraethylammonmum bromide under aqueous conditions Compound (173b)
was Isolated as a yellow solid after work up (scheme 2 7) The IR spectrum of
(173b) contained many spectral similanties to the sodium salt (173a) For
example, it showed a hydroxy band at 3440 cm-!, a nitrile absorption at
2202 em-! and a carbonyl absorption at 1695 cm-! The *H and 13C NMR
spectra of (173b) corresponded to those expected and were also very similar to
those for the sodium salt However, the methyl protons  to the nitrogen atom
exhibited a twelve proton triplet of triplets at 3 1 30 ppm (J 20, 7 4 Hz) In the
TH NMR, the splitting of the methyl protons being due to hydrogen coupling
with the methylene protons (7 4 Hz) and also couphing with the 14N nucleus
(J 20 Hz) The methylene protons showed an eight proton quartet due to its
coupling with the methyl protons at § 3 38 ppm (J 7 4 Hz) Similarly in the 13C
NMR spectrum the methylene carbon showed a 11 1 triplet at & 52 18 ppm
(J 305 Hz) due to carbon-nitrogen coupling This 1s as expected from the
hiterature63 and was confirmed by comparison with the TH and 13C NMR
spectra of an authentic sample of tetraethylammonium bromide The 'H NMR
spectrum of tetraethylammonium bromide showed a twelve proton triplet of
triplets at 6 0 73 ppm (J 20, 7 4 Hz) due to the methyl group and an eight
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proton quartet at § 2 83 ppm (J 7 4 Hz) due to the methylene protons The 13C
NMR spectrum showed a singlet at 8 6 45 ppm (methyl carbon) and a 11 1
triplet at § 51 23 ppm (J 3 05 Hz, methylene carbon)

The observed coupling between 14N/tH and 14N/13C in the NMR spectra
1s attributed to the slow transition of the spin states of nitrogen compared to
that of the proton or carbon transition The proton or carbon only "sees" the
spin of nitrogen in one state or another during their transitions 14N has three
possible spin states (+1, 0, -1) due to its spin of 1 rather than a half Nuclel with
spin greater than a half have larger electric quadrupole moments than those
with spin of a half and are much more sensitive to interactions with the
magnetic field of the NMR spectrometer and to magnetic and electric
perturbations of the valence electrons and/or their environment
. Treatment of the sodium salt (173a) with dilute hydrochloric acid afforded,
after work up, (Z)-4-dicyanomethylene-4-hydroxy-2-butenoic acid (179) as a
yellow solid (scheme 2 8) The IR, 1H and 13C NMR spectra were consistent
with the assigned structure and contained many spectral similanties to the
sodium salt The IR spectrum contained two strong hydroxyl bands at 3441 and
3370 cm1, two strong nitrile bands at 2250 and 2236 cm-! and a strong
carbonyl band at 1690 cm? The "H NMR spectrum showed one proton
doublets at § 6 64 and 7 12 ppm (vinylic protons) with a cis coupling constant of
12 8 Hz and a one proton broad singlet (hydroxyl proton) at 5 10 96 ppm It I1s
possible that the second hydroxyl proton exchanged with the acetone-dg used
as the NMR solvent to give a water signal at § 275 ppm in the TH NMR
spectrum The 13C NMR spectrum showed seven signals, one at § 68 71 ppm
corresponding to the dicyano substituted carbon, signals at 6 111 87 and
112 87 ppm corresponding to the nitrile carbons and four signals between
5 13093 and 17512 ppm due to wvinylic, carbonyl and dicyanomethylene
substituted carbons

NC~.~CN NC~CN
cO™Na*t CoH

2

(173a) (179)
Scheme 2 8

2 3 Synthesis and Chemustry of 4-Dicyanomethylene-2-butenolide (162)
As was mentioned In the introduction (section 2 1) it was decided to
investigate the synthesis and chemistry of 4-dicyanomethylene-2-butenolide
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(162) as a potential precursor to the potentral organic metals Initially the
previously unknown 4-dicyanomethylene-2-butenolide (162) was prepared in
reasonable yield (~53%) by heating sodium (Z)-4-dicyanomethylene-4-hydroxy-
2-butenoate (173a) with thionyl chloride under reflux (scheme 2 9) The reason
for the low yield of product obtained from this reaction may be due to the iow
solubility of (173a) in thionyl chloride Alternatively (162) can be synthesised
from (Z)-4-dicyanomethylene-4-hydroxy-2-butenoic acid (179) in higher yield
(~71%) using the same reaction conditions

NC~-CN NC~—CN NC~,CN
socl
’LJEOH or ﬂ\:[o’-l —> 0

CO Na* COH

2

(173a) (179) (162)
Scheme 2 9

The microanalytical, IR and NMR spectral data were consistent with the
proposed structure of the y-lactone (162) The IR spectrum showed a strong
a,B-unsaturated-y-lactone carbonyl band at 1819 cm-1 and a strong nitrile band
at 2241 cm-1 The TH NMR spectrum showed one proton doubilets at § 7 23 and
8 27 ppm (vinylic protons) with a cis coupling constant of 59 Hz The 13C NMR
spectrum showed seven signals, one at 6 68 58 ppm corresponding to the
dicyano substituted carbon, signals at 3 109 73 and 110 38 ppm corresponding
to the nitrile carbons and four signals between & 12970 and 172 35 ppm
corresponding to the wvinylic, carbonyl and dicyanomethylene substituted
carbons

Now that 4-dicyanomethylene-2-butenclide (162) had been synthesised
Interest turned to its chemistry and whether it exhibited similar reactivity to that
of maleic anhydride (63a) The analogy between the dicyanomethylene and
carbonyl groups was previously observed by Wallenfels and co-workers 164
They showed that the two groups have similar inductive and resonance effects
and that many of the well-known reactions of the carbonyl group have close
parallels with the dicyanomethylene group Examples of these include the aldol
condensation and Grignard addition reactions (scheme 2 10)
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X "CHCN), X (@) X=0

/lLOR > )J\CH(CN)z () X=CCN),
X RMgBr XH (a) X=0
A Ho /i\ (6) X=CICN),
Scheme 2 10

2 31 Synthesis of Ethyl (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoate
(176) and Methyl (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoate (182)

It 1s well known that cyclic anhydrides (180) react with nucleophiles (X°) to
yield monosubstituted carboxylic acids (181)165 (scheme 2 11) Similarly it was
anticipated that nucleophilic substitution of 4-dicyanomethylene-2-butenolide
(162) with alcohols would afford the open-chain hydroxy compounds (176) and
(182) or (183) and (184) (scheme 2 12)

o={ o
-

(180) (181)

Scheme 2 11
NC CN NC CN NC~—CN
ROH R
do = oL g
COR COH
2 2
o)
(162) (176) R=Et (183) R=Et
(182) R=Me (184) R=Me
Scheme 2 12

Thus reaction of (162) with ethanol afforded the previously unknown ethyl
(2)-4-dicyanomethylene-4-hydroxy-2-butenoate ester (176) in good yield The
IR, TH and 13C NMR spectra were consistent with the proposed structure of the
ethyf ester The IR spectrum showed a strong a,B-unsaturated ester carbonyl

band at 1660 cm-1 and a strong nitrile band at 2227 cm! The TH NMR
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spectrum showed a three proton triplet at 5 141 ppm (J 74 Hz) due to the
methyl protons, a two proton quartet at 6 443 ppm (J 7 4 Hz) due to the
methylene protons, one proton doublets at & 643 and 706 ppm
(vinyhc protons) with a cis coupling constant of 12 8 Hz and a one proton broad
signal at 8 14 55 ppm (hydroxyl proton) The 13C NMR spectrum showed nine
signals, two upfield signals at 5 13 43 and 64 64 ppm due to the saturated
carbons of the ethyl group, a signal at 8 7001 ppm corresponding to the
dicyano substituted carbon, two signals at § 11135 and 11247 ppm
corresponding to the nitrile carbons and four signals between § 129 54 and
17383 ppm corresponding to the wvinylic, carbonyl and dicyanomethylene
substituted carbons

On the basis of the IR and NMR spectral data it was also possible that the
Isomeric compound (183) had been formed The microanalytical data was also
consistent with both structures However, conversion of (176) to the chloroester
(177) and subsequent reaction of (177) with aniline afforded (178) as the major
product X-ray crystallography of compound (178), (figure 2 1) confirmed that
the product was the ethyl ester (176) rather than the 1Isomeric compound (183)

NC CN NC CN
COzEt PhHN CO2Et

(77) (178)

Methyl (2)-4-dicyanomethylene-4-hydroxy-2-butenoate (182) was similarly
prepared by treating the lactone (162) with methanol The IR, 1H and 13C NMR
spectra for (182) corresponded to those expected and were very similar to
those obtained for (176) For the same reasons given for (176), the compound
isolated was (182) and not its isomer (184)

2 3 2 Attempted Synthesis of 1,4-Bis(dicyanomethylene)-1,4-dihydroxy-2-
butene (185)

It was of interest to see If the reaction of another molecule of malononitrile
with 4-dicyanomethylene-2-butenolide (162) would result in nucleophilic attack
at the lactone carbonyl to generate intermediate (185) which might then
undergo Intramolecular cyclisaton to form the known compound,
2,5-bis(dicyanomethylene)-2,5-dihydrofuran (129) 122 This might provide a
viable route to the desired N-substituted analogues (157) (scheme 2 13)
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NC~—CN NC~—CN NC~—CN NC~—CN

o — | 8: — > o —» NR
O NC CN NC CN NC CN
(162) (185) (129) (157)
Scheme 2 13

Reaction of lactone (162) with sodiomaiononitrile n tetrahydrofuran
afforded a brown o1l after work up TH NMR and IR spectral analysis of the
brown oll was suggestive of a complex mixture of products and thus an
alternative route to the desired N-substituted derivatives was necessary

233 Synthesis of (Z)-N-Butyl-4-dicyanomethylene-4-hydroxy-2-
butenamide (189) and (Z)-N-Phenyl-4-dicyanomethylene-4-hydroxy-2-
butenamide (190)

The general method for the preparation of amides s by treatment of acyl
halides (186) or anhydrides (187) with amines (scheme 2 14)

RCOX or (RCO)zO + RNH2 —» HX or RCOZH + RCONHR

(186)  (187)
Scheme 2 14

The analogous reaction of amines with maleic anhydride (63a) produces
the corresponding maleamic acids (188) (scheme 2 15)

X X
RNH2 [LL OH
o ——>
CONHR
o
(63a) X=0 (188) X=0, R=alkyl, aryl
(162) X=C(CN), (189) X=C(CN),, R="Bu

(190) X=C(CN),, R=Ph
Scheme 2 15

it was anticipated that the reaction of lactone (162) with amines would
afford the hydroxy amide (189) and (190) This was further supported by the
discovery180 that nucleophilic attack, by a series of aromatic and aliphatic
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amines on the phthalic anhydride derivative (171b), occurs at the carbonyl
carbon rather than at the dicyanomethylene substituted carbon affording the
amic acid analogue (191) (scheme 2 16)

NC CN " NC CN

CONHR

(171b) (191)

Scheme 2 16

The synthests of hydroxy amides (189) and (190) had not been previously
reported Treatment of 4-dicyanomethylene-2-butenolide (162) with
N-butylamine in tetrahydrofuran yelded (Z)-N-butyl-4-dicyanomethylene-4-
hydroxy-2-butenamide (189) as yellow crystals The IR, 'H and 13C NMR
spectra were consistent with the assigned structure The IR spectrum showed a
strong hydroxy!l band at 3270 cm-1, a strong NH band at 3120 cm-1, a strong
nitrile band at 2231 cm-! and two strong amide carbonyl bands at 1582 and
1517 cm1 respectively The TH NMR spectrum showed four signals between
& 0 90 and 3 40 ppm corresponding to the four different hydrogens of the butyl
group, one proton doublets at & 6 70 and 6 93 ppm (vinylic protons) with a cis
coupling constant of 128 Hz and one proton broad signals at § 9 36 and
14 45 ppm (amide and hydroxyl protons) The methylene group o to the
nitrogen atom exhibits a quartet integrating for two protons at 6 3 40 ppm This
1s due to coupling of the methylene group with the amino proton and with the
adjacent methylene group However, there 1s no observed coupling between
the proton on nitrogen and the a. methylene protons and thus the NH 1s shown
as a one proton broad singlet The expected triplet for the amino proton is
obscured by nuclear quadrupolar broadening 1 e the rate of transitions of the
spin states of nitfrogen 1s similar to the time required for proton transitions The
13C NMR spectrum showed eleven signals, four between & 1305 and
40 33 ppm corresponding to the four carbons of the butyl group, one at & 65 42
ppm corresponding to the dicyano substituted carbon, two at § 112 96 and
113 98 ppm corresponding to the two nitrile carbons, two vinylic absorptions at
8 132 25 and 132 35 ppm and two signals at § 166 73 and 177 28 ppm due to
the carbonyl and dicyanomethylene substituted carbons

(2)-N-Phenyl-4-dicyanomethylene-4-hydroxy-2-butenamide  (190) was
similarly synthesised by treating lactone (162) with aniline The IR, 1H and 13C
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NMR spectra were consistent with the assigned structure and were very similar
to those of (189) The IR spectrum showed an NH band at 3277 cm-1, aromatic
and aliphatic carbon-hydrogen bands at 3119 and 3053 cm*' and a nitrile band
at 2228 cm-1 The TH NMR spectrum showed one proton doublets at § 6 59 and
6 94 ppm (vinylic protons) with a coupling constant of 12 8 Hz, a one proton
aromatic multiplet at 8 719 ppm and a two proton aromatic multiplet at
& 7 39 ppm which were superimposed on a broad hydroxyl proton A two proton
aromatic multiplet at 5 7 62 ppm and a one proton amide singlet at 6 11 98 ppm
were also observed The presence of the amide and hydroxyl protons was
confirmed by their disappearance from the TH NMR spectrum on shaking with
deuterium oxide In addition to this the 13C NMR spectrum showed eleven
signals, one at 61 96 ppm corresponding to the dicyano substituted carbon,
two at § 11473 and 11560 ppm corresponding to the nitrile carbons, eight
between 6 12072 and 179 38 ppm corresponding to the vinylic, aromatic,
carbony| and dicyanomethylene substituted carbons

On standing, compound (190) precipitated from dimethyl sulphoxide-dg
solution, thus some heating was required in order to redissolve it As a result,
when the NMR spectra were repeated, a number of additional carbon
absorptions were observed in the 13C NMR spectrum along with a complex H
NMR spectrum TLC analysis of the heated sample showed that it was no
longer just one product but several products indicating that the compound was
unstable when heated in dimethyl sulphoxide-dg

On the evidence of the microanalytical, IR and NMR spectral data it 1s
also possible that the isomeric compound (192) could be the product formed in
the reaction However, treating ethyl ester (176) with N-butylamine under reflux
afforded (189) The melting point, IR and NMR spectral data were 1dentical with
an authentic sample of (189) The evidence for the structure of (176)
(X-ray crystal structure of its dianiide derivative) confirms that the product
Isolated was (189) and not the 1someric compound (192) Analogously it is
assumed that aniline reacts at the carbonyl carbon to afford (190) These
results were also supported by the results of Moore and Kim 160 These workers
showed that reaction of amines on (171b) afforded amic acid analogues (191)

(scheme 2 16)
NC~—CN
|€]:NHR

COH
2

(192)
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2 3 4 Attempted Cyclisation of (Z)-N-Butyl-4-dicyanomethylene-4-hydroxy-
2-butenamide (189) and (Z)-N-Phenyl-4-dicyanomethylene-4-hydroxy-2-
butenamide (190)

Maleic anhydride (63a) reacts with N-alkyl and N-aryl amines to form the
corresponding maleamic acids (188) (scheme 2 15) These maleamic acd
derivatives (188) can be dehydrated and cyclised with acetic anhydride, acetic
acid or by heating above their melting points yielding N-substituted maleimides
(193) (scheme 2 17)

X X
-HO
> s O
CONHR
o)

(188) X=0, R=alkyl, ary| (193) X=0, R=alkyl, aryl
(189) X=C(CN),, R="Bu (194) X=C(CN),, R="Bu
(190) X=C(CN),, R=Ph (195) X=C(CN),, R=Ph

Scheme 2 17

It was of interest to see whether (Z)-N-butyl-4-dicyanomethylene-4-
hydroxy-2-butenamide (189) or (Z)-N-phenyl-4-dicyanomethylene-4-hydroxy-2-
butenamide (190) would undergo a similar cyclisation via Intramolecular
nucleophilic attack by the amide nitrogen on the dicyanomethylene group and
thus yield (194) and (195) potential precursors to the desired analogues (157)
(scheme 2 17) It has been shown previously by NMR spectroscopy €0 that the
amic acid derivatives (191) slowly tautomerise to the intermediate (196)
(scheme 2 18) Derivative (196) subsequently undergoes imidization to give
(197) The elimination of malononitrile anion rather than hydroxide i1s favoured
because of the enhanced stability granted by the two conjugated nitrile groups

CN N N O
OH E= o —_— NR + CHZ(CN)2
CONHR CONHR
o

(191) (196) (197)

NC

Scheme 2 18
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In addition to this, dehydration of the anilinum salt of (174), gave
benzaniide (198) and malononitrile162 which was further support of this
mechanism (scheme 2 19)

NC CN PhNH 0
: g
—_—
Ph OH A Ph  “NHPh CHz(CN)z
(174) (198)
Scheme 2 19

Initially the cyclisation of (Z)-N-butyl-4-dicyanomethylene-4-hydroxy-2-
butenamide (189) was attempted by heating (189) at 160 °C for 30 minutes
However, the resulting black solid 1solated from this reaction gave complex H
and IR spectra suggestive of a multiplicity of decomposition products Similar
results using the same reaction conditions were obtained from the pyrolysis of
(2)-N-phenyl-4-dicyanomethylene-4-hydroxy-2-butenamide (190)

The cychsation of (Z)-N-phenyl-4-dicyanomethylene-4-hydroxy-2-
butenamide (190) was attempted by heating (190) with acetic anhydrde under
reflux On following the reaction by TLC the formation of a faster eluting major
product and some baseline material was observed The major product was
Isolated as a white solid after work up The TH NMR showed a three proton
singlet at 6 2 12 ppm, a one proton aromatic tripiet at § 7 05 ppm, a two proton
aromatic triplet at § 7 29 ppm and a three proton doublet at 5 7 45 ppm The 'H
NMR spectrum on shaking with deuterium oxide showed the disappearance of
one proton from the triplet at § 7 45 ppm (amide proton) The number of distinct
signals and the absence of the vinylic protons indicated that this was not the
expected N-phenyl-2-dicyanomethylene-pyrrol-5-one (195) The 13C NMR
spectrum confirmed this with an aliphatic signal at § 24 64 ppm, four aromatic
signals between & 11992 and 13787 ppm and a carbonyl signal at
& 168 49 ppm Examination of the IR spectrum showed a streng amide band at
3250 cm! and a strong carbonyl band at 1650 cm! On the basis of this data
the product was assigned as acetanilide This was confirmed by comparing the
spectra and melting point of the white solid with the IR, 1H and 3C NMR
spectra of an authentic sample of acetanilide The possible mode of reaction 1s
shown in scheme 2 20 1n which the amide group of (190) becomes acylated to
yield the N-acyl amide (199) and acetic acid Derivative (199) is then probably
intramolecularly attacked by the hydroxyl oxygen or alternatively under acidic
conditions at the electron deficient iminium carbon of (200) to yield the lactone
(162) and acetanilide Lactone (162) was not i1solated from the reaction mixture
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and was not detected on TLC due to its instability and probably hydrolysis to
the hydroxy acid (179)

Our results show that an alternative ring closure with the elimination of
acetanilide, affording lactone (162) can occur These results were further
substantiated by the discovery!57 that acidification of the sodium salt (201)
gave 3-dicyanomethylenephthalide (171b) and methytamine (scheme 2 21)

NC~—CN NC~—~CN NC~—CN
o
on . MecOH —» | :

OH
HPh N Ph N-Ph
COMe g come
o) oj o o) o)
o’U\

(190) (199)

NG~ CN NG~ CN
OH l o
+N-Ph L
A" cove A

OH 0 :N COMe
(200)
NC~CN NC~CN
- PhNHCOMe
0 —» 0
+ Ph
0" (J-come
') H o
H
(162)
Scheme 2 20
NC~CN NC~CN
O Na* Ht
—> o} +  MeNH
CONHMe 2
o}
(201) (171b)
Scheme 2 21
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2 4 Synthesis and Reactions of Ethyl (Z)-4-Dicyanomethylene-4-chioro-2-
butenoate (177)

Since the dehydration of hydroxy amides (189} and (190) failed to give the
desired imide derivative (163), it was decided to investigate an alternative route
for the synthests of these derivatives An attractive route seemed to be the
conversion of the hydroxyl group of ethyl {Z)-4-dicyanomethylene-4-hydroxy-2-
butenoate (176) to a chlorine atom affording (177), nucleophilic substitution of
the chlorine atom with primary amines and ring closure of the resultant
enamines (202) to yield the N-substituted derivatives (163) (scheme 2 22)

NC~—CN NC~CN NC~-—CN NC~CN
RNH

EIOH > ‘E[ cl 25 E[NHR EtOH NR

CO Et CO Et

CO Et
2
0
(178) a7 (202) (163)
Scheme 2 22
An examination of the literature indicated that

