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Abstract
In te rest in novel heterocyclic  deriva tives ana logous to TCNQ  in which the n- 

e lectrons o f a carbon-carbon double  bond are replaced by a lone pair o f 

e lectrons on a heteroatom  has led to investigation o f the synthesis o f A/-alkyl 

deriva tives o f 2 ,2 '-(iso indo lin-1 ,3-d iy lidene)b ispropanedin itrile .

Knoevenagel condensation  o f A/-methylphthalim ide w ith m alononitrile 

under a num ber o f cond itions y ie lded com plex product m ixtures from  which the 

sod ium  and m éthylam m onium  salts o f o-(2 ,2 -d icyanoethenyl-1 -olate-)/V- 

m ethylbenzam ide and 3-(d icyanom ethylidene)phtha lide  were isolated as m inor 

products.

Reaction o f m a lonon itrile  w ith d iim ino iso indo line and 1-phenylim ino-3- 

im ino iso indo line in d im ethy lfo rm am ide yie lded the am m onium  salt o f 2 ,2 '- 

(iso indo lin -1 ,3-d iy lidene)b isp ropaned in itrile . In m ethanol the highly insoluble 

m ono-condensation  product w as obtained and this was also the product 

obta ined by reaction o f sod io-m a lonon itrile  w ith phthalonitrile  in m ethanol. 2 ,2 '- 

(lso indo lin -1 ,3 -d iy lidene)b isp ropaned in itrile  was obtained from  its am m onium  

sa lt by acid ification.

Reaction o f 2 ,2 '-(iso indo lin -1 ,3-d iy lidene)b ispropaned in itrile  o r its 

am m onium  salt w ith a varie ty o f acylating and alkylating agents did not yie ld the 

desired com pounds. A  very low yield o f 2 ,2 '-(2 -m ethyl-iso indo lin-1 ,3- 

d iy lidene)b ispropaned in itrile  was obta ined on reaction w ith d im ethylsulphate. 

R eaction o f the am m onium  salt w ith a varie ty o f am ines yie lded products which 

X -ray  crysta llography show ed to arise from  am ine addition across a cyano 

group. 2 ,2 '-(2 -M ethyl-iso indo lin -1 ,3-d iy lidene)b ispropaned in itrile  was

successfu lly  synthesised by heating the té tram éthylam m onium  salt o f 2 ,2 '- 

(iso indo lin -1 ,3-d iy lidene)b isp ropaned in itrile  in 1,2-d ichlorobenzene.

Cyclic vo ltam m etry  m easurem ents o f the 2 ,2 '-(iso indolin-1,3-d iy lidene) 

b ispropaned in itriles show  they are e lectrochem ica lly  irrevers ib le . UV studies o f 

the  charge-transfe r com plexing abilities o f 2 ,2 '-(iso indo lin-1 ,3- 

d iy lidene)b isp ropaned in itrile  and its A/-methyl derivative w ith a varie ty o f 

e lectron  donors w ere carried out and a num ber o f charge-transfer com plexes 

have been synthesised. X -ray crysta llography o f the 1:1 com plex between 

2,2 '-(iso indo lin -1 ,3-d iy lidene)b ispropaned in itrile  and N,N,N',N'-teiramethy\-p- 
phenylened iam ine show s tha t it crysta llises in a m ixed stacking arrangem ent.
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1.A.1 Introduction

The ava ilab ility  of ligh tw e igh t m ateria ls w ith  high e lectrica l conductiv ity  

and high processib ility , o r liqu id n itrogen tem pera tu re  superconductiv ity , would, 

if a tta inab le , have phenom enal consequences fo r the e lectron ics industry. 

E lec trica l pow er transm iss ion  w ithout res istance w ou ld  increase the e ffic iency 

o f the  national grid and e lectrica l motors. Pow erfu l supercom puters  using 

supe rconducting  gates w ith extrem ely fast response tim es, w ithout the need for 

a com plex cooling system , are seen as the next genera tion  of com puter. The 

deve lopm en t of pow erfu l superconducting  e lec trom agne ts  cou ld  a llow  the 

rea lisa tion  of high speed tra ins trave lling  a long fric tion less  superconducting  

tra cks  by expelling an externa l m agnetic  fie ld. E lectric  cars, pow ered by 

ex trem e ly  ligh t-w e igh t batteries, and w ithout the  tox ic  em issions o f th e ir  fossil 

fu e l-bu rn ing  counterparts, w ou ld  help the po llu tion  problem s in c ities and 

poss ib ly  reduce the dam age being done to the env ironm ent.

One area of research w h ich is a ttem pting  to make such m ateria ls a 

rea lity  is that of O rganic M eta ls. O rgan ic  M etals, w h ile  encom passing  the fie lds 

of conducting  polym ers and conducting  cha rge -trans fe r (C-T) com plexes, have 

bu t one common property  w ith tha t of m etals, i.e. pa rtia lly -filled  de loca lised  

bands. It has been the h igh ly brittle , c rys ta lline  C-T com plexes w h ich have 

y ie ld e d  most in form ation on these so lid  state p roperties. W h ile  it is un like ly 

th a t these crysta lline  so lids will rep lace copper as a m eans to m aking a sim ple 

e lec trica l contact, in te res t in these m ateria ls  lies in understand ing  the 

m echan ism  of charge transport and testing  theore tica l m odels. This 

unders tand ing  does have practica l use in the design of o rgan ic  

pho toconducto rs  and m ateria ls  to m odify the surface of sem iconducto r 

e lec trodes . It may even give an ins igh t into the com plex rapid e lectron  transfe r 

p rocesses  in b io logical system s. Figure 1.01 g ives som e exam ples o f the types 

o f conductiv ities  ach ieved in the fie ld  of O rgan ic  M eta ls.

1.A.2 B a c k g ro u n d

Interest in h igh ly conducting  C-T com plexes cam e about w ith the 

d iscove ry  in 1954 of the firs t e lec trica lly  conducting  m olecu lar com pound 1 w ith 

a conductiv ity  of - 1 x 1 0-3 S c rrr1. H ow ever the true  im petus was in itia ted  by the 

d iscove ry  of the h ighly conducting  (-5 0 0  S c n r1) C-T sa lt 2 of the acceptor, 

7 ,7 ,8 ,8 -te tracyano -p -qu inod im e thane3 (TCN Q ; 1) and the donor,

2



Temperature (K)

Figure 1.01. Temperature dependence of conductivity for various 
electrical conductors

te tra th ia fu lva lene 4 (TTF; 2a). W hile  C -T  com plexes also exh ib it in teresting 

m agnetic 5 and non -line a r optica l p roperties 6, most research has centred 

around achieving ever h ighe r conductiv ities . In try ing to reach th is  goal many 

thousands of C-T sa lts  have been synthesised, w ith the ultim ate, 

superconductiv ity , be ing firs t ach ieved in 1980 by B echgaard and Jerom e 7. 