(hydroxyphenylmethylene)propanedinitrile (174) can be converted to the
corresponding chloro compound (203) by heating under reflux with phosphorus
pentachloride in dry dichloromethane 162 Subsequent reaction of (203) with
aromatic amines was rapid and afforded the enaminonitriles (204) in good yield
(scheme 2 23)

NC~—CN  PC|  NC—~CN RNH ' NC~—CN
Ph” ~OH Ph” ct Ph” “NHR
(174) (203) (204)

Scheme 2 23

Using this procedure ethyl (Z)-4-dicyanomethylene-4-chloro-2-butenoate
(177) was prepared from (176) and isolated after work up as a dark brown ol
TLC analysis of this ail indicated that it consisted of one major product and this
was used In subsequent reactions without further purification The IR, TH and
13C NMR spectra of (177) corresponded to those expected and were very
similar to that obtained for (176) except for the absence of the hydroxyl group
In the IR and TH NMR spectra and the downfield shift of the dicyano substituted
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carbon to & 9086 ppm In the 13C NMR spectrum Moore and Robello
reported192 a similar downfield shift in the dicyano substituted carbon of (203)

241 Synthesis of Ethyl (Z2)-4-Dicyanomethylene-4-dibutylamino-2-
butenoate (205), Ethyl (Z)-4-Dicyanomethylene-4-p-amsidino-2-butenoate
(206) and Ethyl (Z)-4-Dicyanomethylene-4-anilino-2-butenoate (207)

The reactions of ethyl (Z)-4-dicyanomethylene-4-chloro-2-butenoate (177)
with primary and secondary amines were investigated Thus treatment of (177)
with an excess of N,N-dibutylamine afforded a brown oil after work up TLC
analysis of this oIl indicated that it consisted of one major product Purification
by column chromatography gave the anticipated product, ethyl (Z2)-4-
dicyanomethylene-4-dibutylamino-2-butenoate (205) as yellow crystals

(scheme 2 24)
NC CN NC CN
[\[CI R'R2NH E[NR2R1

CO Et CDzEt

2
(177 (205) R'=R2=nBy
(206) R'=p-MeOPh, R2=H
(207) R'=Ph, R2=H

Scheme 2 24

The IR, 'H and 13C NMR spectra of (205) were consistent with the
assigned structure The IR spectrum showed an aliphatic carbon-hydrogen
band at 2963, 2937 and 2879 cm-1, a strong ester carbonyl band at 1721 cm-1
and two strong nitrile bands at 2206 and 2189 cm-1 The 'H NMR spectrum
showed five signals between & 0 96 and 4 27 ppm (alkyl protons), one proton
doublets at 3 6 44 and 7 16 ppm (vinylic protons) with a coupling constant of
162 Hz The 13C NMR spectrum showed seven upfield signals between
8 13 47 and 61 50 ppm corresponding to the saturated alkyl carbons and the
dicyano substituted carbon, nitrile absorptions at 5 11585 and 117 13 ppm,
vinylic absorptions at 6 131 81 and 135 22 ppm and absorptions at § 162 98
and 16379 ppm corresponding to the carbonyl and dicyanomethylene
substituted carbon atoms The C-H correlation spectrum confirmed the signals
atd 13 47, 13 86, 19 22, 29 93, 52 66 and 61 50 ppm to be aikyl carbons and in
doing so confirms that the signal at § 50 92 ppm corresponds to the dicyano
substituted carbon
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The addition of excess p-arnusidine to (177) afforded a white precipitate
from the reaction mixture which was fiitered off and assigned as p-anisidine
hydrochloride This was confirmed by converting the hydrochloride salt to
p-anisidine using aqueous sodium carbonate and comparing the IR, 'H and
13C NMR spectra and melting point of the resultant solid with an authentic
sample of p-anisidine In addition to this white solid, ethyl (Z)-4-
dicyanomethylene-4-p-anisidino-2-butenoate (206) was 1solated from the filtrate
following column chromatography Derivative (206) exhibited similar spectra to
that of (205) The IR spectrum showed aromatic and aliphatic carbon-hydrogen
bands at 3237, 2996 and 2839 cm-1, two strong nitrile bands at 2219 and
2200 cm-1, a strong carbonyl band at 1708 cm-1 and a carbon-carbon double
bond absorption at 1642 cm™1 The 1H NMR spectrum showed a three proton
triplet at 6 129 ppm (methyl protons, J 74 Hz), a singlet at 56 382 ppm
(methoxy protons), a quartet at 6 4 22 ppm (methylene protons, J 7 4 Hz), a
one proton doublet (vinylic proton, J 16 2 Hz) at § 6 74 ppm, a two proton
aromatic multiplet at 8 6 90 ppm, a three proton multiplet at 8 7 00 ppm and a
one proton singlet (NH proton) at 6 8 25 ppm The presence of the NH proton
was confirmed by its disappearance from the TH NMR spectrum on shaking
with deuterium oxide Expansion of the multiplet at & 7 00 ppm showed a two
proton aromatic multiplet superimposed upon a one proton vinylic doublet
(J 162 Hz) This second vinylic proton although superimposed by the
absorptions from the aromatic protons could be assigned on the basis of its
coupling constant of 162 Hz The 13C NMR spectrum contained fourteen
s1gn~alsﬁ, four signals between § 13 98 and 61 73 ppm due to the aliphatic and
dicyano substituted carbons, two nitrile absorptions at 8 11429 and
11464 ppm, six vinylic and aromatic absorptions between & 114 94 and
159 35 ppm and two absorptions at & 163 14 and 164 08 ppm due to the
carbonyl and dicyanomethylene substituted carbons

In contrast to N,N-dibutylamine and p-anisidine, addition of excess antline
to (177) deposited a white solid as the major product from the reaction mixture
This white solid was filtered off and TLC analysis of the filtrate showed that it
contained one major product Purification by column chromatography yielded
the anticipated product ethyl (Z)-4-dicyanomethylene-4-anilino-2-butenoate
(207), required as the potential precursor to (163), in low yield (~11%) The IR,
TH and 13C NMR spectra of (207) was consistent with the assigned structure
and exhibited similar spectra to that of (205) and (206)

The 1H NMR spectrum of the white solid contained a three proton triplet at
8120 ppm (J 7 4 Hz), a two proton doublet at 8 3 07 ppm (J 8 37 Hz), a two
proton multiplet at & 4 14 ppm (J 7 4 and 8 37 Hz), a one proton broad signal at
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5 4 41 ppm, a one proton doublet at § 6 15 ppm (J 8 37 Hz) and five signals
between § 6 60 and 7 43 ppm (aromatic protons) and a one proton singlet at
5 1064 ppm (amino proton) The number of distinct signals and the
disappearance of the vinylic doublets indicated that this was not the expected
dicyanomethylene amide ester (207) The 13C NMR spectrum confirmed this
with four aliphatic signals at & 14 09, 50 98, 52 11 and 61 16 ppm, a quaternary
carbon at 5 54 59 ppm, ten signals between § 112 74 and 146 91 ppm due to
nitrile and aromatic carbons and two signals at § 166 68 and 171 56 ppm due
to the carbonyl and dicyanomethylene substituted carbons The DEPT 135
spectrum showed ten carbons bearing hydrogen and combined with the C-H
correlation spectrum confirmed the proton triplet at 8 1 20 ppm to be methyl
protons of the ester group The doublet at § 307 ppm was assigned as
methylene protons o to the dicyanomethylene group, the multiplet at
8 414 ppm was assigned as the methylene protons of the ester group, the
broad signal at 5 4 41 ppm was assigned as an NH proton, the doublet at
& 6 15 ppm was assigned as a methine proton o to the ester group and the
singlet at 8 10 64 ppm was assigned as an NH proton The presence of the NH
protons was confirmed by their disappearance from the TH NMR spectrum on
shaking with deuterium oxide The NMR data i1s consistent with the addition of
two aniline molecules

Examination of the IR spectrum showed two strong NH bands at 3377 and
3290 cm-1, two strong rutrile bands at 2214 and 2198 cm-1, a strong carbonyl
band at 1725 cm-! and aromatic carbon-hydrogen bands at 749 and 699 cm-?
The microanalytical data was also censistent with the addition of two molecules
of aniline On the basis of this data two structures were considered possible for
the major product observed in this system The two possible modes of reaction
considered for this system are attack at the carbon-carbon double bond o to
the ester group to yield (178) and attack at the carbon-carbon double bond a to
the dicyanomethylene group (scheme 2 25) to yield (208) Both products are
consistent with the addition of two equivalents of aniline

Suitable crystals for X-ray diffraction were grown and the structure Is
shown 1n figure 21 The relevant bond lengths and bond angles are given in
table 2 1 and 2 2 respectively This clearly shows that the product arises from
addition of aniline to the carbon o to the ester group 1e ethyl (2)4-
dicyanomethylene-2 4-dianilinobutanoate (178)
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NC CN

NG —CN
EI cl BT QJE[NHPh
CO Et co

, PhNH,_

Aa77) (207)

NC~—CN NC~,—~CN
PhHN~LJ[NHPh /E[NHPh
CO Et

COEt PhHN ,

(208) (178)
Scheme 2 25

The probable mode of reaction of (177) with the aromatic amines
p-anisidine and aniline 1s shown in scheme 2 26 and may be explained n terms

of the basicities of the amines

NC CN NC~~-CN
QI
CO Et 2 CO Et

2 2

Aa77) (209)

-H?t
RNH

NCr~ CN NCrez—CN
SECD
NHR cr
R'NHCF  + |€£ «—— [ wmR
: CO Et

CO Et
2

(202) (210)
Scheme 2 26

p-Anisidine (s the stronger base and thus the more powerful nucleophile
However, it 1s the weaker base antline, that gives the Michael addition product
(178) as the major product Two equivalents of amine were required, the first
equivalent 1s involved in the formation of intermediate (209) and the second
equivalent of amine deprotonates the ammonium 1on affording carbanion (210)



C21 /w

C19

Figure 2 1 Schakal representation of X-ray crystal structure of dianilide (178)
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Table 2 1 Bond lengths for (178)

Bond lengths [A]

0(1)-0(6) 1197(2) | C(4)-C(7) 1512(3)
0(2)-C(7) 1313(2) | C(8)-C(9) 1 463(4)
0(2)-C(8) 1476(3) | C(10)-C(15) 1377(3)
N(1)-C(5) 1145(3) | C(10)-C(11) 1378(3)
N(2)-C(6) 1142(3) |C(11)-C(12) 1375(3)
N(3)-C(2) 1338(3) |C(12)-C(13) 1378(4)
N(3)-C(10) 1433(3) | C(13)-C(14) 1 374(4)
N(4)-C(16) 1380(3) | C(14)-C(15) 1379(4)

N(4)-C(4) 1432(3) | C(16)-C(17) 1 384(3)
C(1)-C(2) 1384(3) | C(16)-C(21) 1 394(3)

C(1)-C(5) 1416(3) | C(17)-C(18) 1 381(3)

C(1)-C(6) 1422(3) | C(18)-C(19) 1 375(4)
C(2)-C(3) 1501(3) | C(19)-C(20) 1379(4)
C(3)-C(4) 1561(3) | C(20)-C(21) 1 366(4)
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Table 2 2 Bond angles for (178)

Bond angles [deg]

C(7)-0(2)-C(8) 1156(2) | C(9)-C(8)-0(2) 107 8(2)
C(2)-N(3)-C(10) 126 2(2) | C(15)-C(10)-C(11) 120 5(2)
C(16)-N(4)-C(4) 125 5(2) | C(15)-C(10)-N(3) 119 3(2)
C(2)-C(1)-C(5) 1207(2) | C(11)-C(10)-N(3) 120 1(2)
C(2)-C(1)-C(B) 1213(2) | c(12)-C(11)-C(10) 119 8(2)
C(5)-C(1)-C(6) 118 0(2) | C(11)-C(12)-C(13) 119 8(3)
N(3)-C(2)-C(1) 120 3(2) | C(14)-C(13)-C(12) 120 3(3)
N(3)-C(2)-C(3) 119 2(2) | C(13)-C(14)-C(15) 120 1(3)
C(1)-C(2)-C(3) 120 4(2) | C(10)-C(15)-C(14) 119 4(2)
C(2)-C(3)-C(4) 116 6(2) | N(4)-C(16)-C(17) 123 5(2)

N(4)-C(4)-C(7) 107 6(2) | N(4)-C(16)-C(21) 118 0(2)
N(4)-C(4)-C(3) 1102(2) | C(17)-C(16)-C(21) 118 5(2)
C(7)-C(4)-C(3) 111 7(2) | C(18)-C(17)-C(16) 120 5(2)
N(1)-C(5)-C(1) 177 3(2) | C(19)-C(18)-C(17) 120 5(3)
N(2)-C(6)-C(1) 179 8(3) | C(18)-C(19)-C(20) 119 1(2)

0(1)-C(7)-0(2) 1236(2) | C(21)-C(20)-C(19) 120 9(3)
0(1)-C(7)-C(4) 123 7(2) | C(20)-C(21)-C(16) 120 5(3)
0(2)-C(7)-C(4) 112 6(2)
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Carbanion (210) subsequently leads to (202) and the amine hydrochloride
by chloride 1on elimination It I1s the stabilities of the respective hydrochloride
salts that gives an insight to the observed reaction differences

The unshared pair of electrons on the nitrogen atom of the two amines,
aniline and p-anisidine, can delocalise into the aromatic ring and thus they are
stabilised However, on protonation the lone pair of electrons on aniline are no
longer available and so aniline is stabilised with respect to the anilinium cation
Therefore 1t I1s energetically unprofitable for aniline to take up a proton and so it
is likely that the anihne hydrochloride that forms In the reaction readily
dissociates Into aniline and hydrochloric acid This allows for a second
molecule of aniline to add to the carbon-carbon double bond p-Anisidine
hydrochloride, in contrast, 1s stabilised by the electron releasing ability of the
methoxy group and therefore it 1s 1solated as a white solid from the reaction
mixture

In attempting to circumvent the Michael addition, the reaction sequence in
scheme 227 was attempted It was hoped that reaction of
7-oxabicyclo[2 2 1}hept-5-ene-2,3-dicarboxylic anhydride (211) with
sodiomalononitrile would afford salt (212), a precursor to lactone (213)
Compound (213) would subsequently lead to the desired N-alkyl derivatives

0 NC~CN
Na* "CH(CN)
o N—p OH
. co- Nat
O 2

(211) (212)

lNa + "CHCN), l
NC~CN NC~CN
l 0

CO Nat

2

(173a) (213)

Scheme 2 27

Treating the Diels-Alder adduct (211) with sodiomalononitrile under reflux

In anhydrous tetrahydrofuran for 1 hour afforded a yellow solid which was
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isolated by filtration This solid was 1dentified as sodium (Z)-4-
dicyanomethylene-4-hydroxy-2-butenoate (173a) by comparison of its IR and
NMR spectra with those of an authentic sample of (173a) Compound (211)
was synthesised according to a previously reported procedurel®® which
involved adding furan (214) to an ethereal solution of maleic anhydride (63a)
and its structure was confirmed by melting point, 1H and 13C NMR and IR
spectroscopy (scheme 2 28)

(214) (63a) (211)
Scheme 2 28

However, from our results it s obvious that a retro Diels-Alder reaction
has taken place This occurs after the addition of malononitrile since heating
(211) under reflux in anhydrous tetrahydrofuran for 1 hour afforded no new
products The spectral data and melt]ng point of the white solid 1solated from
this reaction were consistent with those for (211) The failure to isolate (212)
may be related to the greater stability of (173a) granted by its increased
conjugation compared to (212)

242 Attempted Cyclisation of Ethyl (Z)-4-Dicyanomethylene-4-p-
anisidino-2-butenoate (206) and Ethyl (Z)-4-Dicyanomethylene-2,4-
dianihnobutanoate (178)

It was of interest to see whether intramolecular nucleophilic attack by the
amide nitrogen on the ester carbonyl would lead to ring closure to form the
pyrrolone derivative (215) or pyrrolidone derivative (216) (scheme 2 29) Ethyl
(Z2)-4-dicyanomethylene-4-p-anisidino-2-butenoate (206) was pyrolysed at
160 °C for 30 minutes However the resulting solid gave complex 'H and IR
spectra suggestive of a multiplicity of decomposition products Similar results
were obtained when ethyl (Z)-4-dicyanomethylene-2,4-dianilinobutanoate (178)
was pyrolysed under similar conditions and when (206) was heated In
N,N-dimethylformamide
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NC CN NC CN

H
i N—@OMe “EtOH > [ ~ @OM o

(206) (215)

NC
-EtOH
EINHPh > NPh
COZE'( PhHN

(178) (216)

Scheme 2 29

2 5 Discussion

Our approach to the synthesis of N-substituted TCNQ analogues via the
dicyanomethylene lactone (162), proved to be a non-viable route for the
synthesis of these derivatives However, lactone (162) exhibits stmilar reactivity
to its oxygen analogue, maleic anhydride For example, it reacts with alcohols
and amines under mild conditions to give hydroxy esters and amides
respectively Attempted cyclisation of the hydroxy amides by pyrolysis afforded,
not the desired N-substituted derivatives, but a complex mixture of products An
alternative ring-closure to lactone (162) occurred when the N-phenyl hydroxy
amide (190) was treated with acetic anhydride This contrasts with the results
obtained by Moore and Kim who showed!60 that ring closure of the
dicyanomethylene amic acid derivative (191) under basic conditions afforded
phthalimides and malononitrile Our results may be attributed to presence of
acid in the reaction mixture

An alternative route to the desired N-substituted derivatives by treating
chloroester (177) with primary amines and subsequent ring-closure of the
resultant enamine esters also afforded a complex mixture of products Our
findings also showed that reaction of (177) with N,N-dibutylamine and
p-anisidine gave the anticipated product whereas aniline afforded two products,
one was the anticipated product (207) and the other product involved both
Michael addition and nucleophilic displacement of the chlorine Attempts to
circumvent the Michael addition by protecting the carbon-carbon double bond
of maleic anhydnde with furan and reaction of the subsequent maleic
anhydnde-furan adduct with malononitrile gave the retro Diels-Alder product
(173a)
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The ease with which dicyanomethylene lactone (162) ring opens on
nucleophilic attack by amines to give hydroxy amides, and the failure of these
compounds and the enamine esters to undergo ring closure to (163), makes
this route non-viable for the synthesis of the desired N-substituted dervatives
(157)

Comparison of the TH NMR spectra of 4-dicyanomethylene-2-butenolide
(162), (179) and the open-chain compounds showed not only chemical shift
differences but also coupling constant differences (table 2 3) The coupling
constant between the vinylic protons of (162), 5 9 Hz, 1s much lower than its
corresponding open-chain analogues This agrees well with literature coupling
constant values of analogous butenolides (217)167 which range from 56 to
6 0 Hz

(217) a R'=R?=Me, J,jc =6 Hz
b R'=Me, RZ=Ph, J, . =6 Hz
¢ R1=Me, R2=CH,CH(Me),, J,n,ic n=5 6 Hz

The lower coupling constant value of (162) may be attnibuted to the
smaller H-C=C bond angle of (162) compared to its open-chain derivatives
Also, a comparison of the coupling constants of the hydroxy esters (176) and
(182), the chloroester (177) and the amide esters (205-207) in chloroform-d
showed varying values (table 2 3) The coupling constant value increases In
the order amide ester>chloroester>hydroxy ester This may be explained by the
electronic effect of the amide, chloro or hydroxyl group on the wvinylic
hydrogens
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Table 2 3 Chemical Shift (ppm) and Coupling Constant (Hz) values of the
Vinylic Protons of Dicyanomethylene Denvatives (in CDCl3, unless otherwise
stated)

Compound Oy J
NC CN
| o 7 23,827 59
(acetone-dg)
(o]
(162)
NC~~CN
E[ OR 664,712 12 8
COH (acetone-dg)
2
(179)
NC CN
E[C, 686,778 14 8
CO Et
2
(177)
NC~—CN (176) R=Et 643, 7 06 128
OH
COR (182) R=Me 639 708 128
NC CN (189) R="Bu 670,693 128
OH
CONHR (190) R=Ph 659, 6 94 12 8
(DMSO-dg)
NC~r—CN (205) R'=R2="By 644 716 16 2
NR2R!
CO Et (206) R'=p-MeOPh 674,700 162
R2?=H
(207) R'=Ph, R?=H 676,706 16 2
2 6 Future Work

The design of organic metals Is, in many cases, restricted to controlling
the key properties of the individual component molecules or 1ons e g size,
planarity, ionisation potential/electron affinity and extent of conjugation When
new donor and acceptor molecules are synthesiseq, it 1s necessary to prepare
C-T salts and screen their properties to elucidate the effects of the new
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C-T salts and screen their properties to elucidate the effects of the new
structural modification on their electrical conductivites C-T systems with
increased dimensionality of structural, and therefore electrical, properties has
been prevalent in the work of many groups This stems from the fact that
superconducting salts of TMTSF (4) and BEDT-TTF (5) were shown to have
close inter- and intra-stack heteroatom interactions that stabilise the metallic
state by suppressing Pelerls distortion This increase in dimensionality can be
achieved by placing heteroatoms at peripheral sites in the donor or acceptor or
alternatively by choosing an appropriate inorganic counterion for subsequent
C-T salt formation

Me Me

e e S s
JX, (=)

{4) )

By analogy with the superconducting salts of TMTSF and BEDT-TTF
analogous superconducting salts of TCNQ would be attractive Therefore, there
is a need for the availability of a wide range of TCNQ analogues The synthesis
of TCNQ analogues that are structurally different from those already known are
of interest so that their electron accepting abilities, C-T complex and radical-ion
forming ability with appropriate electron donors could be investigated

Our work was successful in synthesising dicyanomethylene electron
acceptors but the ultimate, N-substituted pyrroline derivatives was not
achieved Alternative approaches to the design of these analogues are
necessary and when available theirr C-T complex forming ability and electron
accepting properties should be investigated One alternative route may invoive
the construction of the heterocyclic ring prior to N-substitution, for example the
reaction of 2,5-dihalogeno derivatives (218) with malononitrile (scheme 2 30)

X NC CN
CHz(CN)z
NR > NR
X NG~ ~CN
(218) X=halogen (157)
Scheme 2 30
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Other systems that may also be useful are the heterocyclic TCNQ
analogue (220) and the imidazole derivative (223) The presence of addstional
heteroatoms should lead to an increase In inter- and intra-stack heteroatom
interactions and also a decrease Iin the on-site Coulomb repulsion Compound
(220) might possibly be synthesised from either the known compound, maleic
hydrazide (221) or the unknown dichloride derivative (219) (scheme 2 31)
Imidazole (223) may be prepared from the 4,5-dicyanoimidazole analogue
(222)

NC CN NC CN o
cl NH NH, N CH CN), N
—» " - u
(o] N N
NC CN NG CN o
(219) (220) (221)
NC CN
N~_-CN CH (CN), N
4 — ( NR
RN CN RN
NC CN
(222) (223)
Scheme 2 31

Alternatively the design and synthesis of organic acceptors containing the
cyanoimine group (=NCN) opens up possibilities for the synthesis of
DCNQI-type acceptors (224-226) The cyanoimine group has been shown to be
a useful replacement for the dicyanomethylene group and has the advantage of
being less sterically demanding than the dicyanomethylene group

NN NC oy~ CN NGy~ CN
N
NR [ ~R 4 NR
RN
NCN NCN NCN
(224) (225) (226)
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Chapter 3

Synthesis of Heterocyclic TCNQ Analogues
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3.1 introduction

It can be seen in chapter 1 that TCNQ (2) has been widely modified to
improve its electrical properties. The majority of these modifications include
extending its quinoid conjugation and introducing heteroatoms into the TCNQ
ring. The introduction of heteroatoms into the component molecules of organic
metals is one of the prerequisites to attain superior electrical conductivity. The
heteroatoms can participate in inter- and intra-stack interactions thus
suppressing the metal-to-insulator transition. The heterocyclic-TCNQ
analogues (124a), (124b), (129) and (157) are isoelectronic with TCNQ and the
lone pair of electrons on the heteroatom are capable of rc-type conjugation. At
the outset of this work only four closely related examples of compounds
containing the structural unit (158) were known. Contrary to the traditional
heterocyclic-TCNQs (124a), (124b) and (129) the acceptor properties of the
pyrroline ring system (157) can be finely tuned by varying the substituents on
the nitrogen atom. As a result, functionalisation is possible which can lead to
increased solubilities for these compounds.