To date the h ighest T c fo r an o rgan ic supe rconducto r is 11.6 K at am bient 

pressure, 8 or 1 2.5 K at 0.3 Kbar of p ressu re ,9 fo r the (E T)2X (3) c lass of salts. 

A h igher Tc of 40 K has been re p o rte d 10 fo r the new est c lass of organ ic 

superconductors, the fü llendes , Ceo. H ow ever these o rgan ic  com pounds still 

have a long way to go to com pare w ith the most h igh ly superconducting  

inorganic cuprates, w h ich at present have the h ighest T c= 133 K fo r a m ercury-
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barium -ca lc ium -ox ide .1 1 It is through con tinued  research and co-operation 

between chem ists and physicists that so m uch has been achieved in recent 

years. The ongoing synthesis o f nove l donor and acceptor m olecules should 

fu rther these goa ls or at least y ie ld  add itiona l ins igh ts into how they may be 

realised.

NC CN

NC CN

TCNQ

(1)

C >=0^ X  x*^
(a) X =S , TTF

(b) X=Se, TSeF

(c) X =Te, TTeF

(2)

■ V S

(ET)2x

(3)

(«I Lij

Atom ic orbitals M o lecu la r o rb ita ls

(Cl Li 4

2s  2s 2s  2s-onnr
A to m  A to m  A to m  A to m  

1 2  3 4

A to m M any  A to m  
1 a to m s n

M a n y  c lo s e ly  spaced  
M O  leve ls  c o n s t itu tin g  
a band . (N o te  tha t 
th e re  are n  e n e rg y  
leve ls , and  n  e le c tro n s . 
S o  the b a n d  is o n ly  
h a lf f i l le d )

Figure 1.02 Development o f molecular orbitals into bands in lithium metal
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1.A.3 Conductivity in a solid: The Band Theory

In the form ation o f crysta lline  m ateria ls, the e lectron ic  orbita ls o f the 

com ponent atom s or m olecu les overlap and m ix to form  bands, each band 

conta in ing a range of energy states o r levels. These bands are filled according 

to  Pauli's exclusion principle, w ith the lowest energy sta tes being filled first and 

then the next h ighest states right up to the h ighest occupied state, which is 

known as the Fermi Level, E F. An exam ple  o f th is is seen in F igure 1.02 fo r the 

overlap o f the 2 s-orb ita ls o f lithium.

These bands m ay overlap or a gap m ay exist. The lower band (or 

va lence band) is form ed from  the highest occupied m o lecu la r orbita ls (HOMOs) 

and the upper (or conduction) band from  the low est unoccupied m olecular 

orb ita ls (LUM Os) o f the in teracting species.

A  sim ple theoretica l basis for one-d im ensiona l conduction is illustrated 

by the tight-b ind ing band approxim ation, in which one considers a one­

d im ensiona l array or chain o f N equally spaced m olecu les a d is tance c apart, 

F igure 1.03.

< c >

—O  O  O  O  O  O — normal

- 0 - 0 — 0 - 0 ------0 - 0 — 0 - 0 — distorted

< 2 c >

Figure 1.03 Showing the normal separations between an array o f atoms or
molecules which form a one dimensional metallic conductor and the distorted
separations which can occur at lower temperatures which result in the loss of 
electrical conductivity and the opening o f a band gap.

In the isolated sta te  each atom  or m olecule has an orbita l w ith energy E0 
tha t overlaps w ith the equ iva len t orbita ls o f its two nearest neighbours. This is 

equ iva len t to the energy o f an orb ita l before its linear com bination w ith another 

orb ita l to give the correspond ing  bonding and anti-bonding m olecu lar orbitals. 

The energ ies o f these  orb ita ls w h ich constitu te this array or band are derived 

from  a Huckel-like tigh t-b ind ing  band description. These  energy levels are 

suffic ien tly  close in energy tha t an apparent continuum  o f a llow ed energy levels 

ex is t above and be low  the  energy level o f the iso lated m olecu le E0, Figure 

1.04. This continuum  is bounded w ith in a band of w id th  2W  and is com posed

5



of N orb ita ls capable  of accom m odating 2N e lectrons. The bandw idth  is related 

to the transfe r in tegra l t (the resonance in teg ra l p in the Huckel m ethod) by 

2W =4t, Figure 1.04.

Number oI monomer units Infinite

Figure 1.04 Schematic illustration of the formation of a band from the 

overlap of the molecular subunits in a stack

In most non-m eta llic  solids the va lence  band is com ple te ly filled  and the 

upper conduction band is com ple te ly em pty. These m ateria ls are insu la to rs  or 

at best sem iconductors as there are no em pty ¿tates near the Ferm i level to 

accom m odate e lectrons as they gain ene rgy during  conduction. If the  band 

gap is not too large (<2eV), Figure 1 .05(b), the e lectrons at the Ferm i level may 

be therm ally  o r photo excited into the conduction  band. Both these e lectrons 

and the positive holes they leave beh ind  can move and con tribu te  to the 

conductiv ity . Such a m aterial is a sem iconducto r and conductiv ity  increases 

w ith increased tem pera ture. If the band gap is too large ( >2eV) fo r the 

exc ita tion  of e lectrons across the gap then the m ateria l is an insu la tor, Figure 

1.05(a). W hen there is overlap of the va lence and conduction bands or there is 

an incom plete band, then little or no energy is requ ired fo r the m ovem ent of 

e lectrons from the highest occup ied  sta tes of the Ferm i level in to the vacant 

sta tes of the conduction band, Figure 1.05(c). This de fines m eta llic 

conductiv ity .

Thus the 'ex ten t of occupation of the energy levels and the m agnitude of 

the band gap determ ine the e lectrica l p rope rties  of a m ateria l. In o rder to 

design and synthesise  a m aterial w ith the pa rtia lly  filled  de loca lised  band of a 

m etal a co llection of atoms or m olecu les must be found which, when arranged 

in c lose proxim ity and in s im ilar c rys ta llog raph ic  and e lec tron ic  environm ents, 

form  an energe tica lly  flat extended pathw ay enab ling  the free m ovem ent of
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e lectrons. Such a s itua tion  is frequen tly  rea lised when p lanar, conjugated 

m olecu les crysta llise  in a stack, as in the case fo r cha rge -trans fe r com plexes, 

in w h ich e lectron tran s fe r from the donor to the accep tor p rov ides the means 

fo r the fo rm ation  of a partia lly  filled  band.