?) (124a) X=s (158) (159)a:X=C(CN)2, R=H (201)
(124b) X=Se b: X=C(CN)2, R=Me
(129) X=0 (227) X=0, R=Me
(157) X=NR, R=H,
alkyl, aryl

Previous work in our laboratoryl5/ investigated possible synthetic routes
to the isoindoline analogues (159a and b). The first route involved the
condensation of malononitrile with /V-methylphthalimide (227). However, this
gave the salt (201) which failed to undergo ring-closure to give the desired
precursor to the A/-substituted derivative. An alternative approach, which
involved Knoevenagel condensation of malononitrile with (227) using Lehnert’s
reagent, was also investigatedl5/ but only resulted in unreacted
/V-methylphthalimide being recovered. Since these routes did not give the
desired /V-substituted derivatives, attention was focussed on the imidines
(228a and b) as possible precursors to (159a and b). The condensation of
imidines with active methylene compounds was extensively investigated by

Elvidge and co-workers in the 1950s.168 They found that the exocyclic imino
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group of (228) and (229) reacted readily with a varnety of active methylene
compounds but the carbonyl group on (228¢) showed no tendency to react with
bases with the elimination of water

X NH
NH NH
(228) a X=NR, R=H (229)
b X=NR, R=Ph
c X=0

This approach provided a viable route to the isoindoline derivatives
(159a and b), via the ammonium salt (230), by reacting malononitrile with either
(228a) or (228b) i N N-dimethylformamide at room temperature
(scheme 3 1) 157

NR NC~,CN NC~—CN
CH (CN)
2 2
NH ——————» N +NH4 _— NR
NH NC™ —CN NC— —~CN

(228) a R=H (230) (159) a R=H
b R=Ph b R=Me

Scheme 3 1

With these considerations in mind it was intended to investigate the
synthesis of N-substituted pyrazine derivatives (231) These derivatives are of
Interest in order to examine their electron accepting abilities and their potential
to form C-T complexes with electron donors The benzo analogue (232) was
previously synthesised69 and was shown to have very similar redox potentials
(E14,=+0 25 V, E2,,5=-0 29 V) to TCNQ (E1;,,=+028 V, E2{p=-029 V) Thus
the presence of a bulky phenyl substituent does not affect the redox properties
of the pyrazino-TCNQ skeleton Compound (232) was synthesised from (233)
in 81% yield by treating (233) with sodium dicyanomethanide in the presence of
a palladium catalyst followed by appropriate oxidation 962
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NC~—CN |
Ph__N Ph N Ph__N
I ] NR I | I |
Ph” N Ph N Ph” "N

NC™ ~CN NC™ ~CN |

(231) R=H, alkyl, aryl 232) (233)

3 2 Reaction of Dumino-6H-5,7-dihydropyrrolo{3,4-b]pyrazine (234) with
Malononitrile

Since the reaction of malononitnle with imidines (228a and b) yielded the
isoindoline derivatives (159a and b) it was decided to synthesise the pyrazine
analogues (231) by an analogous route (scheme 3 2) Condensation of imines
with active methylene compounds 1s simitar to that of aldehydes and ketones
with active methylene compounds 170 The products are analogous and
ammonia Is lost instead of water

NH NC~—CN
Ph N Ph__N
II NH ——» II NR
Ph™ N Ph” N

NH NC~ ~CN

Scheme 32

Compound (234) was synthesised!?! by bubbling ammornia through a
methanolic solution of (235) (scheme 3 3) 5,6-Diphenyl-2,3-dicyanopyrazine
(235) was synthesised according to a previously reported procedure!?2 by
reacting benzil with diaminomaleonutrile in the presence of acetic acid

NH
Ph_ N CN Ph_ N
v NaOMe z

L e Y

Ph" "N” TCN 3 Ph N

NH

(235) (234)
Scheme 3 3
The IR, 'H and 3C NMR spectra were consistent with the assigned

structure of (234) The IR spectrum showed two NH absorptions at 3416 and
3259 ecmt and two imide carbon-nitrogen double bond absorptions at 1680 and
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1644 cm?' The 'H NMR spectrum showed a three proton broad singlet
(NH protons) at 6 3 07 ppm and a ten proton aromatic multiplet at 6 7 32 ppm
The 3C NMR spectrum exhibited seven signals, six aromatic absorptions
between § 12563 and 13043 ppm and one signat at 6 13904 ppm
(imide carbon) However, the dimino derivative (234) proved very difficult to
recrystallise so it was decided to derivatise it to the corresponding phenylimino
analogue (236) An examination of the literature had shown that the 1soindoline
imine (228a) reacts readilly with aniline to give the phenylimino dervative
(228b) 168b Thus heating (234) under reflux for two hours with one equivalent
of aniline in ethanol afforded (236) as yellow crystals (scheme 3 4)

NH NPh
Ph N PhNH,_ Ph__N
Ph” N Ph™ N

NH NH

(234) (236)

Scheme 3 4

The 'H NMR spectrum was consistent with the proposed structure of (236)
showing three aromatic multiplets at 8 709, 736 and 7 45 ppm whose
Integrations were In the ratio of 1 10 4 respectively Also present were two
broad singlets at 56 8 81 and 8 99 ppm, whose integrations were in the ratio of
11 (NH protons) The presence of the NH protons was confirmed by their
disappearance from 'H NMR spectrum on shaking with deuterium oxide The
13C NMR spectrum supported the unsymmetrical structure of the molecule by
showing the correct number of carbons for the proposed structure Eighteen
signals were observed, sixteen aromatic absorptions between § 123 90 and
153 67 ppm and two absorptions at 6 160 46 and 168 05 ppm due to the imino
carbons

Treating  2,3-diphenyl-5,7-dimino-6H-5,7-dihydropyrrolo[3,4-b]pyrazine
(234) with malononitrile in tetrahydrofuran at room temperature afforded, after
work up, a red solid as the major product The 'H NMR spectrum showed a six
proton aromatic multiplet at 6 7 35 ppm and a four proton aromatic multiplet at
8 760 ppm The 3C NMR spectrum showed ten signals, one at § 55 86 ppm
due to the dicyano substituted carbon, two nitrile signals at & 114 35 and
11634 ppm and seven signals between & 12756 and 166 91 ppm
corresponding to the aromatic and dicyanomethylene substituted carbons The
IR spectrum showed an NH band at 3174 cm-' and a strong nitrile band at
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2214 cm' On the basis of this data two structures were considered possible
for the product observed In this reaction The possible mode of reaction 1s
attack at the imino carbons of (234) to afford compound (237) and ammonia
(scheme 3 5) However, 1t is also possible that the acidic hydrogen on (237)
could be deprotonated by the ammonia formed In the reaction to yield the
ammonium salt (238) (scheme 3 6) The red solid was soluble in most common
organic solvents but attempts to recrystallise 1t for elemental analysis were
unsuccessful

CH(CN)
" ﬁ v+ oyon —» L) jf;

(234)
CN +
NC~—CN H N ¢ “C(CN)
Ph__N CH_(ON), “NH_ Ph__N 2
I NH + NH ‘—'—'—“— I NH q_._:"_._ l NH
o
Ph- N
NC CN NH NH
(237)
Scheme 35
NC~CN NC~CN
Ph__N Ph N
> d -+
I\ | N + NH —» I [ N"*NH
3 >N
Ph- N Ph N
NC™ ~CN NC~™ ~CN
(237) (238)
Scheme 36

It has been shown!37 that addition of malononitrile to the isoindoline
derivatives (228a and b) gave the ammonium salt (230) Therefore It was
expected that the red solid 1solated was the analogous pyrazine salt (238)
However, in contrast to (230), which showed a four proton 1 1 1 triplet for the
ammonium cation in the TH NMR spectrum due to 14N/'H coupling, protons due
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to the ammonium cation of (238) were not observed This may be attributed to
the fact that nitrogen-hydrogen coupling in the NH resonance has been
decoupled or broadened by the large electric quadrupole moment of nitrogen
Acidification of (238) and work up gave a yellow solid whose IR, NMR and
microanalytical data were consistent with the structure of 2,3-diphenyi-5,7-
bis(dicyanomethylene)-6H-5,7-dihydropyrrolo[3,4-b]pyrazine (237) Thus, the
3C NMR spectrum showed only ten signals and was consistent with the
presence of a dicyano substituted carbon (peaks at & 6303, 111 54 and
112 08 ppm) and its expected symmetry The 'H NMR spectrum confirmed the
presence of an exchangeable proton at § 3 53 ppm as expected for (237) and
the IR spectrum showed a number of absorptions (2240, 2224 and 2214 cm™)
consistent with a number of nitrile absorptions The isolation of (237) by
acidification of (238) 1s consistent with (238) being the ammonium salt This
was confirmed by its conversion to the tetraalkylammonium salts as discussed
In the next section

3 3 Synthesis of N-Substituted Pyrazine Denivatives

The synthesis of N-substituted pyrazine derivatives (231) was
investigated so that the redox properties of (237) can be finely tuned by varying
the substituents on the nitrogen atom Therefore 1t 1s possible to introduce a
variety of functional groups leading to increased solubilities for these
compounds The ability of these N-substituted derivatives to form C-T
complexes with appropriate donor molecules would then be investigated

It was of interest to find an efficient synthetic route to the N-substituted
pyrazine derivatives from readily available starting matenals it has been
shown'64 that there are similarities between the dicyanomethylene and
carbonyl groups and that they have stmilar inductive and resonance effects It
was also shown that the pK, values of C(CN),-H acids are 37 to 45 units
smaller than those of the corresponding O-H acids Thus a likely route to the
N-alkyl pyrazine analogues seemed to be a route analogous to that used for
the Gabriel synthesis of imides (scheme 3 7)

NH ————» NR

o={_Mo
o={_Xo
oL Mo

Scheme 37
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The electron-withdrawing cyano groups are more electronegative than the
oxygen atom and thus the hydrogen on (237) 1s expected to be more acidic
than the analogous oxygen analogue The acidity of (237) was verified by the
addition of sodium carbonate to a tetrahydrofuran solution of (237) with the
evolution of carbon dioxide gas However, Gabriel-type N-substitution reactions
of the isoindoline analogue (159a) has been unsuccessful!>’ in achieving
direct alkylation because of the poor nucieophilicity of (159a) (scheme 3 8) As
a result of these findings analogous Gabriel-type alkylations with the
ammonium salt (238) were not investigated in the present work

NC CN NC CN
NH j & NR
RX
NC™ ~CN NC~™ —CN
(159a) (239) R=alkyl, aryl
Scheme 3 8

Successful N-methylation of (159a) was finally achieved in poor yield
when the sodium salt of (159a), compound (240), was treated with dimethyl
sulphate 157 However, a more modest yield was obtained by pyrolysis of its
tetramethylammonium salt (241) (scheme 3 9) Contrary to this, Iittle success
resulted from analogous treatment of other N-alkylammonium salts of (159a)

NC CN NC CN NC CN
Dimethyl
Sulphate A -+
N-Na* NMe €4¢— N NMe,
NC CN NC CN NC CN
(240) (159b) (241)
Scheme 39

3 3 1 Synthesis of Tetraalkylammonium Salts (242a-c)

Since the pyrolysis of tetramethylammonum salt (241) In
1,2-dichlorobenzene gave the desired N-methyl derivative (159b) it was
decided to Investigate the synthesis of N-alkyl pyrazine derivatives (243) from
their tetralkylammonium salts (242a-c) The synthesis of these salts had not
previously been reported in the literature The ammonium sait (238) was
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treated with tetramethylammonium chloride in methanol to yield (242a) (scheme
310)

NC CN NC CN NC CN
Ph N } + R N X Ph ’N + - R N Ph N
IlNNH~—‘-‘—>I|NNR—3> I nr
Ph- N Ph N Ph N
NC CN NC CN NC CN
(238) (242) a R=Me (243) a R=Me
b R=Et b R=Et
¢ R= ¢ R=CH,Ph
-
s l
N
CH Ph
2
Scheme 3 10

The IR, 'H and 3C spectra and microanalysis were consistent with the
assigned structure of (242a) The 'H NMR spectrum confirmed the presence of
a tetramethylammonium group with a twelve proton singlet at 6 3 07 ppm Two
aromatic multiplets at 8 7 36 and 7 48 ppm In the ratio 6 4 were also observed
The 13C NMR spectrum was consistent with the symmetry of the molecule
showing a total of eleven signals, a 11 1 triplet at 6 54 38 ppm (J 4 05 Hz)
corresponding to the methyl carbons, one signal at 5 55 65 ppm corresponding
to the dicyano substituted carbon, two nitrile absorptions at § 11528 and
166 0 ppm and seven absorptions between $ 128 27 and 167 71 ppm due to
the aromatic and dicyanomethylene substituted carbons The IR spectrum
showed a strong nitrile band at 2209 cm' The 1 11 triplet at 8 54 38 ppm
observed for the methyl carbon 1s due to the coupling of this carbon with the
14N nucleus

The tetraethylammonium salit (242b) was similarly prepared by treatment
of (238) with tetraethylammonium bromide The IR spectrum of (242b) showed
a strong nitrile band at 2205 cm' The 'H NMR spectrum of (242b) was
analogous to that of the tetramethylammonium salt (242a) showing two
aromatic multiplets at § 7 36 and 7 47 ppm in a 6 4 ratio The only difference
between the two proton NMR spectra was the difference in the ammonium
cation The tetraethylammomum cation showed a twelve proton triplet of triplets
at 3 114 ppm (methyl protons B to the nitrogen atom) and an eight proton
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quartet at 6 3 18 ppm (methylene protons o to the nitrogen atom) The unusual
triplet of triplet sphtting of the methyl protons B to the nitrogen atom in the 'H
NMR spectrum of the tetraethylammonium salt (242b) 1s due to hydrogen
coupling of these protons with the 4N nucleus and the methylene protons The
13C NMR spectrum showed twelve signals and was consistent with the
presence of a tetraethylammonium group The main difference, on comparing
the 13C NMR spectrum of (242b) with that of (242a) was the difference In the
number of carbon absorptions observed for the tetraalkylammonium cation The
tetraethylammonium cation showed one signal at 5 7 06 ppm due to the methyl
carbon B to the nitrogen atom and a 1 1 1 triplet at & 51 34 (J 3 05 Hz) due to
the methylene carbon o to the nitrogen The unusual splitting of the methyl
protons  to the nitrogen atom In the 'TH NMR spectrum and the methylene
carbon o to the nitrogen atom in the 13C NMR spectrum is due to hydrogen and
carbon coupling with the 4N nucleus respectively This 1s as expected63 and
was confirmed by compartson with the 'H and 3C NMR spectra of an authentic
sample of tetraethylammontum bromide

N-Benzylpyridinium salt (242c) was similarly prepared by treating the
ammonium salt (238) with benzylpyndinium chloride, synthesised by heating
benzyl chloride and pyridine together The 'H NMR spectrum of (242c) was
analogous to those of (242a) and (242b) the main difference being the
expected difference In the quaternary cation group The benzylpyrndinium
cation showed a two proton singlet at 6 5 83 ppm (methylene protons), and four
aromatic multiplets at & 7 42, 8 16, 8 60 and 9 17 ppm whose integrations were
In the ratio 152 1 2 respectively The last three aromatic multiplets were
assigned as the pyridyl aromatic protons The 13C NMR spectrum showed
eighteen signals which was consistent with the expected symmetry and the
presence of a benzylpyridinium cation (peak at 6 63 32 ppm due to the
methylene carbon) The presence of a dicyano substituted carbon (peaks at
& 55 66, 115 26 and 115 97 ppm) was also observed

3 3 2 N-Alkylation using the Tetraalkylammonium Salts (242a-c)

The use of alkylammonium salts in nucleophilic displacement reactions
has been reported but i1s problematic in terms of side-reactions and poor yields
Examples include the pyrolysis of tetramethylammonium hydroxide affording
trnmethylamine and dimethyl ether 173 |n addition to this Katritzky and
co-workers have Investigated the transformation of primary aliphatic amino
groups Into other functional groups 174 This involved the reaction of an amine
with a 2,4,6-tnarylpyrylium (244) to afford the corresponding pyridinium salt
(245) (scheme 3 11) The N-substituent on the pyridinium cation can undergo
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nucleophilic displacement when reacted with halogens, oxygen, sulphur,
nitrogen, carbon or hydrogen nucleophiles 74P

Ph Ph
RNH
- — 25 -
4 l S I
Ph "O" Ph Ph- "N” Ph
R
(244) (245)
Scheme 3 11

These workers have also developed a method174b for synthesising
N-substituted phthalimides (197) by reacting the appropriate 2,4,6-
tnarylpyrnidinium salt with potassium phthalimide in N,N-dimethylformamide
This synthetic route has been successful in preparing succinimide (246) and
sulphonamide (247) analogues also and 1s a widely applicable two-step

sequence for the conversion of primary amino groups Into other functionalities
under mild conditions in high yields

O o]
SO2
NR NR NR
SO,

(197) (246) (247)

N-Ethylaton of (237) was ntially attempted by heating the
tetraethylammonium salt (242b) under a variety of different reaction conditions
Heating salt (242b) at 300 °C for 30 minutes under an atmosphere of nitrogen
gas changed the salt to a black solid TLC analysis of the black solid showed
that it consisted of one main product which had a similar Rf value as the salt
(242b) The spectral data of the black solid was consistent with that of (242b)
An alternative method reported,’37 which involved pyrolysing the
tetramethylammonium 1soindoline salt (241) in 1,2-dichlorobenzene, was also
attempted for the tetraethylammonium pyrazine salt (242b) However, treating
the salt (242b) with 1,2-dichlorobenzene under reflux for 30 hours, showed no
new products on following the reaction by TLC Dark orange crystals were

obtained on filtering the solution, the spectral data of which were consistent
with that of (242b)
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In an effort to synthesise the N-alkyl pyrazine derivatives (243a-c) from
the corresponding tetraalkylammonium salts it was decided to change the
reaction solvent For Sp2 reactions a decrease in polarity of the solvent
(decrease in dielectric constant) and/or its 1on-solvating ability results in an
increase In reaction rate This 1s because In the transition state (248) the
charge 1s dispersed compared to the starting material thus solvation of the
transition state 1s likely to be more effective than the initial nucleophile hence
the slight increase (scheme 3 12)

NC~~CN NC~CN NC—CN
Ph__N Ph__N Ph__N
- (e 5 5t v
L NNR —> I | N&—R-=NR — I | NR + NR_
Ph” N Ph” N Ph™ N
NC™ ~CN NG~ —~CN NC™ ~CN
(248)
Scheme 3 12

The tetraethylammorium salt (242b) was heated under reflux for 20 hours
in 1,2,4-trichlorobenzene as a higher boiling non-polar solvent The progress of
the'reaction was monitored by TLC and slow formation of a yellow spot was
observed, increasing In Intensity as the reaction progressed Column
chromatography and recrystallisation afforded 2 ,3-diphenyl-5,7-bis(dicyano-
methylene)-6-ethyl-5,7-dihydropyrrolo[3,4-blpyrazine (243b) as a yellow
crystaline solid The IR, 'H and 3C NMR spectra were consistent with the
assigned structure The 3C NMR spectrum showed only twelve signals and
was consistent with the presence of an ethyl group (signals at 5 16 11 and
41 85 ppm) and a dicyano substituted carbon (signals at 6 63 51, 110 80 and
111 95 ppm) This was also consistent with its expected symmetry The 'H
NMR spectrum confirmed the presence of the ethyl group with a three proton
triplet at & 1 69 ppm (methyl protons) and a two proton quartet at & 4 79 ppm
(methylene protons) as expected Three symmetrical aromatic multiplets at
867 37,745 and 7 69 ppm In the ratio 4 2 4 respectively were also observed
The IR spectrum showed aliphatic and aromatic carbon-hydrogen bands at
3070 and 2934 cm! and a strong nitrile band at 2220 cm-!

The N-methyl derivative (243a) was similarly prepared as a yellow
crystalline material from the tetramethylammonium salt (242a) The IR, 'H and
13C NMR spectra were consistent with the assigned structure The 'H NMR
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spectrum of (243a) was consistent with that of the N-ethyl derivative (243b)
showing the same symmetry in the aromatic region of 424 with similar
chemical shift values The main difference between the two proton NMR
spectra was the expected difference in the N-substituent 1 e (243a) showed a
three proton singlet at § 4 29 ppm (methyl protons) The 3C NMR spectrum of
(243a) was also consistent with the N-ethyl derivative showing the correct
number of carbons (eleven) and the same symmetry The main difference was
the observation of a carbon corresponding to a methyl group at 6 35 56 ppm
The aromatic and dicyanomethylene absorptions occur at similar chemical
shifts as (243b) The IR spectrum showed a strong nitrile absorption at
2222 cm!

Treatment of the N-benzylpyridimum salt (242c) with 1,2,4-
trichlorobenzene under the same reaction conditions as salts (242a) and
(242b) afforded (243c) as a yellow solid after column chromatography The IR,
'H and 3C NMR spectra were consistent with the assigned structure The 3C
NMR spectrum showed the correct number of carbons (fifteen) for the assigned
structure The presence of a methylene carbon at 6 49 19 ppm and a dicyano
substituted carbon (peaks at 3 64 56, 110 74 and 111 66 ppm) was consistent
with the expected symmetry of the molecule The '"H NMR spectrum of (243c)
was similar to that of (243a) and (243b) and was also consistent with the
symmetrical nature of the molecule This was confirmed by the presence of a
two proton singlet at 6 6 05 ppm (methylene protons) and fifteen aromatic
protons The aromatic protons were observed as three aromatic multiplets at
8715, 742 and 7 72 ppm In the ratio of 2 9 4 respectively The IR spectrum
showed a strong nitrile absorption at 2221 cmy!

The formation of the N-alkyl derivatives Is thought to have occurred by
nucleophiic attack of the nitrogen anion on the alkyl group of the
tetraalkylammonium cation affording the N-alkyl derivative and trialkylamine
(scheme 3 13)

NC~—CN NC~—CN
Ph N | A Ph N I )
. R, — | NR *+ NR
Ph" N Ph™ N
NC™ —CN NC= ~CN

Scheme 3 13
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3 3 3 Electronic Absorption Spectra of N-Substituted Heterocyclic TCNQ
Analogues

UV/ivisible spectroscopy has been used to gain an insight into the
electronic properties of the N-substituted pyrazine derivatives (237) and (243)
which are highly coloured solids The UV/visible absorbance maxima for the
N-substituted derivatives are listed in table 31 along with those for the
corresponding ammonium salts

Comparison of the UV/visible spectra of the ammonum and
tetralkylammonium salts (238) and (242) in acetonitrile were found to be
essentially the same (table 3 1) The UV/visible spectra of one of these salts,
(242a), and the ammonium salt (238) are shown In figure 3 1 for comparison
However, comparison of the spectra of (242a), (238) and the protonated
compound (237) with those of the N-alkyl derivatives (243), exemplified by the
spectrum of the N-methyl analogue (243a) (figure 3 1), shows that A5 for the
latter compounds occurs at much shorter wavelengths, ~390 and 414 nm
compared with ~481 and 511 nm (table 3 1) This difference may be attributed
to greater conjugation within the anion compared to the N-alkyl derivatives In
compound (237) this difference may possibly be attributed to the partial
lorusation of (237) to its anion tn acetonitrile Thus its UV/visible spectrum 1s a
composite of the protonated compound and its anion and both absorb strongly
In this region This was confirmed by comparison of the UV/visible spectrum of
(237) and its ammonium salt (238) (figure 3 1) which shows that they have
similar Aqmax values This result contrasts with the data obtained for the
analogous I1soindoline compounds (159a) and (159b), in which the Ay Value
of (159b) occurs at slightly longer wavelengths in acetonitrile 157

In conclusion, pyrolysis of the quaternary ammonium salts (242a-c) was
successful In providing a route to the desired N-alkyl substituted pyrazine
derivatives (243a-c) which were obtained In moderate to good yields The
conversion of these N-substituted pyrazines into appropriate C-T complexes
was Investigated, the results of which are reported In chapter 4 The
electrochemical properties of these derivatives are outlined in chapter 5
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Table 3 1 Electronic Absorption Data for Heterocyclic TCNQ Analogues

Compound

Amax/NM (Emay)

NC
Ph__N
I | NNR
NG 4
Ph” N
NC

CN (238) R=H

CN
(242) a R=Me

b R=Et

CN

(243)a R=Me

b R=Et

¢ R=CH,Ph

220sh (25,750), 330 (20,100), 481
(23,000) and 511 (22,650)

221 (22,674), 270 (17,914), 318
(17,540), 331 (18,396), 370sh
(12,834), 481 (21,765) and 511
(21,551)

222 (29,500), 271 (16,100), 318
(23,100), 332 (24,050), 374sh
(18,100), 482 (28,000) and 512
(27,500)

222sh (31,466), 262 (23,314), 318
(21,956), 330 (22,429), 372sh
(15,121), 482 (26,054) and 510
(25,655)

223 (32,250), 327 (21,200), 387
(34,500), 410 (32,000), 481
(6,650) and 511 (6,660)

222 (28,100), 250sh (16,500), 332
(19,100), 392 (29,700) and 414
(28,400)

218sh (26,492), 248sh (10,801),
330 (16,480), 394 (29,183) and
414 (28,365)

224sh (21,127), 250sh (11,737),
331 (13,146), 389 (22,066) and
412 (21,268)

124




A 0 400+

0 200+

300 0

400 0 500 0 600 0
Wavelength (nm )

A 0 400+

w o

(b)

9 200+

o

0 00
200 0

L
300 0

400 0 500 0 600 O

_ Wavelength (nm )

0 80

0 SOD»\//

A
(c) > 040a

o 200+

0 00
200 0

n
300 0

400 0 $00 O 600 O
Mavelength (nm )

0 400

L g4

(d)

0 200r

0 OOC'i

200 ©

300 0

400 0 500 O 600 0
Wavelength (nm )

Figure 3 1 UV/visible spectrum of (a) (238), (b) (242a), (c) (237) and (d) (243a)
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3 4 Future Work

Although N-substitution of the pyrazine analogue (237) was achieved by
pyrolysis of the tetraalkylammonium salts in 1,2,4-trichlorobenzene, reaction
times are long and the overall synthetic route requires five steps Alternative
approaches to the design of TCNQ analogues containing the structural unit
(158) are required One such route that may be useful 1s the reaction of
dihalogeno precursors (249) with sodiomalononitrile (scheme 3 14) The
dihalogeno derivatives (249) may be easily prepared from the imide analogues
(197) by treating (197) with phosphorus pentachloride and phosphorus
oxychloride This procedure was previously used!7S to convert thiophthalic
anhydnde to its 1,3-dichloro derivative

0 cl NC~~—CN
POC! CH CN),
NR T‘P NR —_— NR
5
o Cl NC™ ~CN
(197) (249) (239)
Scheme 3 14

Another alternative may be the Knoevenagel condensation of
malononitrile with N-substituted imidines (250) (scheme 3 15) It has been
shown that 2-methyl-1,3-diphenyliminoisoindoline (250) can be prepared!76 by
reacting 1,3-dimethyliminoisoindoline (251) or 1-imino-3-methyliminoisoindoline
hydriodide (252) with aniline (scheme 3 16)

NPh NC CN
CH (CN),
NMe > NMe
NPh NG~ ~CN
(250) (159b)
Scheme 3 15
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NMe NPh NMe, HI

PhNH2 PhNH2
NH > NMe = NH

NMe NPh NH
(251) (250) (252)
Scheme 3 16

Compound (251) can be synthesised by reacting (228a) with
methylamine 176 This may be a possible synthetic route for the preparation of
analogous pyrazine analogues and would be attractive since a variety of
N-substitutents can be attached by varying the amine
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Chapter 4

Charge-Transfer Studies
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4 1 Introduction

It has been reported in Chapter 1 that intense colours frequently form
instantly when mixing an electron donor and an electron acceptor results in the
formation of C-T complexes These complexes are characterised by an intense
electronic absorption In the visible or near UV that 1s attributable to neither
component of the complex alone, but to a new molecular species, the C-T
complex itself As a result, UV/visible spectroscopy has been widely used in the
study of C-T complexes Mulliken’4 considered these to anse from a Lewis
acid-base type of interaction, the bond between the components arising from
partial electron transfer from donor to acceptor (section 1 A 4) Retaining the
metallic character of these C-T complexes down to very low temperatures, and
thus achieving high conductivities has been a major goal for organic chemists

C-T complexes have been extensively investigated since the discovery®
that crystals of a complex between TTF (3) and TCNQ (2) were produced by
mixing solutions of the two components Crystals of this complex exhibited a

NC CN
I[z>=<z]| @

NC™ ~CN
(3) (2)

room temperature conductivity (500 Scm-1), much lower than metals like copper
and silver (10 Scm-1) but higher than that of a typical semiconductor
(105102 Scm-!) and considerably higher than an nsulator
(10-14-10-18 Secm-1) The ability of C-T complexes to conduct electricity depends
on the arrangement of molecules in the crystal For example, in the TTF-TCNQ
C-T complex the molecules stack on top of each other resulting in a structure
with two types of stack (segregated stacks), one consisting of electron donors
and one of electron acceptors Within each stack the orbitals of one molecule
overlap with those of the molecules above and below In the crystal an electron
can transfer from the donor to the acceptor to form a salt High electrical
conductivity in C-T complexes Is associated with segregated stacks of donor
and acceptor molecules which have extensive n-electron delocalisation in the
stacking direction One of the prerequisites for the formation of C-T complexes
Is that at least one of the molecular components must be planar with a
delocalised & electron system
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It has been reported’57 that the 1soindoline analogues (159) are capable
of forming C-T complexes with the electron donors TTF (3), N,N,N'N-
tetramethyl-p-phenylenediamine (TMPD, 11) and anthracene (253) but not
N,N-dimethylaniline (254)

MeN Me

:: : Me N Me
(159) a R=H 11) (253) (254)

b R=Me

The X-ray crystal structure of the 1 1 (159a)-TMPD C-T complex exhibited
a mixed stacking arrangement of the donor and acceptor, as a result of which it
Is anticipated that this complex i1s probably semiconducting

The N-substituted heterocyclic TCNQ analogues (237) and (243b) were
Investigated as to their C-T complex-forming behaviour with electron donors
TTF (3) and TMPD (11)

NC CN NC CN
Ph_ _N Ph_ _N
o r’d
LI w L1
N ™
Ph N Ph N
NC CN NC CN
(237) R=H (232)
(243b) R=Et

The benzo analogue (232) has previously been shown to form C-T
complexes with TTF and TMTSF, both of which exhibited low conductivities 169

4 2 Charge-Transfer Studies with 2,3-Diphenyl-5,7-bis(dicyanomethylene)-
6H-5,7-dihydropyrrolo[3,4-b]pyrazine (237)
4 2 1 Attempted C-T Complex formation between (237) and TMPD (11)

Treatment of a hot solution of (237) in acetonitnle with one equivalent of
TMPD afforded dark red crystals TLC analysis showed that it consisted of two
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indsvidual components with the same Rf values as (237) and (11) Examination
of the IR spectrum of these red crystals showed two strong nitrile bands at 2219
and 2204 cm-1 The microanalytical data was consistent with a 1 1 composition
On the basis of this, two structures were considered possible for the product
observed in this system These were the 1 1 C-T complex or the salt (255)

NC CN
Ph_ N
I | N™ X+
Ph N
NC CN
(255) X*=
M‘e+ I\I/Ie
I
Me Me

(242a) X*=*NMe,

The UV/visible spectrum of the red crystals was essentially identical to
that of the tetramethylammonium salt (242a) (figure 4 1) The only difference In
the spectra, which was due to the absorption difference of the cationic
components, occurred below 300 nm The UV/isible spectrum and X-ray
crystallography (figure 4 2) confirmed that the solid was in fact the ammonium
salt (255) The crystal structure shows that the N,N N’ N'-tetramethyl-p-
phenylenediaminium cation i1s essentially planar except for the two methyl
groups attached to N(8) These methyl groups are twisted out of the plane with
the bond angles around N(8) (~112°) being close to the regular tetrahedral
angle of 109 5° In contrast, the two methyl groups attached to N(9) have bond
angles of ~120°, consistent with the regular trigonal planar angle (120°) The
revelant bond lengths and bond angles are given In tables 41 and 42
respectively

4 2 2 C-T Complex formation between (237) and TTF (3)

The C-T complex-forming ability of (237) with TTF (3) was also investigated
The addition of an equimolar amount of TTF to (237) in acetonitrile resulted in
the almost immediate formation of a black/dark green solution from which
unreacted (237) deposited as a yellow solid Recrystallisation of the sold
obtained on evaporating the filtrate gave dark purple crystals from acetonitrile
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Figure 4 1 UV/Visible spectra of (a) (255) and (b) tetramethylammonium salt
(242a)

TLC analysis of the crystals showed that they consisted of two individual
components with the same Rf values as (237) and (3) The IR/spectrum
showed only one nitrile group absorption at 2225 ¢cm-! compared with three
nitnle group absorptions In (237) (2240, 2224 and 2214 cm™1) and the melting
point was also different from those of (237) and (3) The UV/isible spectrum of
the purple solid showed absorption values similar to those of (237) (figure 4 3)
On the basis of this data 1t 1s possible that a C-T complex had been formed
This was confirmed by microanalytical data, which was consistent with a 2 1
[(237) TTF] stoichiometry for the complex Unfortunately, all attempts to prepare
crystals suitable for X-ray diffraction have been unsuccessful

132



Figure 4 2 Schakal representation of X-ray crystal structure of salt (255)
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Table 4 1 Bond lengths for (255)

Bond lengths [A]

N(1)-C(1) 1325(3) C(6)-C(7) 1 374(3)
N(1)-C(4) 1352(3) C(7)-C(9) 1422(3)
N(2)-C(2) 1330(2) C(7)-C(8) 1 424(3)

N(3)-C(3) 1 352(3) C(10)-C(12) 1 419(3)
N(3)-C(5) 1 353(3) C(10)-C(11) 1418(3)
N(3)-C(6) 1 368(3) C(13)-C(14) 1387(3)
N(4)-C(8) 1 142(3) C(13)-C(18) 1393(3)
N(5)-C(9) 1148(3) C(14)-C(15) 1379(3)
N(6)-C(11) 1 144(3) C(15)-C(16) 1 378(4)
N(7)-C(12) 1150(3) C(16)-C(17) 1367(4)
N(8)-C(25) 1 479(3) C(17)-C(18) 1379(3)
N(8)-C(31) 1 487(3) C(19)-C(20) 1 388(3)
N(8)-C(32) 1 495(4) C(19)-C(24) 1 393(3)
N(9)-C(28) 1 367(3) C(20)-C(21) 1 386(3)
N(9)-C(33) 1 431(4) C(21)-C(22) 1377(4)
N(9)-C(34) 1 445(4) C(22)-C(23) 1375(4)
C(1)-C(2) 1378(3) C(23)-C(24) 1376(4)
C(1)-C(5) 1 473(3) C(25)-C(26) 1 369(3)
C(2)-C(6) 1 472(3) C(25)-C(30) 1377(3)
C(3)-C(4) 1419(3) C(26)-C(27) 1379(3)
C(3)-C(13) 1 485(3) C(27)-C(28) 1 401(3)
C(4)-C(19) 1 486(3) C(28)-C(29) 1396(3)
C(5)-C(10) 1382(3) C(29)-C(30) 1 370(3)

134




Table 4 2 Bond angles [deg ] for (255)

Bond angles [deg ]

C(1)-N(1)-C(4) 1149(2) | c(5)-C(10)-C(12) 121 8(2)
C(2)-N(1)-C(3) 1146(2) | C(5)-C(10)-C(11) 121 4(2)
C(5)-N(3)-C(6) 107 7(2) | C(12)-C(10)-C(11) 116 5(2)

C(25)-N(8)-C(31) 1122(2) | N(6)-C(11)-C(10) 178 3(3)

C(25)-N(8)-C(32) 1122(2) | N(7)-C(12)-C(10) 175 5(2)
C(31)-N(8)-C(32) 1120(2) | C(14)-C(13)-C(18) 118 9(2)
C(28)-N(9)-C(33) 1205(2) | C(14)-C(13)-C(3) 119 1(2)
C(28)-N(9)-C(34) 1208(2) | C(18)-C(13)-C(3) 122 1(2)
C(33)-N(9)-C(34) 1186(2) | C(15)-C(14)-C(13) 120 2(2)
N(1)-C(1)-C(2) 1235(2) | C(16)-C(15)-C(14) 120 3(3)
N(1)-C(1)-C(5) 1302(2) | C(17)-C(16)-C(15) 119 9(2)
C(2)-C(1)-C(5) 1063(2) | C(16)-C(17)-C(18) 120 5(2)
N(2)-C(2)-C(1) 1235(2) | C(17)-C(18)-C(13) 120 2(2)
N(2)-C(2)-C(6) 130 4(2) | C(20)-C(19)-C(24) 119 0(2)
C(1)-C(2)-C(6) 1059(2) | C(20)-C(19)-C(4) 122 2(2)
N(2)-C(3)-C(4) 1220(2) | C(24)-C(19)-C(24) 118 7(2)
N(2)-C(3)-C(13) 1145(2) | C(21)-C(20)-C(19) 120 2(3)
C(4)-C(3)-C(13) 1236(2) |C(22)-C(21)-C(20) 119 9(3)
N(1)-C(4)-C(3) 1216(2) | C(23)-C(22)-C(21) 120 4(2)
N(1)-C(4)-C(19) 1141(2) | C(24)-C(23)-C(22) 120 0(3)
C(3)-C(4)-C(19) 124 3(2) | C(23)-C(24)-C(19) 120 5(3)
N(3)-C(5)-C(10) 124 2(2) | C(26)-C(25)-C(30) 119 8(2)
N(3)-C(5)-C(1) 1100(2) | C(26)-C(25)-N(8) 119 8(2)
C(10)-C(5)-C(1) 1258(2) | C(30)-C(25)-N(8) 120 4(2)
N(3)-C(6)-C(7) 1229(2) | C(25)-C(26)-C(27) 120 1(2)
N(3)-C(6)-C(2) 1100(2) | C(26)-C(27)-C(28) 121 6(2)
C(7)-C(6)-C(2) 127 1(2) | N(9)-C(28)-C(29) 121 1(2)
C(6)-C(7)-C(9) 1241(2) | N(9)-C(28)-C(27) 122 5(2)
C(6)-C(7)-C(8) 1195(2) | C(29)-C(28)-C(27) 116 5(2)
C(9)-C(7)-C(8) 116 4(2) | C(30)-C(29)-C(28) 121 9(2)
N(4)-C(8)-C(7) 178 9(2) | C(29)-C(30)-C(25) 120 2(2)
N(5)-C(9)-C(7) 175 5(2)
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Figure 4 3 UV/visible spectra of (a) (237) and (b) (237)-TTF

4 3 Charge Transfer Studies with 2,3-Diphenyl-5,7-bis(dicyanomethylene)-
6-ethyl-5,7-dihydropyrrolo[3,4-b]pyrazine (243b)

4 3 1 C-T Complex formation between (243b) and TMPD

Mixing equimotlar acetonitrile solutions of (243b) and TMPD gave a dark
purple coloured solution from which dark purple crystals deposited The IR and
UVivisible spectra of the crystals were identical to that of (243b) but its melting
point was different to those of either (243b) or TMPD Figure 4 4 shows the
UV/visible absorption spectra of (243b) and (243b)-TMPD C-T complex TLC
analysis of the erystals showed two components with Rf values similar to those
of (243b) and TMPD, consistent with the formation of a C-T complex An exact
stoichiometric ratio of the two components in the complex could not be
elucidated from the microanalytical data and crystals suitable for X-ray
diffraction could not be obtained The microanalytical data however could be
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Figure 4.4 UV/visible spectra of (a) (243b) and (b) (243b)-TMPD.

better understood if it were assumed that the crystals contained either water or
acetonitrile of crystallisation. However, more direct evidence for this was
unavailable. The 1H NMR spectrum showed a water signal in chloroform-d at 8
1.56 ppm; however this may have been due to the presence of water in the
chloroform-d itself. In contrast there was no evidence for the presence of
acetonitrile in the NMR spectrum.