Band
gap ♦

Empty Band

Filled Band

(a) (b) (c)

Figure 1.05 Schematic illustration of the electron occupancy o f allowed energy 
bands in (a) an insulator, (b) a semiconductor, and (c) a metal.

1.A.4 General Properties of Charge-Transfer Complexes

C harge-transfe r (C-T) com plexes, o r a lte rna tive ly  e lectron  donor- 

accep to r (EDA) com plexes, are associa tions of de fin ite  s to ich iom etry  between 

tw o d iffe ren t m olecu les, each of c losed shell e lectron ic  structures. They are 

frequen tly  form ed when a m olecule of low ion isa tion po tentia l, an electron 

don o r (D), in te racts  w ith a m olecule of re la tive ly  high e lectron  a ffin ity, an 

e lectron  accep to r (A), (equation 1). These C-T com plexes are capable  of 

d iscre te  absorp tion  of light giving rise to bands in the near UV or visib le 

spectrum  which are d is tinct from  those of e ithe r com ponent o f the com plex.

D + A ^  [A,D] — ► [A ",D +] equation  1

O ne theory  as to the nature of the b ind ing and the characteris tic  

e lec tron ic  absorp tion  was put forw ard by M u iliken .12 His theory sta ted that the 

ground state fo r a com plex, O n(D A), was a com bination of a "no-bond" 

structure , d>(D,A), in w hich A and D are held toge the r by d ipo le -d ipo le  

in te rac tions and o ther in te rm o lecu la r forces, and a "dative  bond" structure, 

<i>(D+-A'), in which one electron has been transferred  from  the D to A. Thus,
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O n (DA) = aO (D ,A) + bO (D +-A_) equation 2

w here  a and b are coeffic ients and a>b.

The excited state o f the com plex, ® E(DA), corresponds to the com bination:

<E>e(DA) = a*0 (D+-A _) + b*0 (D,A) equation 3

w ith  a "dative bond" structure as the m ain contributor.

Thus the optica l absorption characteris tic  o f these com plexes is 

identified w ith  the transition ® E(DA) < - O n (DA). These spectral bands result 

from  the prom otion o f an electron from  the HOM O o f D to the LUMO o f A, 

F igure 1.06.

■LUMO

■HOMO ■LUMO

- 4 -
HOMO

■LUMO

hv

■HOMO

■LUMO

■HOMO

D D+ ' A '

Figure 1.06 Transfer o f an electron from the HOMO o fD  to the LUMO o f A

It is im portant to note tha t fo r m any EDA com plexes the "no bond" structure is 

the  m ajor con tribu to r to the ground state, i.e. a » b  in equation 2. Therefore 

there is little C -T in the ground state.

The m agnitude o f C-T, and w ith it the in tensity o f the C -T bands, is 

dependen t on the degree o f donor-accepto r overlap and on the ionisation 

potentia l o f the donor and the electron affin ity o f the acceptor. The degree of 

C -T  m ay be partia l o r com plete, w ith com ple te C -T resulting in the form ation of 

a radical ion salt.
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1.A.4.1 Stacking formation in C-T Complexes

There are two c lasses of aggregation  isom ers into which C -T com plexes 

may form. The firs t type is that in w h ich the donors and the acceptors 

aggregate into m ixed s tacks com pris ing a lte rna te  D and A m olecu les, Figure 

1.07(a). The second c lass invo lves the fo rm ation  of segregated stacks of 

donors and acceptors, F igure 1.07.

Figure 1.07 Illustration of the types of stacking motifs found in C-T complexes;
(a) Mixed Stacks and (b) Segregated Stacks.

The potentia l ab ility  of these two stacking system s to conduct e lectric ity 

is very d ifferent. In o rde r to conduct down a m ixed stack an unpa ired  electron 

on an acceptor m olecu le would have to s ta rt hopping to the ad jacent molecule, 

a donor. S ince the m o lecu la r potentia l of th is  accep to r is very d iffe ren t from 

tha t o f the donor, th is  w ill act as a la rge ac tiva tion  energy to conduction. 

Bring ing an e lectron a long a segregated stack of accep tors again involves the 

hopping of an e lectron onto adjacent m olecu les but w ithout the large potentia l 

d iffe rence experienced in the m ixed stack. Such a s ituation exists with the 

m eta llic  com plex, TTF -TC N Q , which is h ighly conducting  and form s segregated 

stacks 2 in its c rys ta lline  state. H ow ever there may be som e barriers, like the 

C oulom bic repuls ion U, which, if U » 4 t ,  the bandw idth, may lead to the 

form ation of a M ott-H ubbard  type insula tor. Th is  occurs in com plexes w ith half 

filled  bands. A band becom es half filled  when there  is com plete transfe r of an 

e lectron  between the donors and the accep to rs  and as a result there are no 

neutra l sites in the stack fo r the e lectrons to hop to, due to  an electron 

becom ing associated w ith  each site. The resu lt of m oving an e lectron from one 

s ite  to another invo lves increased repu ls ion betw een the like charges. This 

usua lly  occurs when the re  are e ithe r strong donors or strong acceptors in the 

com plex. By com bin ing  donors and accep tors  in w hich the charge transfe r is 

incom plete, the overa ll va lence  of the stack is e ffec tive ly  m ixed w ith the result

D A  D A 

A  D A D 

D A D A 

A D A D 

D A D A

A D A  D 

A D A  D 

A D A D 

A D A D 

A D A D

(a) (b)
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tha t there are neutra l s ites in the stack capab le  o f accom m odating an e lectron . 

T he  degree of C-T fo r the TCNQ  C-T com plexes of TTF, TSF and TTeF  have 

been found to be 0.59, 0 .63 and 0.71 of an e lec tron  respective ly .13
In genera l most segregated s tack ing  C -T  com plexes are conducting 

w h ile  the m ixed s tacking com plexes are insu la ting . However, while it has been 

suggested  tha t the m ixed-stack form  is as, o r more, the rm odynam ica lly  

s ta b le ,14 it appears tha t both isom ers may in any event coexist and the only 

w ay to ensure segrega ted  stacking is to des ign  m olecules w here the 

segrega tion  is b u ilt- in .15

1.A.4.2 Stoichiometries in C-T Complexes

In add ition to the d iffe rences in the s tack ing  types organ ic C -T sa lts  are 

found  w ith d iffe ring  sto ich iom etric  ra tios of d on o r to acceptor. TC N Q  (1) alone 

fo rm s a m ultitude of variab le  s to ich iom etric  com plexes w ith m any donors 

inc lud ing  1:1 sa lts w ith TTF  (2a), a 1:1 and 2:1 sa lt w ith /V,A/,A/',A/'-tetramethyl- 

p -pheny lened iam ine  (TM DA; 4 )16- 17 and even a 4:1 com plex w ith  an 

an th raqu inone  deriva tive  of TTF (5).18 The va riab le  s to ich iom etry of these 

com plexes, even between the same donors and acceptors, is m ost like ly 

de term ined by packing considerations. Wheland and Gillson have show n that 

com plex form ation m ethathesis occas iona lly  affords contro l over 

s to ich iom e try .19 In the case of the ha lide sa lts  of TTF it is argued tha t the 

s to ich iom etry  is de term ined by com petition betw een the cost of ion is ing  a D-A 

p a ir (I - A), ion isa tion  potentia l m inus the e lec tron  affin ity, and the e lec tros ta tic  

(o r M adelung) energy, EM,of the solid tha t is ga ined  by form ing io n s .20

Me Me 
NI

Me Me 

)==(
S S

& n V
-N, 1

Me Me s s

Me Me

(4) (5)
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1.A.4.3 The Unidimensionality of C-T Complexes

As m entioned previously, the partia lly  filled  de loca lised  band of a metal 

can be rea lised in C -T com plexes w hen p lanar, con juga ted m olecu les 

crysta llise  in segrega ted  stacks. Because the grea test overlap  of o rb ita ls  

occurs along the stack, e lectrica l conductiv ity  is g rea te r in th is  d irection  than in 

any o ther d irection . As a result of th is  an iso trop ic  behav iour these  com pounds 

have also been re fe rred  to as quasi- or pseudo-one-d im ens iona l m etals. S ince 

C -T is usua lly com ple te  or partia l, the bands are usua lly  at most ha lf fu ll o r in 

any case incom plete . Unlike metals, in w h ich e lectrons can avo id  each o ther 

by moving in three d im ensions, the quasi one -d im ensiona l C -T sa lts  are subject 

to various phase trans itions  due to increased  e lectron in te ractions. The 

problem  of the half filled  state giving rise to a  M ott-H ubbard  insu la to r has been 

m entioned a lready. The partia lly  filled  quasi one -d im ensiona l sa lts  are also 

sub ject to m etal to in su la to r (M-l) trans itions at low  tem pera tures. These  are a 

result of la ttice  d is to rtions and the form ation of an an tife rrom agne tic  state and 

are the principa l ba rrie r to h igher conductiv ities.

1.A.4.4 Lattice instabilities in quasi one-dimensional conductors

The nature of quasi one-d im ensiona l C -T com plexes results in certa in 

physical restric tions on conductiv ity  as the tem pera tu re  is low ered. These 

la ttice  instab ilities  are characte ris tic  of th is  c lass of conducto rs  due to the 

increased e lectron  in te raction  and are m ade up of :

(i) Pe ierls d is tortions (or C harge D ensity W aves (CDW ))

(ii) Spin Density W aves (SDW )

(i) Peierls d is to rtions:

By ana logy w ith Jahn-Te lle r's  theory, pa rtia lly -filled  energy bands, which 

are ana logous to m etals, are subject to geom etrica l d is to rtions associa ted  with 

a lowering of the to ta l energy. An exam ple of th is  is given fo r com parison of 

the Jahn -T e lle r e ffect in cyclobutad iene, F igure 1.08(a), and Pe ierls d is tortion 

in an extended cha in  made up of prc-orbitals, F igure 1.08(b). The low er energy 

structure  in both system s is the one w here the bond lengths a lte rna te . If the 

e lectrons were de loca lised  over the entire  system , then the n -extended one­

d im ensiona l cha in  of po lyacety lene w ould  have a ha lf-filled  band and w ould  be 

expected to be m eta llic .
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Figure 1.08 Showing the comparison in the geometric distortions of (a) 
Jahn-Teller effect in cyclobutadiene and (b) Peierl's distortion in an 
extended chain o f pn-orbitals.

These  geom etric d is to rtions are various ly  known as Pe ierls21 d is to rtions or 

C harge  Density W aves (C D W ).22
At the Ferm i level there is a degeneracy and just above or be low  it, near­

degeneracy, fo r any pa rtia lly -filled  band. There  is a driv ing force fo r the system 

to low er its energy. In o rde r to do th is the s tructure  must distort and thus the 

e lec trons  in these degenera te  states becom e paired, opening up a gap at the 

Ferm i level. This is re fe rred  to as E lectron-P honon coupling. The size o f the 

gap  w ill determ ine w h e th e r the so lid  is insu la ting  or sem i-conducting. This 

pa iring  of e lectrons resu lts  in reg ions of the la ttice  having a lternating high and 

low  charge density  and hence generating a CDW .

CDW s can also be though t of as e lec tron -ho le  pairs as well as e lectron- 

e lec tron  pairs, F igure 1.09(a). W e can th ink  of an electron as being paired 

e ith e r with a hole to its right or le ft or w ith the e lectron opposite. As a so lid  is 

coo led  towards abso lu te  zero (0 K) there is a tendency for e lectrons to pair. A 

C D W  form s when be low  the phase-transition  tem pera ture  and the e lectrons are 

trap ped  in pairs. The form ation of th is  C D W  is accom panied by lattice 

d is to rtions and these can be seen by x-ray d iffraction.

The coup ling of C D W s with la ttice v ib ra tions  also shows variab le  effects 

on conductiv ity. The w ave leng th  of a C D W  varies w ith the num ber of e lectrons 

in the  solid, i.e. the g rea te r the num ber of e lectrons the shorter the wavelength. 

H ence the w ave length  of the C D W  may not m atch that of the orig ina l lattice. 

The CDW  is said to be incom m ensura te  w ith the orig ina l lattice spacings and is 

free  to  travel th roughou t the la ttice until p inned by a lattice defect. CDW s
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w hich  are com m ensurate w ith the la ttice  spac ings  are trapped and do not 

contribu te  to the conductiv ity .