Examination of the microanalytical data calculated for different
stoichiometric acceptor:donor:water and acceptondononacetonitrile
compositions (table 4.3) shows that a 2:1:1 ratio for (243b): TMPD:H20 provides
the best fit for the experimental carbon, hydrogen and nitrogen compositions
obtained from two independent samples (table 4.4). A 3:1:1 ratio for
(243b):TMPD:H20 and a 2:1:2 ratio for (243b):TMPD:CH3CN were also
consistent with the experimental composition of the second sample.
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Table 4 3 Carbon, Hydrogen and Nitrogen Values for different stoichiometries
of (243b)-TMPD C-T Complex

Acceptor Donor Ratio Carbon (%) | Hydrogen (%) [ Nitrogen (%)
11 (C4gH31Ng) 7332 529 2137
2 1 (CgoHagN16) 73 35 456 22 07
3 1 (CggHgN23) 73 37 427 22 36
4 1 (Cyqq4H76N30) 73 37 410 22 51
11+ H,0 (C3gH33Ng0) 7115 5 47 20 74
21+ H,0 (CgoHsgN150) 72 07 4 68 2169
31+ H,0 (CggHg3N»30) 72 46 4 35 22 08
4 1 + H,0 (Cq44H7gN300) 72 67 417 22 30
12+ Hy0 (C46Ha7N110) 7175 6 15 20 01
13 + H,0 (C5gHg5N130) 71 84 6 99 19 44
14 + HyO (CggHg1N150) 72 03 7 41 19 09
1 1 + 2H,0 (C3H35Ng05) 69 10 563 20 14
21+ 2H,0 (CgoH50N1602) 70 84 479 21 31
31+ 2H,0 (CggHg5N2305) 71 58 443 21 81
41+ 2H,0 (C114HgoN3005) 7198 424 22 09
12 + 2H,0 (C4gH51N1710,) 69 94 6 50 19 50
13 +2H,0 (C5gHg7N1305) 70 48 7 07 19 08
14+ 2H,0 (CggHaaN1502) 70 87 7 48 18 78
11+ CHaCN (C3gH34N10) 72 36 543 22 20
12+ CH3CN (C4gH50N12) 72 52 6 34 2114
13 + CH4CN (CggHggN14) 72 62 6 93 20 44
14 + CHACN (CggHgoN1g) 72 69 7 25 19 94
2 1+ CH3CN (CgaHagN17) 7278 4 67 22 54
3 1+ CH3CN (CggHgaNo4) 72 95 435 22 68
4 1+ CH;CN (Cq16H79N34) 73 05 417 2276
11+ 2CH3CN (C4oH37N11) 7115 5 55 22 93
1 2 + 2CH;CN (CggHgaN15) 7183 6 39 2178
1 3 + 2CH3CN (CgoHggN15) 72 04 6 95 2100
14 + 2CH3CN (C7oHgsN17) 7219 7 35 20 44
21+ 2CH3CN (CggHsoN1g) 72 24 477 22 97
31+ 2CH4CN (CgoHg7N k) 72 56 443 22 99
4 1+ 2CH4CN (C1gHg,N35) 72 75 424 23 00
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Table 4 4 Carbon, Hydrogen and Nifrogen Values obtained for (243b)-TMPD
C-T Complex

Carbon (%) | Hydrogen (%) | Nitrogen (%)
Sample 1 71 41 461 22 30
7180 468 2166
72 30 473 23 43
Sample 2 7217 482 22 07
72 14 474 22 67

The TH NMR spectrum of the (243b)-TMPD C-T complex in chloroform-d
was examined In an attempt to establish the ratio of the individual components
present However, at room temperature the aromatic and N-methyl protons of
TMPD were not observed due to peak broadening Peak broadening of TMPD
In NMR spectroscopy Is well known177 and 1s caused by the electron exchange
reaction (scheme 4 1) between neutral TMPD, which 1s diamagnetic, and its
one electron oxidation product (256), which s paramagnetic Formation of the
cation radical (256) 1s due to air oxidation of neutral TMPD 177b

¢+ et
MeN,Me Me-.N,Me Me\NzMe Me\NzMe
Q-9 — Q-
Me’N We Me™NWe Me N*Me Me’NWe

(11) (256) (256) (11)
Scheme 4 1

Therefore 1n order to observe the TMPD protons, the TH NMR spectrum
over the temperature range 20 °C to -30 °C was investigated (figure 4 §) Some
of the peaks remain unchanged as the temperature is lowered whereas others
that were nitially broad became more distinct The peaks that became more
distinct included a broad signal at § 2 91 ppm (N-methyl protons of TMPD) and
a broad signal at 5 6 79 ppm (aromatic protons of TMPD), consistent with the
presence of TMPD n the C-T complex The exact stoichiometric ratio of the
complex however could not be elucidated from the TH NMR spectrum
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Figure 45 TH NMR spectrum of (243b)-TMPD C-T complex at (a) room
temperature (20 °C), (b) 0 °C, (c) -10 °C, (d) -20 °C and (e) -30 °C
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In addition to the TMPD signals a broad peak was observed at -10 °C and
-20 °C which was not observed at either 0 °C, 20 °C or -30 °C At -10 °C this
peak occurred at 6 5 24 ppm but was shifted downfield to 6 5 42 ppm at -20 °C
It 1s unknown whether this signal is real, reproducible or reversible

The only rational conclusion that can be deduced from the data i1s that the
crystals of the C-T complex contain water of crystallisation

4 3 2 Attempted C-T Complex formation between (243b) and TTF (3)
Treatment of a hot solution of (243b) in acetonitrile with an equimolar
amount of TTF afforded a yellow solution, which on cooling deposited crystals
of unreacted (243b) Recrystallisation acetonitrile of the yellow solid, obtained
on evaporating the filtrate, afforded additional quantities of (243b) The
UV/ivisible spectrum recorded after the addition of TTF to one equivalent of
(243b) in acetonitnile (figure 4 6) did not show the formation of a new C-T band

141



0 500,

0 400

0 300

(a)

o TY

0 200+

0 100+

0 00 "
200 O 300 0

400 O 500 0
Wavelength (nm )

0 200
(b) ¢

0 100

0 00
200 0 300 0

400 0 500 0 580 0
Havelength (na )

0 500

QO 400
0 300+

A

(c) »
0 200

0 109

0 000!

200 © 300 © 400 0 500 0 600 0
Wavelength (nm )

Figure 4 6 UV/Visible spectra of (a) (243b), (b) TTF and (c) (243b) and TTF

142



Chapter 5

Cyclic Voltammetry Studies
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5 1 Introduction

Cyclic voltammetry has been extensively used by organic chemists In the
search for new organic conducting matenals 110. 125a The potential of a given
molecule as a possible candidate for a constituent in a C-T complex or organic

conductor can be inferred from the energy changes accompanying the half
reactions

A+ e = A
A® + & === A”

A convenient method 1s to measure the half-wave potentials (E,,) under
similar solvent, electrolyte and reference electrode conditions The energy
change, AE (AE=E",,-E2,,), corresponding to the disproportionation reaction

20 —» A 4+ A

may be regarded as a figure of ment with smaller AE values being desirable

Thus cyclic voltammetry provides a quantitative means of determining likely
conditions for organic conducting materials

5 2 Cyclic Voltammetry

Cyclic voltammetry involves the measurement of cell current as a function
of the electrode potential In a cyclic voltammetric expenment one has an
unstirred solution containing a supporting electrolyte and a redox species
(in solution or on the surface) 178 The potential of the working electrode is
cycled and the resulting current 1s measured, with the potential of the working
electrode controlled versus the reference electrode A redox system can be
characterised by the peaks on the cyclic voltammobram and from changes
caused by vanations in the scan rate The potential that 1s applied across the
electrode for a cyclic voltammogram 1s considered as an excitation signal
(inear potential scan with triangular waveform) (figure 5 1)

The trianguiar potential excitation signal sweeps the electrode potential
between two values (switching potentials) The excitation signal causes
potential first to scan negatively versus the reference electrode The scan
direction 1s then reversed (point 5, figure 5 1), causing a positive scan back to
the orniginal potential Single or multiple scans may be used and the potential
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scan rate can also be varied The current evolved at the working electrode Is
measured throughout the potential scan

m-—=1

Figure 5 1 Tnangular potential ‘Excitation Signal' for a cyclic voltammogram

The typical response curve (cyclic voltammogram) to the potential
excitation signal for the reversible reduction of A to its stable anion radical A-
having a charactenistic potential E® for the process 1s shown In figure 52 The
cyclic voltammetric scan s initiated from a positive potential (point 1) and
proceeds Iin the negative direction When the working electrode eventually

attains sufficient negative potential to reduce A the cathodic current (point 2)
occurs due to the process

A+e —» A
The cathodic current increases rapdly (point 2 — point 3) until the

concentration of A at the electrode surface 1s diminished causing the current to
peak (point 3) The current then decays (point 3 — point 5) as the solution
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Figure 5.2 Cyclic Voltammogram fora freely diffusing species.

around the electrode is depleted of A due to its reduction to A™*. The scan
direction is reversed or 'cycled' at point 5 and the reverse scan is analogous to
the forward scan. The potential is still sufficiently negative to reduce A, so the
cathodic current continues even though potential is now scanning in the
positive direction. When the electrode becomes a sufficiently strong oxidant

(sufficiently positive), A™ which has been accumulating near the electrode can
now be oxidised i.e.

This causes the anodic current (point 6 ->m point 7). The anodic current
rapidly increases until the surface concentration of A* is diminished, causing
the current to peak (point 7). Current then decays as the solution around the
electrode is depleted of A-*. From figure 5.2, A™ is generated electrochemically
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from A In the forward scan and in the reverse scan A is oxidised back to A as
indicated by the anodic current

A more detalled understanding can be gained by considering the Nernst
equation (equation 6) and the changes In concentration that occur in solution
'adjacent' to the electrode during electrolysis The potential excitation signal
exerts control on the ratio [conc A/conc A-] at the electrode surface as
described by the Nernst equation for a reversible system

E = E® + RT/nF In[conc A/conc A-] (6)

where E 1s the peak potential (=E -Vt where E . 1s the initial potential, v 1s
the scan rate in volts per second and t is the elapsed time), E® i1s the formal
reduction potential of the couple A/A-*, R is the gas constant, T 1s the absolute
temperature, F 1s the Faraday constant and n 1s the number of electrons In the
half reactions The half-wave potential (E,;,) i1s related to E®' by

E,;, = EY + RT/NF In(Dg/Dy)'"2

Eqj 1s exactly (within 2/n mV) midway between the anodic peak potential (E,,)
and the cathodic peak potential (E,;) and Dg and D are diffusion coefficients of
the oxidised and reduced forms

The location of the peak potential (E) can be used in the qualitative
identification of the electroactive species while the peak current (1) can be used
In its quantitative determination For electrochemically reversible reactions the
anodic peak potential (E,,) 1s equal to the cathodic peak potential (E.)
Reversibility occurs when both species rapidly exchange electrons with the
working electrode The criterion for reversibility 1s two-fold

(1) the peak separation (AE,) I1s equal to the difference between the
anodic peak potential (E,,) and the cathodic peak potential (E,,;) / e

AE = E

0 Epc = 59/n mV

pa”

and (2) the difference between the cathodic half-peak potential (E.,) and the
cathodic potential (E) I1s equal to 59/n mV
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Both (1) and (2) are independent of concentration and scan rate

Irreversibility, on the other hand I1s due to slow exchange of the redox
species with the working electrode 1 e the rate constant for the forward reaction
(k;) 1s much greater than the rate constant for the reverse reaction (k) for the
cathodic peak and the opposite holds for the anodic peak (k, >> k;)

f -
A+e — A
r

Also
AEp > 59/n mV

and

A quasi-reversible reaction results If k; and k, are the same order of
magnitude over most of the potential range

5 3 Electrochemical studies of Bis(dicyanomethylene)-5,7-dihydropyrrolo-
[3,4-b]pyrazines (237) and (243)

The electrochemical properties of 2,3-diphenyl-5,7-bis(dicyano-
methylene)-6H-5,7-dihydropyrrolo[3,4-blpyrazine (237) and the 2,3-diphenyl-
5,7-bis(dicyanomethylene)-6-alkyl-5,7-dihydropyrrolo[3,4-b]pyrazine derivatives
(243) were studied by cyclic voltammetry at room temperature The half-wave
(E4;,) potentials are shown in table 5 1 along with those of TCNQ (2),08 and
pyrazino-TCNQs (232),769 (257)179 and (258)179 measured under similar
conditions

The reduction potentials of (237) and (243) were measured In acetonitrile
at room temperature using hithium perchlorate as supporting electrolyte to
establish their potential as electron acceptors The cyclic voltammogram of
(237) exhibits a single reversible redox wave corresponding to a one electron
reduction at the potential E;,=-084 V (figure 53) The separation of the
cathodic and anodic peaks amounts to 0 063 V, consistent with a one electron
transfer
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Table 51 Cychc Voltammetry Data for Heterocyclic TCNQ Analogues
(measured in acetonitnle unless otherwise stateq)

Compound Solvent | E'40o/V | EZ4p/lV | AEN
(237) R=H -0 84
NC~r—CN (243a) R=Me -0 36 -0 51 015
Ph /N
I IR 2 = 16
oSy (243b) R=Et -0 37 -0 53 0
NC CN
(243c) R=CH,Ph -0 34 -0 49 015
NC CN
|§| +0 08 -048 056
NC CN
(2)
NC CN
Ph ,N
< | DMF  +025 -029 054
Ph N
NC CN
(232)
NC CN
Ph /N N\ Ph
I\ I +010  -038 048
Ph N N Ph
NC CN
(257)
NC CN
Ph /N
I\ 022 -0 31 009
Ph N
NC CN
(258)

149



70 ©O

sSe e —

30 80 [—

I CuA
s

~12 00 —

~-38 88 —

| | | l l I

o0
o0 @ 1090 @ ~-100 © -300 © -500 0 -70@ © -90@ © ~11e0 @ -1300 @ -1500
E (mV)

Figure 53 Cyclic Voltammogram of (237) i 025 M hthwum
perchlorate/acetonitrile solution Mercury electrode Scan rate 100 mV s-1

Huckel molecular orbital calculations by Gerson and co-workers
showed118 that the negative charges in the radical anion and dianion of
9,10-TCAQ (114a) are located on the two dicyanomethylene carbon atoms

This 1s because the LUMO 1 e the orbital where the extra electrons are placed
1S located in this moiety Analogously it 1s expected that reduction of (237)
mainly affects the tetracyanopyrrolidine ring moiety Therefore, the reversible
redox wave in the cychc voltammogram of (237) may correspond to a one
electron reduction to radical anton (259) (scheme 5 1)
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Scheme 5 1

In contrast to  2,3-diphenyl-5,7-bis(dicyanomethylene)-6H-5,7-dihydro-
pyrrolof3,4-b]pyrazine (237) which shows a single wave one-electron reduction
to the anion radical, the N-alkyl derivatives (243) exhibit two reversible single
wave reductions (figures 5 4-5 6) The first reversible redox wave (E',,,) in the
cyclic voltammograms of (243) corresponds to a one electron reduction to the
anion radicals (260) and the second reversible redox wave corresponds to a
one electron reduction of the anion radicals (260) to the dianions (261) (scheme
5 2) the potentials of which are shown In table 51 The separations of the

cathodic and anodic peaks are consistent with a one electron reduction for both
waves
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Figure 54 Cyclc Voltammogram of (243a) in 025 M hthium
perchlorate/acetonitrile solution Mercury electrode Scan rate 100 mV s 1
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5 3 1 Discussion

Cyclic voltammetry measurements reveal that compound (237) forms a
stable anion radical and compounds (243) form stable anions and dianions
Substitution on the nitrogen atom of the tetracyanopyrrolidine ring allows tuning
of the acceptor ability depending on the electromic behaviour of the
substituents The first half-wave reduction potentials of (243a, E',,=-0 36 V),
(243b, E',,=-0 37 V) and (243c, E',,=-0 34 V) are similar and have a more
positive value than (237, E',,=-084 V) This Indicates that replacing the
hydrogen atom with an alkyi group enhances the electron accepting ability

The first reduction potentials of (237) and (243) are higher than that of
TCNQ (2, E,,=+0 08 V),108 and the pyrazino-TCNQs (232, E',,=+0 25 V),169
(257, E',,=+0 10 V)79 and (258, E',,=-0 237 V) 179 This indicates that (237)
and (243) are poorer electron acceptors than the latter compounds However,
the smaller difference between E',, and E2,, (re AE value) of (243a,
AE=0 15 V), (243b, AE=0 16 V) and (243c, AE=0 15 V) compared to TCNQ
(AE=0 56 V) suggests that the intramolecular Coulomb repuision i1s reduced in
the electron acceptors (237) and (243) owing to the extension of the n-system
Reduction of the intramolecular on-site Coulombic repulsion s one of the
prerequisites for attaining high electrical conductivity These heterocyclic TCNQ
analogues, as reported In chapter 4, have potential as electron acceptor
constituents in C-T complexes
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Chapter 6

EXPERIMENTAL
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Introductory Remarks

Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker AC
400 instrument operating at 400 MHz for "H NMR and 100 MHz for '*C NMR
All spectra were recorded using deuteriochloroform (CDCl;) as solvent unless
otherwise stated (s=singlet, d=doublet, t=triplet, g=quartet, m=multiplet and
br=broad) Coupling constants (J) are given in Hertz (Hz)

Infra-red (IR) spectra were recorded on a Perkin-Elmer 983G IR
spectrophotometer, a Nicolet 205 FT-IR spectrometer or a Perkin-Elmer FT-IR
spectrometer for KBr pellets unless otherwise stated (s=strong, m=medium)

Ultraviolet (UV) spectra were recorded on a Hewlett-Packard 8452A diode array
or a Shimadzu 3100 UV/visible spectrophotometer The units for & are dm®mol '
cm’' HPLC grade acetonitrile was used as the solvent unless otherwise stated

Melting point determinations were recorded using a Griffin or Gallenkamp
melting point apparatus and are uncorrected

Elemental analyses were carned out by the Microanalytical Laboratory at
University College Dublin

Thin Layer Chromatography (TLC) was carried out using silica gel TLC plates
containing a fluorescent Indicator (Riedel de Haen, DC cards SiF, layer
thickness 0 2mm)

High Resolution Mass Spectra (HRMS) were carried out by the Department of
Chemistry, The University, Dundee, DD1 4HN, Scotland, UK

Radial centrnifugal chromatography (RCC) was carried out using a Harrison
Research model 7924T Chromatotron system using rotors coated with
Kieselgel 60 PF,s4 containing 5% calcium sulphate as binder

Tetrahydrofuran was dned prior to use by heating under reflux over
benzophenone and sodium metal until the mixture developed a deep purple
colour (sodium benzophenone ketyl) followed by distillation Dichloromethane
was dried prior to use by distillation from calcium hydrnde Light petroleum
(40-60 °C) was used unless otherwise stated
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Sodium hydnide (60% oll dispersion) was washed with light petroleum prior to
use The hght petroleum was removed using a Pasteur pipette and the
remaining suspension was dried by applying a flow of nitrogen gas
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Synthesis of Sodium (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoate
(173a)

Sodium hydnde (15 0 g, 800 mmol) and anhydrous tetrahydrofuran (800 cm3)
were placed in a round-bottom flask fitted with a magnetic stirrer and a dropping
funnel Malononitle (592 g, 900 mmol), dissolved In anhydrous
tetrahydrofuran (400 cm’) was added dropwise with stirnng at room
temperature Maleic anhydride (63a) (784 g, 800 mmol) in anhydrous
tetrahydrofuran (600 cm®) was added to the sodiomalononitrile soluton A
yellow solid precipitated and the mixture was stirred at room temperature for
1 hour after which the yellow solid was filtered off, washed with tetrahydrofuran
(2x50 cm3) and dried under vacuum to yield sodium (Z)-4-dicyanomethylene-4-
hydroxy-2-butenoate (173a) (118 0 g, 90%), mp 90 °C (decomp ), 'R vpax
3460 (broad OH), 2216, 2191 (s, CN), 1550 (s, C=0), 1500, 1440, 1386, 1314,
1210, 970 and 805 cm™', "TH-NMR (DMSO-dg) & 6 11 (1H, d, J 12 8, vinylic-H),
674 (1H, d, J 12 8, vinylic-H) and 17 46 (1H, br s, OH, exchanges with D,0)
ppm, *C-NMR (DMSO-ds) & 57 47 [C(CN),], 116 97, 117 81 (CN), 133 02,
133 59 (HC=CH), 165 54 and 182 30 [C=0 and C=C(CN),] ppm

Synthesis of Tetraethylammomum (Z)-4-Dicyanomethylene-4-hydroxy-2-
butenoate (173b)

Tetraethylammonium bromide (1 9 g, 9 mmol), dissolved in water (20 cm’), was
added dropwise with stirmng at room temperature to sodium (Z)-4-
dicyanomethylene-4-hydroxy-2-butenoate (173a) (15 g, 9 mmol) dissolved In
water (50 cm3) The reaction mixture was stirred at room temperature for
1 hour The product was extracted with dichloromethane (3x25 cm3) and the
combined organic extracts were dried over anhydrous magnesium sulphate
Removal of dichloromethane by rotary evaporation yielded tetraethylammonium
(Z2)-4-dicyanomethylene-4-hydroxy-2-butenoate (173b) as a yellow solid (1 1 g,
43%) Recrystallisation from ethanol gave yellow crystals, mp 95-96 °C,
Microanalysis Found C, 6091, H, 791, N, 1403% CsH,3N;0; requires
C, 6141, H, 790, N, 14 32%, UV Xl 232 (g 12,228) and 344 (¢ 10,988) nm,
IR vmax 3440 (OH), 2987, 2958 (aliphatic C-H), 2202 (s, CN), 1695 (s, C=0),
1611 (s, con) C=C), 1478 (s), 1391 (s), 1356 (s), 1254, 1240, 1220, 1174,
1069, 1052, 998, 838 (s), 814 (m), 787 (m) and 640 cm™’, "H-NMR § 1 30 (12H,
toft, J20,74, CH,), 338 (8H, q, J 74, CHy), 6 06 (1H, d, J 12 8, vinylic-H),
675 (1H, d, J 12 8, vinylic-H) and 14 09 (1H, br s, OH) ppm, BC-NMR & 6 94
(CH3), 5218 (111 t, J 305 Hz, CH,), 58 20 [C(CN),], 117 01, 117 83 (CN),
133 03, 133 68 (HC=CH), 165 65 and 182 56 [C=0 and C=C(CN),] ppm
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Synthesis of (2)-4-Dicyanomethylene-4-hydroxy-2-butenoic acid (179)
Sodium (2)-4-dicyanomethylene-4-hydroxy-2-butenoate (173a) (300 g,
160 mmol) and 1% v/v dilute hydrochloric acid (600 cm®) were placed In a
round-bottom flask and the reaction was stirred at room temperature for 1 hour
The product was extracted exhaustively with diethyl ether and the combined
ethereal extracts were dried over anhydrous magnesium sulphate Removal of
diethyl ether by rotary evaporation yielded (2)-4-dicyanomethylene-4-hydroxy-
2-butenoic acid (179) (190 g, 72%) as a yellow solid Recrystallisation from
toluene gave yellow crystals, m p 130-132 °C, Microanalysis Found C, 51 04,
H, 2 51, N, 17 15% C;H4N2O; requires C, 5122, H, 245, N, 17 06%, UV Anax
236 (¢ 7,933) and 330 (¢ 10,450) nm, IR vy, 3441, 3370 (s, OH), 2250, 2236
(s, CN), 1690 (s, C=0), 1640, 1508, 1355 (s), 1294 (s), 1224 (s) and
847 (s) cm', "H-NMR (Acetone-dg) & 2 75 (4H, br s, H,0), 6 64 (1H, d, J 12 8,
vinyhc-H), 712 (1H, d, J 128, vinylic-H) and 1096 (1H, br s, OH) ppm,
BC-NMR (Acetone-ds) & 68 71 [C(CN),], 111 87, 112 87 (CN), 130 93, 134 65
(HC=CH), 170 97 and 175 12 [C=0 and C=C(CN);] ppm

Synthesis of 4-Dicyanomethylene-2-butenolide (162)

(1) From (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoic acid (179)
(2)-4-Dicyanomethylene-4-hydroxy-2-butenoic acid (179) (36 0 g, 220 mmol)
and toluene (150 cm3) were added to a round-bottom flask fitted with a
magnetic stirrer, reflux condenser and a dropping funnel A solution containing
thionyl chlorde (21 cm®, 290 mmol) and toluene (150 cm’) was placed In the
dropping funnel and added dropwise with stirring at room temperature The
reaction was heated under reflux for 3 hours (until the evolution of gases
ceased) after which a small amount of insoluble matenal was filtered off The
thionyl chlonde and toluene were removed from the filtrate by ambient pressure
distillation to yield a brown oill which, on cooling, soldified to give
4-dicyanomethylene-2-butenolide (162) (22 9 g, 71%) Recrystallisation from
hght petroleum (60-80 °C) gave off-white crystals, mp 101-102 °C,
Microanalysis Found C, 5756, H, 136, N, 1939% C;H;N;O, requires
C, 5754, H, 137, N, 1917%, UV XAnax 300 (¢ 17,902) nm, IR vpax 3146 (s),
3112 (s), 3089 (s, aliphatic C-H), 2241 (s, CN), 1819 (s, C=0), 1628 (s, conj
C=C), 1561 (s), 1350 (m), 1304 (m), 1200 (s), 1094 (s), 1073 (s), 1010 (s), 859
(s), 830 (s) and 820 (s) cm”, 'H-NMR (Acetone-dg) & 723 (1H, d, J 59,
vinylic-H) and 8 27 (1H, d, J 5 9, vinylic-H) ppm, "*C-NMR (Acetone-dg) & 68 58
[C(CN),], 109 73, 110 38 (CN), 129 70, 141 21 (HC=CH), 165 09 and 172 35
[C=0 and C=C(CN),] ppm
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(1) From Sodium (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoate (173a)

Sodium (2)-4-dicyanomethylene-4-hydroxy-2-butenoate (173a) (440 g,
258 mmol) and toluene (200 cm’) were placed in a round-bottom flask fitted
with a magnetic stirrer, reflux condenser and a dropping funnel A solution
containing thionyl chloride (20 cm®, 274 mmol) and toluene (50 cm®) was placed
in the dropping funnel and added dropwise with stirring at room temperature
The reaction mixture was heated under reflux for 3 hours (until the evolution of
gas ceased) and the insoluble black solid which precipitated was filtered off
The thionyl chlorde and toluene were removed from the filtrate by ambient
pressure distillation to yield a brown oil which on cooling, solidified to give
4-dicyanomethylene-2-butenolide (162) (20 0 g, 53%) Recrystallisation from
light petroleum (60-80 °C) gave off-white crystals, mp 101-102 °C The IR and
NMR spectral data were identical to those reported for (162) by route (1)

Synthesis of Ethyl (2)-4-Dicyanomethylene-4-hydroxy-2-butenoate (176)

(1) From 4-Dicyanomethylene-2-butenolide (162)

Ethanol (200 cm®) was added to 4-dicyanomethylene-2-butenolide (162)
(15 0 g, 100 mmol) in a round-bottom flask and the solution was stirred at room
temperature for 30 minutes The yellow crystalline solid which precipitated was
filtered off on a Buchner funnel, washed with ethanol (2x25 cm®) and dried
under vacuum to yield ethyl (Z)-4-dicyanomethylene-4-hydroxy-2-butenoate
(176) (98 g, 50%) Complete removal of ethanol from the filtrate by rotary
evaporation gave additional quantities of the crude ester (4 8 g, 24%) This was
confirmed by 'H, '3C and IR spectroscopic data, (overall yield 14 6 g, 74%)
Recrystallisation from chloroform/ight petroleum (60-80 °C) gave vyellow
crystals, mp 108-110 °C, Microanalysis Found C, 55 81, H, 4 27, N, 14 50%
CgHgN,O5 requires C, 56 25, H, 4 19, N, 14 57%, UV A 238 (g 13,037), 326
(e 16,746) and 334sh (e 16,226) nm, IR v, 3420 (OH), 3020, 3006 (C-H),
2227 (s, CN), 1660 (s, C=0), 1629 (s), 1620 (s, conj C=C), 1568 (s), 1468,
1438 (s), 1418 (s), 1391, 1277 (s), 1233 (s), 1218 (s), 921 (s), 846 (s) and 834
cm', 'TH-NMR & 141 (3H, t, J 7 4, CH;), 443 (2H, q, J 7 4, CH,), 6 43 (1H, d,
J 12 8, vinylic-H), 7 06 (1H, d, J 12 8, vinylic-H) and 14 55 (1H, br s, OH) ppm,
BC-NMR & 1343 (CH,), 64 64 (CH,), 70 01 [C(CN),], 111 35, 112 47 (CN),
129 54, 134 25 (HC=CH), 169 13 and 173 83 [C=0 and C=C(CN),] ppm

() From Sodium (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoate (173a)

Ethano! (25 cm®) and concentrated sulphuric acid (05 cm’) was added to
sodium (Z)-4-dicyanomethylene-4-hydroxy-2-butenoate (173a) (0 5 g, 3 mmol)
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and the solution was heated under reflux for 30 minutes The reaction solution
was allowed to cool and the ethanol was removed by rotary evaporation The
product was extracted from the resulting ol with diethyl ether (3x25 cm3) The
ethereal extract was washed with water (2x25 cm®) and dried over anhydrous
magnesium sulphate to yield ethyl (Z)-4-dicyanomethylene-4-hydroxy-2-
butenoate (176) (0 3 g, 56%) Recrystallisation from chloroform/light petroleum
(60-80 °C) gave yellow crystals, mp 108-110 °C The IR and NMR spectral
data were identical to those reported for (176) by route (1)

Synthesis of Methyl (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoate (182)
Methanol (200 cm®) was added to 4-dicyanomethylene-2-butenolide (162)
(15 0 g, 100 mmol) in a round-bottom flask and the solution was stirred at room
temperature for 30 minutes The yellow crystalline solid which precipitated was
filtered off on a Buchner funnel, washed with methanol (2x25 cm3) and dried
under vacuum to yield methyl (Z)-4-dicyanomethylene-4-hydroxy-2-butenoate
(182) (93 g, 51%) Complete removal of methanol from the filtrate by rotary
evaporation gave additional quantities of the crude ester (32 g, 17%) This was
confirmed by 'H, *C and IR spectroscopic data, (overall yield 12 5 g, 68%)
Recrystallisation from chloroform/light petroleum (60-80 °C) gave yellow
crystals, mp 110-111 °C, Microanalysis Found C, 53 63, H, 343, N, 1557%
CgHgN,O3 requires C, 53 93, H, 3 39, N, 15 72%, UV Anax 236 (¢ 19,558) and
328 (¢ 20,888) nm, IR vy 3050, 3004 (aliphatic C-H), 2225 (s, CN), 1655
(s, C=0), 1630 (s, C=C), 1560 (s), 1465 (s), 1420 (s), 1355, 1280 (s), 1220 (s),
955 (s), 935 (s), 849 (s) and 675 cm™', 'H-NMR & 398 (3H, s, CH,), 6 39 (1H,
d, J 128, vinylic-H), 708 (1H, d, J 12 8, vinylic-H) and 14 15 (1H, br s, OH)
ppm, >C-NMR & 54 82 (CHs), 70 94 [C(CN),], 111 30, 112 56 (CN), 128 77,
134 80 (HC=CH), 169 63 and 173 57 [C=0 and C=C(CN),] ppm

Attempted Synthesis of 1,4-Bis(dicyanomethylene)-1,4-dihydroxy-2-
butene (185)

To sodium hydnde (0 1 g, 4 mmol) in anhydrous tetrahydrofuran (10 cm3) was
added malononitrile (0 27 g, 4 mmol) in anhydrous tetrahydrofuran (20 cm3),
followed by 4-dicyanomethylene-2-butenolide (162) (058 g, 4 mmol) In
anhydrous tetrahydrofuran (20 cm® The reaction mixture was stirred at room
temperature for 30 minutes after which the tetrahydrofuran was removed by
rotary evaporation to yield a brown oll 'H NMR and IR gave complex spectra
suggestive of a complex mixture of products
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Synthesis of (Z)-N-Butyl-4-dicyanomethylene-4-hydroxy-2-butenamide
(189)

(1) From 4-Dicyanomethylene-2-butenolide (162)
4-Dicyanomethylene-2-butenolide (162) (23 g, 16 mmol) n tetrahydrofuran
(40 cm3) was placed in a round-bottom flask fitted with a magnetic stirrer and a
dropping funnel N-Butylamine (1 8 cm®, 18 mmol) in tetrahydrofuran (30 cm®)
was added dropwise with stirring at room temperature for 1 hour The solvent
was removed by rotary evaporation and the product was extracted with
dichloromethane (3x25 cm®) The extract was washed with 1% v/iv dilute
hydrochloric acid (2x25 cm®) and water (2x25 cm®) and dried over anhydrous
magnesium sulphate The dichloromethane was removed by rotary evaporation
to yield (Z2)-N-butyl-4-dicyanomethylene-4-hydroxy-2-butenamide (189) (16 g,
46%) Recrystallisation from toluene gave yellow crystals, mp 149-150 °C,
Microanalysis Found C, 6015, H, 609, N, 18 93% C44H3N;O, requires
C, 6026, H, 597, N,19 16%, UV Xna 238 (¢ 8,250) and 330 (¢ 11,820) nm,
IR vmax 3270 (s, OH), 3120 (s, NH), 2962 (s, aliphatic C-H), 2231 (s, CN), 1582
(s), 1517 (s, C=0), 1470 (s), 1455 (s), 1380 (s), 1312, 1266, 1125, 952 (s), 839
(s), 760 (s), 745 (s) and 690 (s) cm™, '"H-NMR (Acetone-ds) 5 090 (3H, t, J 7 4,
CH,), 137 (2H, sextet, J 74, CH;CH,CH,CH;), 159 (2H, quintet, J 7 4,
CH,;CH,CH,CH,), 340 (2H, q, J 74, CH;CH,CH,CH,), 6 70 (1H, d, J 128,
vinylic-H), 6 93 (1H, d, J 12 8, vinylic-H), 9 36 (1H, br s) and 14 45 (1H, br s)
(NH and OH) ppm, *C-NMR (Acetone-dg) & 13 05 (CH3), 19 75 (CH,), 30 28
(CH,), 4033 (CH,), 6542 [C(CN),], 11296, 11398 (CN), 13225, 13235
(HC=CH), 166 73 and 177 28 [C=0 and C=C(CN),] ppm

(1) From Ethyl (Z)-4-Dicyanomethylene-4-hydroxy-2-butenoate (176)
N-Butylamine (128 cm®, 13 mmol) was added to a solution of ethyl (Z)-4-
dicyanomethylene-4-hydroxy-2-butenoate (176) (10 g, 52 mmol) n
tetrahydrofuran (40 cm3) The solution was heated under reflux for 4 hours and
then allowed to cool The solvent was removed by rotary evaporation and the
product was extracted with dichloromethane (3x20 cm3) The extract was
washed with 1% v/v dilute hydrochloric acid (2x25 cm3) and water (2x25 cm®)
and dried over anhydrous magnesium sulphate The dichloromethane was
removed by rotary evaporation to yield (Z)-N-butyl-4-dicyanomethylene-4-
hydroxy-2-butenamide (189) The melting point, IR and NMR spectral data were
identical to those reported for (189) by route (1)
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Synthesis of (Z)-N-Phenyl-4-dicyanomethylene-4-hydroxy-2-butenamide
(190)

4-Dicyanomethylene-2-butenolide (162) (29 g, 20 mmol) in tetrahydrofuran
(50 cm’) was placed In a round-bottom flask fitted with a magnetic stirrer and a
dropping funnel Aniline (2 1 cm®, 23 mmol) in tetrahydrofuran (50 cm3) was
added dropwise with stirring at room temperature Stirrng was continued for
1 hour, after which the yellow solid that precipitated was filtered off, washed
with tetrahydrofuran (2x20 cm®) and dried under vacuum to yield (Z)-N-phenyl-
4-dicyanomethylene-4-hydroxy-2-butenamide (190) (25 g, 61%)
Recrystaliisation from acetonitrile gave yellow crystals, mp 219-220 °C
(darkens 206 °C), Microanalysis Found C, 6538, H, 376, N, 17 65%
C13HgN3O, requires C, 65 26, H, 379, N, 17 56%, UV Anax 230 (¢ 14,252) and
348 (¢ 18,989) nm, IR v 3277, 3206, 3162, 3119, 3053 (aromatic and
aliphatic C-H), 2228 (CN), 1609, 1561, 1468, 1390, 1332, 1232, 1202, 1058,
961, 831, 754 and 689 cm’', 'H-NMR (DMSO-dg) & 659 (1H, d, J 128,
vinylic-H), 6 94 (1H, d, J 12 8, vinylic-H), 7 19-7 50 [4H, m, OH (exchanges with
D,0) and aromatic protons}], 7 62 (2H, m, aromatic protons) and 11 98 (1H, s,
NH, exchanges with D,0) ppm, "*C-NMR (DMSO-ds) & 61 96 [C(CN),], 114 73,
11560 (CN), 12072, 12560, 129 12, 132 38, 13367, 137 10 (vinylic and
aromatic carbons), 164 16 and 179 38 [C=0 and C=C(CN),] ppm

Attempted Cyclisation of (Z)-N-Butyl-4-dicyanomethylene-4-hydroxy-2-
butenamide (189) and (Z)-N-Phenyl-4-dicyanomethylene-4-hydroxy-2-
butenamide (190)

() (2)-N-Butyl-4-dicyanomethylene-4-hydroxy-2-butenamide (189) (005 g,
2 3 mmol) was placed in a boiling tube connected to a nitrogen supply and a
bubbler A continuous stream of nifrogen gas was passed through the
apparatus for 10 minutes after which the nitrogen supply was turned off The
solid was heated at 160 °C for 30 minutes using an oil bath, then allowed to
cool and the resulting black solid which resulted was collected (0 02 g) 'H NMR
and IR spectral analysis of the crude product gave complex spectra suggestive
of a multiplicity of decomposition products

(n) (2)-N-Phenyl-4-dicyanomethylene-4-hydroxy-2-butenamide (190) (01 g,
0 42 mmol) and acetic anhydride (10 cm®) were placed In a round-bottom flask
The mixture was heated under reflux for 30 minutes, allowed to cool, then
poured Into a separating funnel and the product extracted with diethyl ether
(3x25 cm’) The extracts were combined, washed with water (3x30 cm’) and
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10% sodium carbonate (3x30 cm®) and dried over anhydrous magnesium
sulphate The diethyl ether was removed by rotary evaporation to yield a white
solid (005g), mp 113-114 °C, IR v,,,, 3250, 3198, 2950, 1650 (s, C=0), 1600
(s), 1555 (s), 1500, 1495, 1451 (s), 1402, 1348, 1298, 768 and 700 cm ',
'H-NMR 52 12 (3H, s, CH3), 7 05 (1H, t, aromatic proton), 7 29 (2H, t, aromatic
protons) and 7 45 [3H, d, aromatic and NH (exchanges with D,0) protons],
BC-NMR & 24 64 (CH,), 11992, 124 32, 128 98, 137 87 (aromatic carbons)
and 16849 (C=0) ppm This product was assigned as acetanilide by
comparing the melting point, IR and NMR spectral data with those of an
authentic sample

Synthesis of Ethyl (Z)-4-Dicyanomethylene-4-chloro-2-butenoate (177)
Phosphorous pentachloride (216 g, 100 mmol), dissolved in anhydrous
dichloromethane (400 cm?®), was added dropwise with stirring to a solution of
ethyl (Z)-4-dicyanomethylene-4-hydroxy-2-butenoate (176) (10 g, 50 mmol) in
anhydrous dichloromethane (50 cm®) The solution was heated under reflux for
4 hours and then allowed to cool Phosphorous oxychloride and
dichloromethane were removed completely by ambient pressure distillation to
yield ethyl (2)-4-dicyanomethylene-4-chloro-2-butenoate (177) (7 5 g, 68%) as
a dark brown ol This was used In subsequent reactions without further
purification An analytically pure sample was obtained by chromatography using
a 4 mm Chromatotron plate with dichloromethane light petroleum (3 1) as
eluent, followed by reduced pressure distillation of the yellow oil onto a cold
finger (bp 85-87 °C, 15 mbar), Microanalysis Found C, 5152, H, 3 36,
N, 1336, Cl, 1661% CgH;N,O.Cl requires C, 5132, H, 335, N, 1330,
Cl, 16 83%, UV Amax 288 (¢ 14,597) nm, [R (NaCl) vmax 3072, 2986
(alphatic C-H), 2941, 2907, 2234 (s, CN), 1722 (s, C=0), 1541 (C=C), 1466,
1395, 1368, 1310, 1286, 1239, 1188, 1146, 1095, 1030, 981, 887, 665 and
625 cm™’, 'H-NMR &1 36 (3H, t, J 7 4, CH3), 4 33 (2H, g, J 7 4, CH,), 6 86 (1H,
d, J 14 8, vinylic-H) and 7 78 (1H, d, J 14 8, vinylic-H) ppm, *C-NMR § 14 07
(CHj), 6226 (CH,), 9086 [C(CN),], 10973, 11044 (CN), 133 18, 136 04
(HC=CH), 160 69 and 163 47 [C=0 and C=C(CN),] ppm

Synthesis of Ethyl (Z)-4-Dicyanomethylene-4-dibutylamino-2-butenoate
(205)