I I I
1 t t•  • • • • • •

(a) CD W

• i • i  • i •
i .  i  .  i . t

(b) SD W

Figure 1.09 (a) Pairing o f electrons and holes in a stack giving a CDW. (b) 
Pairing of electron spins on adjacent molecules in a stack giving a SDW.

(ii) Spin Density W aves (SDW )

Electrons w ith the sam e spin tend to oppose  one ano ther and so prefer 

to pa ir-up w ith e lectrons o f opposite  spin, i.e. an tife rrom agnetica lly . So a SDW  

can be likened to two C D W s superim posed but sh ifted  one space to the left or 

right, Figure 1.09(b), so tha t the to ta l charge dens ity  is constant but the spin 

dens ity  a lterna tes a long the la ttice. This an tife rrom agne tic  phase is insula ting 

due to the period ic ity  of the  SD W  which destroys the Fermi surface. This type 

o f d is to rtion  is exh ib ited  by the Bechgaard sa lts  form ed from octahedra l 

an ions23 and these M-l tran s ition s  give way to a superconducting  state under 

the  app lica tion of high pressures.

A nother cause of M-l trans itions observed in the  Bechgaard salts is due 

to the ordering of the an ions at low er te m p e ra tu re s .23 The low er sym m etry 

an ions undergo these tran s ition s  at h igher tem pera tu res, w ith the exception of 

the perchlorate salt, than  those of the octahedra l an ions. These trans itions can 

be suppressed by the app lica tion  of pressure, aga in  w ith the observation of a 

superconducting  state.

r •

i .

; • 
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1.A.5 Superconductivity

Superconductiv ity is the ability to conduct e lectric ity  w ith zero resistance. 

A  curren t set up in a superconductor is not d issipated as heat, as in an ordinary 

conductor, but instead continues to flow  forever. A  theory fo r superconductiv ity  

in m eta ls w as put forward by Bardeen, C ooper and S chrie ffe r in 1957 called the 

BCS theo ry .24

1.A.5.1 BCS Theory of Superconductivity

The BCS theory proposed that, unlike conventiona l conductiv ity  which 

involves the m ovem ent o f free  e lectrons in a conduction band, 

superconductiv ity  involves the pairing o f conduction e lectrons by som e 

in tere lectron attraction and a condensation o f these pairs, known as C ooper 

pairs, a t som e critical tem pera ture , T c , to form  a m acroscopic quantum  state. 

This state has m any unique properties includ ing zero resistance and perfect 

d iam agnetism , which excludes an external m agnetic  fie ld from  its interior, 

know n as the M eissner effect, up to a lim iting critica l fie ld strength. The 

m echan ism  for the form ation o f the C ooper pairs is m ediated by lattice 

v ib ra tions called phonons. The process begins when one electron attracts the 

surround ing  positive ions o f the crystal la ttice and creates a region o f lowered 

potentia l energy fo r itse lf and o ther electrons. Because these ions are much 

heav ie r than the electron they m ove m ore slow ly and as a result th is region of 

low ered energy persists and a second electron is attracted, Figure 1.10.

O - O - O - C U  0 - 0 - 0 - 0* * * * * # *• * io -o -o -o ^  J o -o -o -o  '
I I I I O I I I I . °o -o -o -o ,  I ^ o -o -o -o

e-  w  O .e o -o -o -o  e —► 0-0  
oLoLo'-o:' (j)^ o -o -o :-o JL
I I I I n  I I I I .

0 —0 —0 —0 "  0 —0 —0 —0

Figure 1.10 Mechanism for the formation o f Cooper pairs

Interactions between the conduction e lectrons and the phonons take 

p lace in a region w hose energy ranges from  the Ferm i level, EF, to the  Fermi 

level plus the average excita tion energy o f the phonon (E F + Ev ). Because the 

Pauli exclusion princip le forb ids these in teractions from  scattering e lectrons into 

the  fu lly  occupied states below  the  Ferm i level, the lower states provide a
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passive support base fo r the in teraction region. A t T c , the tem pera ture is 

su ffic ien tly  low tha t therm al agitation at the Ferm i surface is insuffic iently large 

to  b reak up the pairing process. As a result m any C ooper pairs form 

s im u ltaneously  to create the superconducting state.

In the s im plest form  of the BCS theory, T c depends linearly on the 

excita tion energy o f the system  tha t m ediates the e lectron pairing, the lattice 

v ib ra tion  Ev . C onsequently  a decrease in the la ttice v ibration w ill decrease Tc , 

s ince the heavier lattice w ill v ibrate at lower frequencies. Isotope substitution is 

one m ethod which has been used to ascertain w he the r superconductive  pairing 

is m edia ted by la ttice vibrations.

However, while the general principles o f the BCS theory probably can 

accoun t fo r the new superconductors like the cuprates and the new organic 

superconductors, the m echanism  for the form ation o f the  superconducting state 

is still unknown. M odifica tions o f the c lassic BCS theory are still required. The 

m ost like ly m odifica tion is an a lternative e lectron-pa iring m echanism  m ediated 

not by phonons but by interaction o f the conduction e lectrons w ith charge or 

e lectron spin fluctua tions in the e lectron ic subsystem .25

1.A.6 Design of Organic Metals

In the last tw en ty years there has been in tense in terest in trying to 

de term ine and understand the properties necessary to enable  an organ ic solid 

conduct e lectric ity. O ngoing research focused on the synthesis o f new 

deriva tives o f both TC NQ  and TTF, along w ith the soph istica ted m easurem ents 

and in te rpre ta tions o f the solid-sta te physicist, has contributed greatly  to the 

w ea lth  o f know ledge now  available. From th is in form ation certa in com m on 

characte ris tic  properties have been found in all the organ ic solids which 

conduct e lec tric ity .26
In o rder to atta in the  m etallic state, an organ ic  solid has to fu lfil the 

fo llow ing basic requ irem ents ;

(i) the m olecu lar com ponents m ust be p lanar w ith extensive n- 

deloca lisa tion  in order to facilita te  extensive overlap

(ii) the  com ponents should be o f sim ilar s ize and highly sym m etric

(iii) the com ponents should crystallise into a uniform  structure with 

segregated stacking o f the donors and acceptors

(iv) the degree o f charge-transfer should be partia l to ensure m ixed 

va lence stacks
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(v) the organ ic so lid  shou ld  be capable of m in im ising e lectron - 

e lectron in te ractions

In add ition  to the above bas ic  requirem ents, increased d im ensiona lity , 

necessary fo r enhanced conductiv ity  and the reduction or e lim ina tion  of M-l 

trans itions  associa ted w ith  the quasi-one-d im ensiona l sa lts at low 

tem pera tu res, is ach ieved  by the incorpora tion  of h igh ly po la rizab le  

he teroatom s such as S, Se o r Te on the periphera l s ites o f the donor and 

acceptors.

S ince the ab ility  of chem ists to  induce m olecu les to pack w ith in  a crysta l 

la ttice  in a prescribed m anner is ve ry  lim ited, one is restricted to contro lling  the 

key p roperties  of the ind iv idua l m olecu les in advance. O ne of the m ajor goa ls 

fo r chem ists  in recent years has been to d iscover new fam ilies of donors and 

acceptors, using the above gu ide lines, which w ould  exh ib it m eta llic  or 

superconductiv ity .
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1.B Donor Molecules

1.B.1 Introduction
Since the d iscovery of the e lectron donating ab ility  4 and e lectrica l 

conducting  properties of TTF (2a) 2 in the early 1970s much effort has been 

devo ted to synthesis ing ana logues of TTF with the aim  of determ in ing the 

e ffect of s tructura l varia tion on conductiv ity  and superconductiv ity . The most 

rem arkab le  analogues are b is (e thy lened ith io lo )te tra th io fu lva lene  (BEDT-TTF), 

o r ET (6a) for short, te tram ethy lte trase lena fu lva lene  (TM TSF; 7a) and 

b is (e thy lened ioxa )-te tra th io fu lva lene  (BED O -TTF; 6b), all of which form 

superconducting  salts. O f the properties necessary fo r the form ation of 

e lec trica lly  conducting organ ic  m etals 26 TTF possesses the required planarity, 

sym m etry and low oxidation potentia l to form both a stab le  cation and dication, 

whose s tab ility  arises from the form ation of a 4n+2 rc-electron Huckel-type 

arom atic  ring system. As a result most of the research to deve lop  new donors 

has centred on explo iting these properties by m odifying the basic TTF  unit.

The m ain d irection of these e ffo rts  involves:

(i) extending the ^-con juga ted  system  in o rder to m inim ise the Coulom b 

repulsion in the doubly ion ised state of the donor; th is  is ach ieved by

incorporation of cyclic or v iny logous spacers between the two

1,3-d ith io le  rings;

(ii) the replacem ent of the su lphur atom s with se len ium  and te llurium  in 

o rde r to increase the bandw idth and increase both the in ter and 

in trastack Se-Se and Te-Te in teractions w h ich result in increased 

d im ensiona lity ; the increased po larisab ility  of Se and Te shou ld  also 

reduce the on-site  C ou lom b repulsion;

(iii) syn thesis ing  TTF deriva tives w ith substituen ts on the periphera l 2,3 and 

6,7 positions to m odify the e lectron ic properties of the parent 7i-system  

and to increase the in te rm o lecu la r in teraction.

S ince the num bers of donors syn thesised in the last 20 years is enorm ous only

the  m ore im portant ones will be d iscussed here.

(2 )a :X  = S, TTF 
b: X = Se, TSF
c: X = Te, TTeF

(6)a: X = S, BEDT-TTF (7)a:X = Se, Y = Me, TMTSF
b: X = O, BEDO-TTF b:X = S, Y = Me, TMTTF

c:X = S, Y-Y = (CH2)3 HMTTF

17



1.B.2 General synthesis of TTF and its derivatives
The most w ide ly used routes to TTF  deriva tives proceed v ia  coupling of

1,3-d ith io lium  salts (8) or 1,3 -d ith io le -2 -th iones (9a) o r-2 -o n e s  (9b).

R

RX * -

R
H X- or X ! h

(8) (9) a: X= S 
b: X= O

The 1,3-d ith io lium  salts are coupled v ia  the generation of a s tab ilised  carbene, 

by depro tona tion  of the cation w ith a base, which can then a ttack the positive 

C2 centre of another cation. This m ethod has been used for the synthesis of 

TTF  (2a) 4 and its deriva tives TM TTF (7b)27 and HM TTF (7c),28 Schem e 1.01.

2 HCR S +

Et̂ N

(8 )a: R1 = R2 = H, X  = H S 0 4‘ 
b: R1 = R2 = Me, X = C I0 4

c: R1 - R2 = (CH2)3, X- = C I04'

(2) a

(7)b
(7)c

R’ = R2 = H, TTF 
R1 = R2 = Me, TMTTF

R1 ' R2 = (CH2)3, HMTTF

Schem e 1.01

The 1,3 -d ith io lium  and 1,3-d ise lenium  salts possessing a hydrogen in the 2 

position are obta ined by the a lky la tion  of the correspond ing  1 ,3-d ith io lo-2- 

th ione or -2 -se lenone w ith an a lky la ting  agent, usua lly m ethyliodlde, Scheme 

1 .0 2 .

t > :
Mel

Me
NaBH, CxH

XMe

(10) a: X = S 
b: X = Se 
C: X = O

(11) a: X = S 
b: X = Se

Schem e 1 .02

This is fo llow ed by reduction of these sa lts w ith sodium  borohydride, NaBFU, 

w hich genera tes the 2 -a lky lth io - (1 1 a) or 2-a lky lse le no -1 ,3-d ith io ls  (1 1 b), and
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fina lly  trea tm ent of these w ith a strong acid like fluo roboric  acid, o r perch lo ric  

acid.

The reaction of 1,3-d ith io lium  cations w ith tria lky lphosph ines  or 

phosph ites g ive W ittig  and W ittig -H o rne r phosphon ium  sa lts (12), w hich are 

the key in te rm ed ia tes in the syn thes is  o f the vast array of v iny logues of T T F ,29 
obta ined by th e ir reaction w ith a ldehydes in the presence of base, Scheme 

1.03.30

S H
PFg + OHC

( 12)

- O -N
Me

CHO NEt, " V
OHC N

Me

N
Me

Schem e 1.03

The phosphoranes form ed by the rem oval of a proton by base, usua lly 

trie thy lam ine  o r butyllith ium , can also couple w ith o ther 1,3-d ith io lium  salts to 

yie ld hybrid  o r unsym m etrica l TTFs.