N,N-Dibutylamine (0 47 cm®, 2 8 mmol) in diethyl ether (30 cm®) was added
dropwise with stirnng to a solution of ethyl (2)-4-dicyanomethylene-4-chloro-2-
butenoate (177) (03 g, 14 mmol) in diethyl ether (30 cm3) Stirring was
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continued at room temperature for 1 hour, after which the solution was placed
In a separating funnel, washed with 1% v/v dilute hydrochloric acid (2x25 cm3)
and water (2x25 cm®) and dried over anhydrous magnesium sulphate Removal
of diethyl ether by rotary evaporation yielded ethyl (Z)-4-dicyanomethylene-4-
dibutylamino-2-butenoate (205) (0 3 g, 78%) as a brown oil An analytically pure
sample was obtained following column chromatography on silica gel using
diethyl ether ight petroleum (3 1) as eluent The yellow fraction was collected
and removal of diethyl ether and hght petroleum by rotary evaporation yielded a
yellow oll which on standing solidified to give ethyl (Z)-4-dicyanomethylene-4-
dibutylamino-2-butenoate (205) Recrystallisation from light petroleum gave
yellow crystals, mp 64-65 °C, Microanalysts Found C, 6742, H, 8 24,
N, 1397% C4;H25N1O, requires C, 67 29, H, 8 30, N, 13 85%, UV Arna 278
(e 11,320) nm, IR v, 2963, 2937, 2879 (aliphatic C-H), 2206, 2189 (s, CN),
1721 (s, C=0), 1660, 1567 (s, C=C), 1470 (s), 1436 (s), 1370, 1308 (s), 1266,
1182 (s), 1111, 1066, 1027, 980, 892 and 735 cm ', 'H-NMR & 096 (6H, t,
J 79, CH;CH,CH,CH,), 136 (7H, m, CH;CH,, J 7 4, CH,CH,CH,CH;, J 7 9),
165 (4H, quintet, J 7 9, CH;CH,CH,CH,), 349 (4H, t, J 7 9, CH,CH,CH,CH,),
427 (2H, q, J 74, OCH,), 644 (1H, d, J 16 2, vinylic-H) and 7 16 (1H, d,
J 16 2, vinylic-H) ppm, “C-NMR & 13 47 (CH3), 1386 (CHa), 1922 (CH,),
29 93 (CH,), 50 92 [C(CN),], 5266 (NCH,), 61 50 (OCH,), 11585, 117 13
(CN), 131 81, 135 22 (HC=CH), 162 98 and 163 79 [C=0 and C=C(CN),] ppm

Table 6 1 Correlating peaks from C-H Correlation spectrum

'H NMR peaks (ppm) *C NMR peaks (ppm)
096 13 47
136 13 86, 19 22
165 29 93
3 49 52 66
427 6150
6 44 131 81
7 16 135 22

Synthesis of Ethyl (Z)-4-Dicyanomethylene-4-p-anisidino-2-butenoate
(206)

p-Anisidine (0 6 g, 4 8 mmol) in diethyl ether (30 cm®) was added dropwise with
stirring to a solution of ethyl (Z)-4-dicyanomethylene-4-chloro-2-butenoate (177)
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(05 g, 24 mmol) in diethyl ether (30 cm3) Stirrng was continued at room
temperature for 1 hour, after which the precipitated solid was filtered off,
washed with diethyl ether (2x20 cm3) and dned to vyield p-anisidine
hydrochloride (0 103 g) The filtrate was placed In a separating funnel, washed
with 1% v/v dilute hydrochloric acid (2x25 cm®) and water (2x25 cm®) and dried
over anhydrous magnesium sulphate Removal of diethyl ether by rotary
evaporation yielded ethyl (Z)-4-dicyanomethylene-4-p-anisidino-2-butenoate
(206) (06 g, 85%) as a brown ol An analytically pure sample was obtained
following column chromatography on silica gel using diethyl ether light
petroleum (3 1) as eluent The yellow fraction was collected and removal of
diethy! ether and light petroleum by rotary evaporation yielded a yellow oil
which on standing solidified to give ethyl (Z)-4-dicyanomethylene-4-p-anisidino-
2-butenoate (206) Recrystallisation from light petroleum (60-80 °C) gave yellow
crystals, mp 9798 °C, Microanalysis Found C, 6461, H, 510,
N, 14 16% C,gH1sN303 requires C, 64 64, H, 508, N, 14 13%, UV Amax 234
(e 15,447), 286 (¢ 7,055) and 364 (¢ 5,874) nm, IR v, 3237, 2996, 2839
(aromatic and aliphatic C-H), 2219, 2200 (s, CN), 1732, 1724, 1708 (C=0),
1655, 1642 (C=C), 1616, 1596, 15677, 1561, 1514, 1452, 1362, 1319, 1279,
1263, 1247, 1199, 1173, 1029, 825, 754 and 738 cm ', '"H-NMR & 129 (3H, t,
J 74, CH;), 382 (3H, s, OCH,), 422 (2H, q, J 74, CH,), 6 74 (1H, d, J 16 2,
vinylic-H), 6 90 (2H, m, aromatic protons), 7 00 [3H, m, vinylic-H (J 16 2) and
aromatic protons] and 8 25 (1H, s, NH, exchanges with D,O) ppm, *C-NMR
o 1398 (CH,;), 54 95 [C(CN),], 5553 (OCH3j), 6173 (CH,), 11429, 114 64
(CN), 11494, 126 47, 128 61, 132 33, 132 40, 159 35 (vinylic and aromatic
carbons), 163 14 and 164 08 [C=0 and C=C(CN),] ppm

Synthesis of Ethyl (Z)-4-Dicyanomethylene-4-amlino-2-butenoate (207)

Aniline (0 44 cm®, 48 mmol) in diethyl ether (30 cm?) was added dropwise with
stirring to a solution of ethyl (Z)-4-dicyanomethylene-4-chloro-2-butenoate (177)
(05 g, 24 mmol) in diethyl ether (30 cm3) Stirring was continued at room
temperature for 1 hour, after which the precipitated solid was filtered off,
washed with diethyl ether (2x20 cm®) and dred to yield ethyl (Z2)-4-
dicyanomethylene-2,4-dianihinobutanoate (178) (0 45 g) Recrystallisation from
ethanol gave white crystals, mp 161-162 °C, Microanalysis Found C, 70 13,
H, 561, N, 1549% C,HxN4O;, requires C, 70 17, H, 5 32, N, 15 49%, IR v,
3377 (s), 3290 (s, NH), 3064, 3000, 2927, 2214 (s), 2198 (s, CN), 1725
(s, C=0), 1605, 1570, 1519, 1494, 1474, 1452, 1421, 1370, 1343, 1326, 1308,
1276, 1257, 1226, 1185, 1226, 1185, 1151, 1143, 1019, 940, 898, 749 and
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699 cm™, "H-NMR (DMSO-dg) 8120 (3H, t, J 74, CH;), 307 (2H, d, J 8 37,
CH,), 414 (2H, m, J 7 4, 8 37, CH,), 4 41 (1H, br s, NH, exchanges with D,0),
6 15 (1H, d, J 8 37, CH), 6 60 (3H, m, J 7 4, aromatic protons), 7 09 (2H, t,
J 74,79, aromatic protons), 7 21 (2H, d, J 7 9, aromatic protons), 7 34 (1H, t, J
74,69, aromatic proton), 743 (2H, t, J 7 9, 6 9, aromatic protons) and 10 64
(1H, s, NH, exchanges with D,O) ppm, >C-NMR (DMSO-ds) & 14 09 (CH,),
50 98 (CH), 52 11 (CH,) 54 59 [C(CN),], 61 16 (OCH,), 112 74, 113 88, 117 19,
117 35, 126 10, 128 02, 129 06, 129 09, 136 70, 146 91 (CN and aromatic
carbons), 16668 and 17156 [C=O and C=C(CN),] ppm, DEPT-135
(DMSO-d;) & 1409 (positive), 5098 (positive), 5211 (negative), 61 16
(negative), 117 19, 117 35, 126 10, 128 02, 129 06 and 129 09 (all positive)

ppm

Table 6 2 Correlating peaks from C-H Correlation spectrum

TH NMR peaks (ppm) 13C NMR peaks (ppm)
120 14 09
307 52 11
414 61 16
6 15 50 98
6 60 117 19
709 117 35
721 129 06
734 126 10
743 128 02, 129 09

The filtrate was placed in a separating funnel, washed with 1% v/v dilute
hydrochloric acid (2x25 cm®) and water (2x25 cm®) and dried over anhydrous
magnesium sulphate Removal of diethyl ether by rotary evaporation yielded
ethyl (Z)-4-dicyanomethylene-4-anilino-2-butencate (207) (06 g, 85%) as a
brown oll An analytically pure sample was obtained following column
chromatography on silica gel using diethyl ether ight petroleum (3 1) as eluent
The vyellow fraction was collected and removal of diethyl ether and light
petroleum by rotary evaporation yielded a yellow oil which on standing solidified
to give ethyl (Z)-4-dicyanomethylene-4-anilino-2-butenoate (207) (0 07 g, 11%)
Recrystallisation from cyclohexane gave yellow crystals, mp 130-131 °C,
Microanalysis Found C, 67 37, H, 4 83, N, 15661% C;5H;3N;0, requires C,
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67 40, H, 4 90, N, 15 72%, UV A, 248 (¢ 20,842), 276sh (¢ 15,342) and 354
(€ 9,747) nm, IR vna 3215, 3104, 2973 (aromatic and aliphatic C-H), 2224,
2200 (s, CN), 1712 (s, C=0), 1655, 1595, 1577 (s, C=C), 1561 (s), 1509, 1368,
1319 (s), 1273 (s), 1198 (s), 1035, 979, 763 and 692 (aromatic-H) cm™,
"H-NMR 8129 (3H,t,J 7 4, CH3), 423 (2H, q, J 7 4, CH,), 6 76 (1H, d, J 16 2,
vinylic-H), 7 06 [3H, m, vinylic-H (J 16 2) and aromatic protons], 7 33 (1H, m,
aromatic proton), 741 (2H, m, aromatic protons) and 821 (1H, s, NH,
exchanges with D,O) ppm, *C-NMR & 14 00 (CHs), 56 47 [C(CN),], 61 79
(CHJ), 114 02, 114 30 (CN), 124 59, 128 12, 129 85, 132 24, 132 73, 136 01
(vinylic and aromatic carbons), 162 82 and 163 99 [C=0 and C=C(CN);] ppm

Addition of Malononitrile to 7-Oxabicyclo[2 2 1]Jhept-5-ene-2,3-dicarboxylic
anhydride (211)

Sodium hydnde (0 5 g, 20 mmol) and anhydrous tetrahydrofuran (20 cm’) were
placed in a round-bottom flask fitted with a magnetic stirrer and a dropping
funnel Malononitrile (3 0 g, 45 mmol) in anhydrous tetrahydrofuran (20 cm’)
was added dropwise with stirring at room temperature The sodiomalononitrile
solution was added to a stirred mixture of 7-oxabicyclo[2 2 1]hept-5-ene-2,3-
dicarboxylic anhydrnide (211)166 (3 4 g, 20 mmol) In anhydrous tetrahydrofuran
(30 cm®) at room temperature The mixture was heated with stiring under reflux
for 1 hour during which time a yellow solid precipitated The reaction mixture
was allowed to cool and the solid was filtered off, washed with tetrahydrofuran
(2x20 cm3) and dried under vacuum to yield sodium (Z)-4-dicyanomethylene-4-
hydroxy-2-butenoate (173a) (16 g, 46%), mp 90 °C (decomp ), IR vy 3460
(broad OH), 2216, 2191 (s, CN), 1550 (s, C=0), 1500, 1440, 1386, 1314, 1210,
970 and 805 cm™, '"H-NMR (DMSO-dg) & 6 11 (1H, d, J 12 8, vinylic-H), 6 74
(1H, d, J 12 8, vinylic-H) and 17 46 (1H, br s, OH, exchanges with D,0) ppm,
®C-NMR (DMSO-dg) & 57 47 [C(CN),], 116 97, 117 81 (CN), 133 02, 133 59
(HC=CH), 165 54 and 182 30 {C=0 and C=C(CN),] ppm The melting point, IR
and NMR spectral data were identical with an authentic sample of (173a)

Attempted Cyclisation of Ethyl (Z)-4-Dicyanomethylene-4-p-amsidino-2-
butenoate (206) and Ethyl (Z2)-4-Dicyanomethylene-2,4-dianilinobutanoate
(178)

(1)) Ethyl (2)-4-dicyanomethylene-4-p-anisidino-2-butenoate (206) (005 g,
0 17 mmol) was placed in a boiling tube connected to a nitrogen supply and a
bubbler A continuous stream of nitrogen gas was passed through the
apparatus for 10 minutes after which the nitrogen supply was turned off The
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yellow solid was heated at 160 °C for 30 minutes using an oil bath, then
allowed to cool and the resulting black solid was collected (0 03 g) 'H NMR
and IR analysis of the crude product gave complex spectra suggestive of a
complex mixture of products Similarly pyrolysis of ethyl (2)-4-
dicyanomethylene-2,4-dianilinobutanoate (178) under the same reaction
conditions gave complex decomposition products

() Ethyl (2)-4-dicyanomethylene-4-p-anisidino-2-butenoate (206) (0 05 g,
017 mmol) and N,N-dimethylformamide (15 cm®) were placed in a round-
bottom flask The solution was heated under reflux for 2 hours, allowed to cool,
then poured Into a separating funnel and the product extracted with
dichloromethane (3x25 cm’) The extracts were combined, washed with water
(3x30 cm3) and dried over anhydrous magnesium sulphate The
dichloromethane was removed by rotary evaporation to yield a brown solid H
NMR and IR gave complex spectra suggestive of a complex mixture of
products

Synthesis of 5,6-Diphenyl-2,3-dicyanopyrazine (235)172

Benzil (38 8 g, 185 mmol), diaminomaleonitrile (20 0 g, 185 mmol) and acetic
acid (300 cm’) were placed In a round-bottom flask fitted with a reflux
condenser The reaction mixture was stirred under reflux for 1 hour On cooling,
5,6-diphenyl-2,3-dicyanopyrazine (235) deposited as a yellow crystalline sold
The crystals were filtered off and washed with ethyl acetate (3x25 cm3) to yield
5,6-diphenyl-2,3-dicyanopyrazine (235) (497 g, 95%) Recrystallisation from
ethyl acetate gave yellow crystals mp 248-250 °C, (it 172 245 °C), IR vpay
3067 (m, aromatic C-H), 2225 (m, CN), 1513 (s), 1447 (s), 1377 (s), 1231 (s),
1225, 1090, 1012, 875, 771 (s), 701 (s) and 689 (s, aromatic-H) cm™, *H-NMR
6 7 37 (4H, m, aromatic protons), 7 47 (2H, m, aromatic protons) and 7 53 (4H,
m, aromatic protons) ppm, "C-NMR & 113 14 (CN), 128 83, 129 78, 129 80,
131 15, 135 17 and 155 35 (aromatic carbons) ppm

Synthesis of 2,3-Diphenyl-5,7-dumino-6H-5,7-dihydropyrrolo[3,4-b]-
pyrazine (234)

5,6-Diphenyl-2,3-dicyanopyrazine (235) (20 0 g, 71 mmol), preformed sodium
methoxide (0 8 g, 15 mmol) and methanol (250 cm3) were stirred together
under reflux with the continuous passage of ammonia for 3 hours The dark
solution was filtered hot to remove an insoluble black solid Removal of
methanol from the filtrate by rotary evaporation yielded a dark tacky sold
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Addition of hight petroleum to a solution of this solid in tetrahydrofuran (75 cm’)
precipitated 2,3-diphenyl-5,7-dumino-6H-5,7-dihydropyrrolo[3,4-b]pyrazine
(234) (193 g, 91%) as a very sparingly soluble grey solid (193 g, 91%),
mp >350 °C, IR vpa 3416, 3259 (NH), 3068 (aromatic C-H), 1680, 1644
(C=N), 1452, 1410, 1388, 1360 (s), 1225, 1161, 1139, 1075, 933, 890, 776 and
698 (aromatic-H) cm™, "H-NMR (Acetone-dg) & 3 07 (3H, br s, NH) and 7 32
(10H, m, aromatic protons) ppm, 3C-NMR (Acetone-dg) & 12563, 128 51,
128 55, 129 26, 129 32, 130 43 (aromatic carbons) and 139 04 (C=N) ppm

Synthesis of 2,3-Diphenyl-5-imino-7-phenylimino-6H-5,7-dihydropyrrolo-
[3,4-b]pyrazine (236)

Aniline (03 cm®, 334 mmol) was added to a solution of 2,3-diphenyl-5,7-
dumino-6H-5,7-dihydropyrrolo[3,4-b]pyrazine (234) (10 g, 334 mmol) in
ethanol (20 cm® The solution was heated under reflux for 2 hours When
cooled, the dark solid was filtered off, washed with ethano! (2x10 cm®) and
dried to yield 2,3-diphenyl-5-imino-7-phenylimino-6H-5,7-dihydropyrrolo[3,4-b]-
pyrazine (236) (0 8 g, 64%) Recrystallisation from ethyl acetate gave yellow
crystals, mp 232-234 °C (darkens 230 °C), Microanalysis Found C, 76 39, H,
464, N, 1857% C,4H47Ns requires C, 76 78, H, 4 56, N, 18 65%, UV Apax
224sh (¢ 30,729), 236sh (¢ 28,174), 302 (¢ 23,041) and 400 (¢ 6,922) nm,
IR viax 3434 (NH), 3050, 2924 (aromatic C-H), 1689, 1640 (C=N), 1536, 1354,
1177, 1157, 772 and 699 (aromatic-H) cm™, "H-NMR (DMSO-dg) & 7 09 (1H,
m, aromatic proton), 7 36 (10H, m, aromatic protons), 7 45 (4H, m, aromatic
protons), 8 81 (1H, br s, NH, exchanges with D,O) and 8 99 (1H, br s, NH,
exchanges with D,0) ppm, '>C-NMR (DMSO-dg) & 123 90, 124 05, 128 11,
128 13, 128 20, 12823, 128 86, 128 89, 129 89, 138 29, 138 51, 146 63,
149 39, 151 01, 152 52, 153 67 (aromatic carbons), 160 46 and 168 05 (C=N)

ppm

Synthesis of the Ammonium salt of 2,3-Diphenyl-5,7-bis(dicyano-
methylene)-6H-5,7-dihydropyrrolo[3,4-b]pyrazine (238)

Malononitrile (132 g, 200 mmol) in tetrahydrofuran (100 cm3) was added
dropwise with stirring to a solution of 2,3-diphenyl-5,7-dimino-6H-5,7-dihydro-
pyrrolo[3,4-b]pyrazine (234) (30 0 g, 100 mmol) In tetrahydrofuran (200 cm’)
The reaction mixture was stirred at room temperature for 1 hour, after which the
tetrahydrofuran was removed by rotary evaporation to yield a dark orange oll
Addition of ight petroleum to a solution of this ol sn tetrahydrofuran (75 cm®)
precipitated the ammonium salt (238) (41 3 g, 99%) as a red solid, mp 200 °C
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(decomp ), UV Anay 220sh (e 25,750), 330 (¢ 20,100), 481 (g 23,000) and 511
(€ 22,650) nm, IR vy 3174, 2214 (s, CN), 1509 (s), 1409, 1345, 1267, 1217,
1153, 1025, 976, 776 and 719 (aromatic-H) cm™, "H-NMR (Acetone-dg) & 7 35
. (6H, m, aromatic protons) and 7 60 (4H, m, aromatic protons) ppm, *C-NMR
(Acetone-dg) & 55 86 [C(CN),], 114 35, 115 34 (CN), 127 56, 128 55, 129 58,
137 81, 141 81, 152 03 and 166 91 [aromatic and C=C(CN), carbons] ppm

Synthesis of 2,3-Diphenyl-5,7-bis(dicyanomethylene)-6H-5,7-dihydro-
pyrrolo[3,4-b]pyrazine (237)

p-Toluenesulphonic acid (23 g, 12 mmol) In tetrahydrofuran (50 cm3) was
added dropwise with stirring to the ammontum salt (238) (56 0 g, 12 mmol) The
solution was stirred at room temperature for 1 hour after which the white sold
that precipitated [ammonium p-toluenesulphonate as verified by IR and 'H and
*C NMR (1 14 g)] was filtered off, washed with tetrahydrofuran (2x30 ¢cm®) and
dried Removal of tetrahydrofuran from the filtrate by rotary evaporation yielded
2, 3-diphenyl-5,7-bis(dicyanomethylene)-6 H-5,7-dihydropyrrolo[3,4-b]pyrazine
(237) (4 2 g, 89%) Recrystallisation from acetonitrile gave yellow crystals, m p
336-338 °C (darkens 264 °C), Microanalysis Found C, 7244, H, 270,
N, 24 59% Cy4H{1N; requires C, 7253, H, 279, N, 24 67%, UV Ana 223
(e 32,250), 327 (¢ 21,200), 387 (s 34,500), 410 (s 32,000), 481 (¢ 6,650) and
511 (¢ 6,660) nm, IR v, 3141, 3018, 2825 (aromatic and aliphatic C-H), 2240,
2224, 2214 (s, CN), 1634 (s), 1598, 1547, 1535, 1491, 1458, 1421, 1345, 1220,
1194, 1155, 1024, 770, 730, 700 and 692 (aromatic-H) cm™, 'H-NMR
(Acetone-dg) & 3 53 (1H, br s, NH, exchanges with D;0), 7 40 (4H, m, aromatic
protons), 7 48 (2H, m, aromatic protons) and 7 66 (4H, m, aromatic protons)
ppm, *C-NMR (Acetone-dg) & 63 03 [C(CN),], 111 54, 112 08 (CN), 128 88,
130 56, 130 74, 137 70, 143 22, 155 43 and 157 22 [aromatic and C=C(CN),
carbons} ppm

Synthesis of Tetraalkylammonium salts of 2,3-Diphenyl-5,7-bis(dicyano-
methylene)-6H-5,7-dihydropyrrolo[3,4-b]pyrazine (242)