The 1,3-d ith io lo-, and 1,3-d ise leno-, -2-th iones, -2 -se lenones and -2- 

ones (13a-c) are also coup led using tria lky l o r tria ry l phosphines or tria lkyl 

phosph ites via desu lfu risa tion , dese lenation  and deoxygenation. W hile  this 

route has proven to be useful fo r se lenones, which are more reactive, 

desu lphurisa tion -coup ling  was on ly  successfu l when e lectron-w ithdraw ing 

substituen ts  were present in the 4- and 5- positions of the 1,3-d ith io le-2- 

th io n e s ,31 Schem e 1.04.

R1 - ^ X  P(OAIk)3 or P(Aryl)g

JC > = Y — *■r2^ ~ x

(13) a: R1 - R2 = S(CH2)2S, X = S, Y = O 

b: R 1 = R2 = H, X = Se, Y = Se 

c : R 1 = R2 =Me ,  X = S e , Y  = S

Schem e 1.04

r1^ X  x - ï - r1

r 2^ x ^ x ^  r 2

(6a) BEDT-TTF 

(2b) TSeF 

(7a) TMTSF

19



It has been suggested32 that in the m ajority of cases these TTF 

deriva tives are most like ly form ed by reactions of the carbene with the ir 

precursor, or occas iona lly  by reactions not invo lv ing  carbenes at all, rather 

than by b im olecu lar carbene coupling, Schem e 1.05. This m ethod of coupling 

is the most w idespread but it does have its lim ita tions in that the synthesis of 

unsym m etrica l derivatives w ill yie ld m ixtures of isom ers.

An a lterna tive  to the phosphine or phosph ite  coup ling has been the use 

of d icoba ltoctacarbonyl, C o2 (CO)g. This coup ling reagent may be preferable 

in tha t it a llow s fo r a w ide r range of subs tituen ts .33

1.B.3 Peripherally substituted TTF analogues
O f the many m odifica tions which have been carried out to im prove the 

e lec tron ic  p roperties of the parent TTF rc-system, in troduction  of heteroatom s 

on its periphera l 2,3- and 6,7- positions have been the most exciting. These 

substituen ts  were expected to increase in te rcha in  in teractions, thus increasing 

the d im ensiona lity  and suppressing the M-l trans itions to insula ting or 

sem iconducting  states associa ted with one-d im ensiona l system s.

+ isomers

p r 3

I .+

Scheme 1.05
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1.B.3.1 TMTTF (7b) and HMTTF (7c)
Tetram ethy lte tra th ia fu lva lene, TM TTF (7b), and hexam ethylene- 

te tra th ia fu lva lene , HM TTF (7c), w ere the firs t com pounds to suggest that 

periphera l substitu tion may actua lly  im prove the conductiv ity . W hile  

com parison of the room tem pera ture  conductiv ities  of th e ir TC N Q  sa lts  d id not 

show  any im provem ent (500, 350, 500 Scm *1 fo r TTF-TC N Q , TM TTF-TC N Q  

and H M TTF-TC N Q  respective ly), th e ir c max did show  im provem ent (2 x 104, 

5 x 103, and 2 x 103 S c m '1 at T max= 59, 60 and 75K  respective ly  before  the 

onset o f a M-l transition).

1.B.3.2 Bis(ethylenedithiolo)tetrathiofulvalene (BEDT-TTF) or ET (6a).
O f the large num ber of o rgan ic  superconducto rs  known to date the 

m ajority are derived from ET. ET was the firs t su lphur-based  donor to  exhib it 

supe rconductiv ity  and, contrary to  p revious cond itions found necessary fo r 

good conduction, it was non-p lanar w ith the periphera l e thy lene groups 

p reven ting  good p-overlap between the donor m olecu les. ET was first 

syn thes ised34 using carbon d isu lph ide , C S 2 (14), as the starting m aterial 

accord ing  to Schem e 1.06. Th is procedure has since been im proved upon.35

electrochemical

The ET fam ily of superconductors  can be d iv ided into two main 

s truc tu ra l types accord ing to the mode of the in terna l arrangem ent of the donor 

m olecu les. They are the |3-phase and the ic-phase. An a  and 0 phase also 

exist but are less com mon. In the [3-phase superconductors  the ET layers are 

com posed of loose stacks which are para lle l to each other, g iv ing  rise to a 

“co rrugated sheet" type 2-D network (F igure 1.11), in which the S-S in terstack 

contact d is tances are less than the in trastack d istances. In (3-(ET )2A u l2, 

in te rs tack ds-s ^  3.60A, the van der W aa ls  radius sum fo r S, w hereas the 

in tras tack ds-s ^  3-60 A ).36 This 2 -d im ensiona lity  is re flected in the an isotropy

c s 2 Na
(14)

(14)

►  ET (6a)

Schem e 1.06
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of the electrical conductiv ity, which for (ET)2CI0 4 (C 2H3Cl3)o.5 37 |S a hundred 

to a thousand times higher in the sheet direction than in the stack direction.

The "corrugated sheet" of donor m olecu les is sandw iched between 

sheets of anions. The first ET salt synthesised, (ET)2CI04(C 2H3Cl3)o.5,37 and 

the first ET based superconductor, (ET)2 ReC>4,37 (Tc~2 K at pressures >4 

kbar), exhibit a s im ilar corrugated sheet network.

On replacing the te trahedra l and octahedra l an ions so successful in the 

Bechgaard salts (15), with a linear anion, the first ambient pressure 

superconductor P(ET)2 I3 (Tc = 1.4 - 1 .6 K) 37 was obtained.

Figure 1.11 Corrugated sheet network of ET. cations found in fi-phase salts.

— , Se

X n X
(15)

By replacing the I3 anion with other linear an ions of shorter length, it was 

believed that the S-S in terstack d istances would shorten and decrease the H 

atom cavity volume surrounding the anion. The IBr2* anion, -7 %  shorter than

I3 , gave P(ET)2 IBr2 , with an average shorten ing of the in terstack S-S
37distances of -  0.02 A and resulting in a rise in T c  by a factor of 2-3. W ith the 

discovery that anion d isorder inhibits the onset of superconductiv ity, even on 

applying pressure up to 5 kba r ,38 it was p roposed 36 that new am bient-pressure 

organic superconductors in the |3(ET)2X class wou ld  contain centrosymm etric  

anions of specific length, c lose to that of IBr2~ but less than I3". This was 

vindicated by the synthesis of f i(ET )2 ( l-Au - l)36 with Tq= -5  K at ambient 

pressure, and the length of the anion, l-Au-l, being intermediate between that 

of IBr2~ and 13*.