General procedure

The desired tetraalkylammonium halide in methanol was added dropwise to a
solution of the ammonium sait of 2,3-diphenyl-5,7-bis(dicyanomethylene)-6H-
5,7-dihydropyrrolo[3,4-b]pyrazine (238) (1 equivalent) in methanol On addition
an orange sold precipitated Stirring was continued at room temperature for
1 hour The sold was filtered off, washed with methanol and dned to yteld the
tetraalkylammonium salt as an orange solid
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Synthesis of the Tetramethylammonium salt of 2,3-Diphenyl-5,7-
bis(dicyanomethylene)-6 H-5,7-dihydropyrrolo[3,4-b]pyrazine (242a)
Tetramethylammonium chioride (2 12 g, 19 2 mmol) in methanol (30 cm3) and
the ammonium salt (238) (8 0 g, 19 2 mmol) in methanol (60 cm®) gave the
tetramethylammonium salt (242a) (4 0 g, 44%), 1solated as the monohydrate It
was assumed that the water came from the methanol used in the reaction
Recrystallisation from methanol gave red crystals, mp 308-310 °C,
Microanalysis Found C, 6862, H, 483, N, 2281% C,sH::Nz H,O requires
C, 6883, H, 495, N, 2293%, UV Anax 221 (¢ 22,674), 270 (¢ 17,914), 318
(e 17,540) 331 (¢ 18,396), 370sh (¢ 12,834), 481 (¢ 21,765) and 511 (¢ 21,551)
nm, IR vmax 3427 (OH), 2209 (s, CN), 1510 (s), 1485, 1451, 1416 (s), 1355 (s),
1279, 1223, 1155, 1075, 1027, 950, 813, 776, 738 and 701 cm', '"H-NMR
(DMSO-dg) 6 3 07 (12H, s, CH3), 7 36 (6H, m, aromatic protons) and 7 48 (4H,
m, aromatic protons) ppm, >C-NMR (DMSO-ds) & 54 38 (11 1t, J 4 06, CHj),
55 65 [C(CN),], 115 28, 116 00 (CN), 128 27, 129 21, 129 88, 138 08, 148 34,
152 13 and 167 71 [aromatic and C=C(CN), carbons] ppm

Synthesis of the Tetraethylammomum salt of 2,3-Diphenyl-5,7-
bis(dicyanomethylene)-6H-5,7-dihydropyrrolo[3,4-blpyrazine (242b)
Tetraethylammonium bromide (15 2 g, 72 4 mmol) in methanol (100 cm3) and
the ammonium salt (238) (30 0 g, 72 4 mmol) In methanol (300 cm®) gave the
tetraethylammonium salt (242b) (18 2 g, 48%) Recrystallisation from ethanol
gave red crystals, mp 301-302 °C (decomp 298 °C), Microanalysis Found
C,7322,H,575, N, 21 31% C3;H30Ng requires C, 72 98, H, 574, N, 21 27%,
UV Amax 222 (g 29,500), 271 (¢ 16,100), 318 (g 23,100), 332 (¢ 24,050), 374sh
(e 18,100), 482 (¢ 28,000) and 512 (g 27,500) nm, IR vy,ax 3447, 2205 (s, CN),
1714, 1508 (s), 1451, 1410, 1353, 1278, 1228, 1173, 1145, 998, 773 and
704 cm’, "H-NMR (DMSO-dg) & 114 (12H, t of t, J 20, 74, CH;), 318
(8H, g, J 7 4, CH,), 7 36 (6H, m, aromatic protons) and 7 47 (4H, m, aromatic
protons) ppm, >*C-NMR (DMSO-dg) & 7 06 (CHs), 5134 (1 11t, J 305, CH,),
5562 [C(CN),], 115 26, 115 97 (CN), 128 25, 129 20, 129 87, 138 07, 148 32,
152 12 and 167 69 [aromatic and C=C(CN), carbons] ppm
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Synthesis of the N-Benzylpyndimum salt of 2,3-Diphenyl-5,7-
bis(dicyanomethylene)-6H-5,7-dihydropyrrolo[3,4-b]pyrazine (242c)
Benzylpyndinium chlornide was prepared'®® by heating pyndine (078 cm’,
96 mmol) with benzylchlonde (112 cm®, 96 mmol) for 30 minutes The
resulting pink solution which solidified on cooling, was dissolved in methanol
(30 cm®) and added to the ammonium salt (238) (4 0 g, 9 6 mmol) In methanol
(80 cm’) to give the N-benzylpyndinum salt (242c) (27 g, 49%)
Recrystallisation from methanol gave red crystals, mp 258-259 °C,
Microanalysis Found C, 7602, H, 394, N, 1996% CjH::Ng requires
C, 7631, H, 391, N, 1977%, UV LA, 222sh (¢ 31,466) 262 (¢ 23,314), 318
(¢ 21,956), 330 (¢ 22,429), 372sh (¢ 15,121), 482 (¢ 26,054) and 510
(e 25,655) nm, IR vnax 3139, 3061 (aromatic C-H), 2209 (s, CN), 1515 (s),
1448, 1412, 1355 (s), 1285, 1221, 1156, 1025, 743, 700 and 684 cm™’, "H-NMR
(DMSO-dg) 8 583 (2H, s, CHy), 742 (15H, m, phenyl protons), 8 16 (2H, t,
J 7 4, pynidyl protons), 8 60 (1H, t, J 7 4, pyndyl proton) and 917 (2H, d, J 59,
pyndyl protons) ppm, *C-NMR (DMSO-ds) & 5566 [C(CN),], 63 32 (CH,),
115 26, 115 97 (CN), 128 22, 128 47, 128 74, 129 17, 129 22, 129 36, 129 85,
134 20, 138 04, 144 78, 145 95, 148 32, 152 09 and 167 67 [phenyl, pyndyl
and C=C(CN), carbons] ppm

Attempted Synthesis of 2,3-Diphenyl-5,7-bis(dicyanomethylene)-6-ethyl-
5,7-dihydropyrrolo[3,4-b]pyrazine (243b)

(1) Tetraethylammonium salt of 2,3-diphenyl-5,7-bis(dicyanomethylene)-6H-5,7-
dihydropyrrolo[3,4-b]pyrazine (242b) (1 0 g, 1 9 mmol) was placed in a boiling
tube connected to a nitrogen supply and a bubbler A continuous stream of
nitrogen gas was passed through the apparatus for 10 minutes after which the
nitrogen supply was turned off The red solid was heated at 300 °C for
30 minutes, then allowed to cool and the resulting black solid was collected
(0 95 g) IR and NMR spectral data of the crude product were identical to those
reported for an authentic sample of (242b)

(1) Tetraethylammonium salt of 2,3-diphenyl-5,7-bis(dicyanomethylene)-6H-5,7-
dihydropyrrolo[3,4-blpyrazine (242b) (05 g, 095 mmol) was added to
1,2-dichlorobenzene (25 cm®) in a 50 cm® round-bottom flask The reaction
mixture was heated under reflux (177-181 °C) for 30 hours and allowed to cool
The orange crystals which deposited were filtered off, washed with diethyt ether
(2x30 cm3), dried and weighed (045 g) IR and NMR spectral data of the
product were identical to those reported for an authentic sample of (242b)
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Synthesis of 2,3-Diphenyl-5,7-bis(dicyanomethylene)-6-alkyl-5,7-
dihydropyrrolo[3,4-b]pyrazine derivatives (243)

General Procedure

The desired quaternary ammonium  salt of 2 3-diphenyl-5,7-
bis(dicyanomethylene)-6H-5,7-dihydropyrrolo{3,4-b]pyrazine (~10 g¢g) was
added to 1,2,4-trichlorobenzene (25 cm3) In a 50 cm® round-bottom flask The
reaction mixture was heated under reflux (213-214 °C) for 20 hours and allowed
to cool The dark solid which deposited was filtered off, washed with diethyl
ether (2x30 cm3) and dried For the tetraethyl- and tetramethyl-ammonium salts
melting point, IR and NMR spectra showed this to be unreacted quaternary
ammonium salt In the case of the N-benzylpyndinium salt, no precipitate
deposited Removal of diethyl ether and 1,2 4-tnchlorobenzene by reduced
pressure distillation gave the crude product as a dark brown solid which was
purified by column chromatography on silica gel using dichloromethane as
eluent Removal of dichloromethane by rotary evaporation yelded the 2,3-
diphenyl-5,7-bis(dicyanomethylene)-6-alkyl-5,7-dihydropyrrolo[3,4-b]pyrazine
derivative which was further purified by recrystallisation

Synthesis of 2,3-Diphenyl-5,7-bis(dicyanomethylene)-6-methyl-5,7-
dihydropyrrolo[3,4-b]pyrazine (243a)

Tetramethylammonium salt of 2,3-diphenyl-5,7-bis(dicyanomethylene)-6H-5,7-
dihydropyrrolo[3,4-b]pyrazine (242a) (08 g, 167 mmol) In 1,24-
trichlorobenzene (20 cm®) gave unreacted tetramethylammonium salt (242a)
(027 g) and 2,3-diphenyl-5,7-bis{(dicyanomethylene)-6-methyl-5,7-dihydro-
pyrrolo[3,4-blpyrazine (243a) (0 33 g, 48%) Recrystallisation of (243a) from
methanol gave yellow crystals, mp 330-332 °C (darkens 310 °C),
Microanalysis Found C, 7274, H, 317, N, 2383% C,sH3N; requires
C,7298,H, 318, N, 23 83%, UV Anax 218sh (e 26,492), 248sh (¢ 10,801), 330
(e 16,480), 394 (¢ 29,183) and 414 (¢ 28,365) nm, IR vax 3103, 3061 (aromatic
C-H), 2222 (s, CN), 1580 (s), 1561, 1545, 1426, 1355 (s), 1282, 1212, 1169,
1073, 774, 707 and 691 (aromatic-H) cm’, "H-NMR & 4 29 (3H, s, CH,), 7 37
(4H, m, aromatic protons), 7 46 (2H, m, aromatic protons) and 7 68 (4H, m,
aromatic protons) ppm, “C-NMR & 3556 (CHs), 64 18 [C(CN),], 110 60,
112 01 (CN), 128 86, 13022, 132 16, 136 25, 14067, 154 01 and 157 50
[aromatic and C=C(CN), carbons] ppm
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Synthesis of 2,3-Diphenyl-5,7-bis(dicyanomethylene)-6-ethyl-5,7-dihydro-
pyrrolo[3,4-b]pyrazine (243b)

Tetraethylammonium salt of 2,3-diphenyl-5,7-bis(dicyanomethylene)-5,7-
dihydropyrrolo[3,4-b]pyrazine (242b) (1 0 g, 1 9 mmol) in 1,2 4-trichlorobenzene
(25 cm’) gave tetraethylammonium salt (242b) (0 63 g) and 2,3-diphenyl-5,7-
bis(dicyanomethylene)-6-ethyl-5,7-dihydropyrrolo[3,4-b]-pyrazine (243b) (0 3 g,
37%) Recrystallisation of (243b) from chloroform/light petroleum (60-80 °C)
gave yellow crystals, m p 325-326 °C (darkens 318 °C), Microanalysis Found
C, 7303, H, 370, N, 22 48% C,sH4sN; requires C, 73 40, H, 3 55, N, 23 04%,
UV Anax 222 (e 28,100), 250sh (¢ 16,500), 332 (¢ 19,100), 392 (¢ 29,700) and
414 (¢ 28,400) nm, IR v, 3070, 2934 (aromatic and aliphatic C-H), 2220
(s, CN), 1579 (s), 1541, 1423, 1346 (s), 1213, 1167, 1095, 778, 708 and 699
(aromatic-H) cm™, "H-NMR 5 169 (3H, t, J 74, CH3), 479 (2H, q, J 7 4, CH,),
7 37 (4H, m, aromatic protons), 7 45 (2H, m, aromatic protons) and 7 69 (4H,
m, aromatic protons) ppm, 'C-NMR & 16 11 (CH,), 4185 (CH,), 63 51
[C(CN),], 110 80, 111 95 (CN), 128 84, 130 20, 131 11, 136 26, 140 74, 152 19
and 157 39 [aromatic and C=C(CN), carbons] ppm, HRMS Found M" 425 138
CosHisN; requires M, 425 138

Synthesis of 2,3-Diphenyl-5,7-bis(dicyanomethylene)-6-benzyl-5,7-
dihydropyrrolo[3,4-b]pyrazine (243c)

N-Benzylpyndimum salt of 2,3-diphenyl-5,7-bis(dicyanomethylene)dihydro-
pyrrolo[3,4-b]pyrazine (242c) (10 g, 176 mmol) in 1,2 4-tnchlorobenzene
(25 cm®) gave 2,3-diphenyl-5,7-bis(dicyanomethylene)-6-benzyl-5,7-dihydro-
pyrrolo[3,4-blpyrazine (243c) (049 g, 57%) Recrystallisation of (243c) from
ethanol gave purple crystals, m p 259-260 °C (darkens 256 °C), Microanalysis
Found C, 7653, H, 358, N, 1975% CisH;N; requires C, 76 37, H, 3 51,
N, 20 11%, UV Amax 224sh (¢ 21,127), 250sh (¢ 11,737), 331 (¢ 13,146), 389
(e 22,066) and 412 (g 21,268) nm, IR vmax 3075, 2933 (aromatic and aliphatic
C-H), 2221 (s, CN), 1587, 1538, 1466, 1430, 1360, 1324, 1210, 1168, 1082,
783, 741 and 698 (aromatic-H) cm™, "H-NMR & 6 05 (2H, s, CH,), 7 15 (2H, m,
aromatic protons), 7 42 (9H, m, aromatic protons) and 7 72 (4H, m, aromatic
protons) ppm, *C-NMR & 49 19 (CH,), 64 56 [C(CN),], 110 74, 111 66 (CN),
12526, 128 88, 12909, 12971, 13023, 13123, 13255, 136 24, 14067,
152 88 and 157 61 [aromatic and C=C(CN), carbons] ppm
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Crystal Structure Determination

Structure Analysis and Refinement

All collections of crystallographic data were carried out at Trinity College Dublin
X-ray diffraction data were collected using Mo-Ko radiation  (A=0 71609 A)
monochromatised with a graphite plate giving N independent reflections, Ny of
these being used In the structure analysis The index range i1s given for each
crystal All structures were solved using Patterson heavy atom method with
partial structure expansion to find all non-hydrogens using SHELXS-86 ®' The
atomic co-ordinates were refined with full matnix least squares refinement
using SHELXL-93 182 Hydrogen atoms were located in therr calculated
positions and refined with respect to the carbon and nitrogen atoms to
which they are attached

Crystal Data for Ethyl (Z)-4-Dicyanomethylene-2,4-diamlinobutanoate (178)
Crystallised from ethanol to give white cubic crystals Crystal dimensions
06 x 05 x 02 mm M=360 41, monochnic, space group P21/n, a=9 170(3),
b=14 012(2) and c=14 928(4) A, V=1871 2(7) A®, Z=4, D, =1 279 g/cm®
N =3398, Np=3195, index range =0<h<10, 0<k<15, -156<I<15, R=0 0867,
wR=0 1276

Crystal Data for N, N,N’,N'-Tetramethyl-p-phenylenediaminium salt of 2,3-
Diphenyl-5,7-bis(dicyanomethylene)-6H-5,7-dihydropyrrolo[3,4-b]pyrazine
(255)

Crystallised from acetonitrile to give red cubic crystals Crystal dimensions
07 x04 x03mm M=561 65, tnclinic, space group P-1 (No 2), a=9 9359(11),
b=10 2668(13) and c=15 1862(13) A, V=14515(3) A% Z=2, D,=1 285 glcm’
N=3821 Np=3567, index range 0<h<10, -10<k<10, -156<I<15, R=0 539,
wR=0 1092
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Synthesis of Charge-Transfer Complexes

General procedure

The donor in acetonitrile was added to a boiling solution of the desired
acceptor (1 equivalent) in acetonitnie The solution was allowed to cool and
the crystals that deposited were filtered off, washed with acetonitrile and
dried

Attempted C-T Complex formation between 2,3-Diphenyl-5,7-bis{dicyano-
methylene)-6H-5,7-dihydropyrrolo[3,4-blpyrazine (237) and TMPD

TMPD (0 04 g, O 25 mmol) in acetonitrile {5 cm®) and 2,3-diphenyl-5,7-
bis(dicyanomethylene)-6H-5,7-dihydropyrrolo[3,4-blpyrazine (237} (01 g,
0 25 mmol) In acetonitrile {10 cm®) gave the N, N, N’ N'-tetramethyl-p-
phenylenediaminium salt of 2,3-diphenyl-5,7-bis(dicyanomethylene)-6H-5,7-
dihydropyrrolo{3,4-blpyrazine (255) (0 09 g, 64%) Recrystallisation from
acetonitrile gave red crystals, mp 215-217 °C (darkens 213 ©°C),
Microanalysis Found C, 72 63, H, 475, N, 22 26% C;,H,;Ng requires
C, 7271, H, 484, N, 2244%, UV 1LAn.x 222sh (¢ 47,904), 266
(e 57,570), 318 (¢ 38,796), 370sh (¢ 25,484), 482 (¢ 43,834) and 512
(€ 43,218) nm, IR v 3117, 3061, 2219, 2204 {CN), 1611, 1504, 1452,
1412, 1354, 1279, 1268, 1220, 1178, 813, 779, 740, 717 and
703 cm’’

Synthesis of (237)-TTF C-T Complex

TTF (0 025 g, 0 12 mmol) n acetonitrile (5 cm®) and 2,3-diphenyl-5,7-bis-
{dicyanomethylene)-6H-5,7-dihydropyrrolo[3,4-blpyrazine (237) (0 048 g,
0 12 mmol)} n acetonitrile {10 cm?) gave yellow crystals of unreacted (237)
(004 g) (melting point, IR, 'H and '°C NMR spectra) Removal of
acetonitnile by rotary evaporation and recrystallisation of the remaining
yellow solid from acetonitrile gave dark purple crystals of the 2 1 (237) TTF
C-T complex (0 07 g), mp 270 °C (decomp ), Microanalysis Found C,
6477, H, 253, N, 1946, S, 12 72% Cz4H,cN;4S, requires C, 64 92, H,
262, N, 1962, S, 1282%, UV Anax 222sh (¢ 46,422), 268 (¢ 22,157),
330 (¢ 28,333), 386 (¢ 32,010), 410 (¢ 27,892), 481 (¢ 19,265) and 511
(€ 18,529) nm, IR v, 3267, 3180, 3080, 3025, 2925, 2225 (CN), 1631,
1622, 1542, 1509, 1458, 1424, 1347, 1220, 1195, 797, 775, 703, 696
and 626 cm '
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Synthesis of 2,3-Diphenyl-5,7-bis(dicyanomethylene)-6-ethyl-5,7-dihydro-
pyrrolo[3,4-blpyrazine (243b}-TMPD C-T Complex

TMPD (0 013 g, 0 08 mmol) In acetonitrile {5 cm® and 2,3-diphenyl-5,7-
bis(dicyanomethylene)-6-ethyl-5,7-dihydropyrrolo[3,4-blpyrazine (243b)
(0 034 g, 0 08 mmol) In acetonitrile (10 cm®) gave dark purple crystals of
the 21 (243b)-TMPD C-T complex (002 g, 43%), isolated as the
monochydrate It was assumed that the water came from the acetonitrile
used In the reaction Recrystallisation from acetonitrile gave dark purple
crystals, mp 252-254 °C (darkens 238 ©°C), Microanalysis Found
C, 7180 {7217), H, 468 (482), N, 21 66 (22 07)% Cg,HseN 6 H,0
requires C, 7207, H, 468, N, 2169, UV A, 223 (¢ 34,475), 253
(e 20,197}, 330 (¢ 23,361), 393 (¢ 39,590) and 414 (¢ 39,082) nm,
IR vmax 3069, 2933, 2219 (CN), 1579, 1541, 1424, 1348, 1213, 1168,
1095, 819, 776, 708 and 697 cm'

Attempted C-T Complex formation between 2,3-Diphenyl-5,7-bis(dicyano-
methylene)-6-ethyl-5,7-dihydropyrrolo[3,4-blpyrazine (243b) and TTF

TTF (0025 g, 012 mmol) in acetonitrile (5 cm) and 2,3-diphenyl-5,7-
bis(dicyanomethylene)-6-ethyl-5,7-dihydropyrrolo[3,4-blpyrazine (243b)
(0048 g, 012 mmol) In acetonitrile (10 cm®) gave purple crystals of
unreacted (243b) (0 01 g) (melting point, IR, 'H and '>°C NMR spectra)
Removal of acetonitrile from the filtrate by rotary evaporation and
recrystallisation of the remaining yellow solid from acetonitrile gave
additional quantities of (243b)

Cychc Voltammetry

HPLC grade acetonitnle was wused n the electrochemical
measurements Lithium perchlorate was used as supporting electrolyte
Electrochemical cells were of conventional design and were thermostated
within 20 2 °C using a Julabo F10-HC refrigerated circulating bath All
potentials were quoted with respect to a BAS Ag/AgCl gel-filled reference
electrode, the potential of which was 35 mV more positive than that of the
saturated calomel electrode (SCE) Cyclic voltammetry was performed using
an EG&G model 273 mercury electrode as part of a conventional three
electrode system All solutions were degassed by bubbling under nitrogen
and a blanket of nitrogen was maintained over the solution during the
experiment
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