Following this line of investigation into the effects of anion length led to

the synthesis of the first o rgan ic  compound, (ET)2C u(N C S )2 , to have T c  > 10  K

X2'
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at am bient p ressure .39 However this salt was found  to have a d iffe ren t layer 

packing, called K-phase type. K-Phase type superconductors are comprised of 
ET dim ers, with each d im er orientated orthogonally  to its neighbour, g iv ing rise 

to a z ig-zag type pattern, Figure 1.12.

Figure 1.12 Zig-zag packing mode of ET cations in K-phase type 
superconductors.

This results in the form ation of a 2-D S-S network w ith the in te rce llu la r ds-s <

3.6 A. For the K(ET)2 Hg(SCN )3-nXn, [X=CI (n= 1 , 2 ), F, Br, I (n= 1 )] salts, the 

in tra -d im er S-S contact distances varied from 3.55 to 3.57 A and the in te r­

d im er S-S contacts were in the range 3.40 - 3.53 A .40 The conducting layer of 

“z ig -zagged ” ET dim ers in K-phase salts is sandw iched by the insu lting layers 

of V -shaped anions which arrange them selves into a 1-D fla t polym er.

The search fo r o ther metal complex anions which were isostructura l to 

(E T )2C u(N C S )2 led to the synthesis of K-(ET)2C u[N (C N )2]B r 8 which has the 

h ighest am bient pressure superconductiv ity (Tc=11.6  K) to date fo r an organic 

cation salt and k-(E T)2C u[N (C N )2]C I,9 a sem i-conducto r at am bient pressure 

but w ith a T c= 1 2.5 K at the slight pressure of 0.3 kbar.

At present no w e ll-defined structure-property corre la tions exist fo r the 

determ ination of im proved superconductiv ity in the K-phase salts. The 

synthesis of new ET salts w ith polymer metal com plex anions seem s to be the 

m ost prom ising direction.
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1.B.3.3 Bis(ethylenedioxy)-tetrathiofulvalene (BEDO-TTF; 6b)
The d iscovery of supe rconductiv ity  in ET sa lts  prom pted the search for 

new donors structu ra lly  s im ila r to BEDT-TTF. T h is  resulted in the syn thes is41 
of the oxygen equ iva len t of ET, BED O -TTF (6b), w ith  oxygen atoms replacing 

su lphu r atom s on the periphery, g iv ing rise to a cyc lic  e the r ana logue of TTF. 

This was insp ired  by the poss ib ility  that, if the o rgan ic  superconductors were 

BCS superconductors, then the T c  w ould  increase w ith in  a  series of identica l 

donors if the re  was a decrease in the overa ll m o lecu la r mass of the constituent 

m o lecu les (BCS iso tope effect) and, since oxygen is sm alle r and less 

po la risab le  than su lphur, the  m eta llic  bandw idth  w ou ld  decrease, the density  of 

s ta tes near the Ferm i level w ou ld  increase and T q  w ould  be ra ised .42

C yclic  vo ltam m etry s tud ies show ed tha t the first oxidation potentia l fo r 

BE D O -TTF is h igher than tha t of TTF  but its second is low er show ing it to be 

be tte r able to s tab ilise  the d ica tion ic  state. O f the m any m eta llic  salts which 

BED O -TTF form s w ith ino rgan ic  anions, on ly tw o have been found to be 

superconducting , (3-(B E D O -TTF)3Cu2(N C S )3 a r|d (B E D O -TTF )2 Re04 (H2O), 

at am bient pressure and below  1 K and 2.5 K respec tive ly .39 C rysta llograph ic  

ana lys is42 show s that w hile  BE D O -TTF salts give crysta ls of poor quality, those 

tha t have been characte rised  show that the sa lts  conta in  sheets of donor 

s tacks in w h ich the in te rs tack S-S and S -0  contacts are less than the 

respective  van der W aals radii of 3.6 A and 3.33 A.
W hile  o ther o rgan ic  superconductors  ex is t39 none have so fa r have 

been as prom ising as the ET based salts. Further investiga tions into why ET 

shou ld  exh ib it supe rconductiv ity  w hile  re lated com pounds w ith s im ila r crystal- 

s tructu res do not are necessary and may even tua lly  lead to even higher 

trans ition  tem pera tures.

1.B.3.4 Other substituted TTFs
W hile  a huge va rie ty  o f substitu ted TTF  deriva tives ex is t,43 the ir 

syn thes is  invo lves severa l steps to give the p re-substitu ted  1 ,2 -d ith io lo -2- 

th ione, -2-ke tone or -2 -se lenone, w hich must then be coup led . H ow ever recent 

work in the syn thesis of fu rthe r deriva tives of TTFs has invo lved m odifying the 

pre form ed TTF. Th is has been ach ieved by the m ono-lith ia tion and

(6b)
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te tra lith ia tion  of TTF, which serves as the bu ild ing  b lock to a huge varie ty  of 

new donors, w ith the ability  to attach vary ing  func tiona lities  and to synthesise 

donors w ith  m ultip le TTF units.

M ono lith ia tion  of TTF was first reported by G reen 44 using n-butyllith ium  

(n-BuLi) and also w ith lith ium  d iisop ropylam ide  (LDA) in e ther at -70°C. The 

resulting m ono-lith ia ted  derivative TTFLi (16) cou ld  then be trapped w ith a 

varie ty of e lec troph iles  (Scheme 1.07), e.g. C IC 0 2Et, C O 2, CH3COCI, d im ethyl 

su lphate, HCHO. H owever one com plica tion  to th is  reaction invo lves the fact 

tha t TTFLi read ily  d isproportionates at tem pera tu res above -70°C  to give di- 

and m ulti-substitu ted  products. This m ethod has been used in the syn thes is  of 

a huge va rie ty  of m ono-substitu ted deriva tives, linked to vary ing  side chains 

th rough ca rbon ,45- 46 silicon, sulphur, se len ium  and te llu riu m .46- 47

rV<sl rsHsr R

(16) R= Et, C 0 2H, CH3
R= COC15H31, C 0 2C 16H33, SiMe3,

C 0 2H, SC18H37, TeC18H37

R= SCH20(C H 2)2SiMe3, SeCH20(C H 2)2SiMe3

Schem e 1.07

Reaction of the m ono-lith ia ted TTF (16) w ith e lem enta l su lphur o r se lenium  at 

-78°C  yie lds the correspond ing cha lcogenate  anion, (17) o r (18), wh ich is 

trapped  by trea ting  in situ w ith vary ing e lec troph iles  and a lky lha lides. These 

cha lcogenate  an ions are reported to be cons iderab ly  more reactive tow ards 

e lec troph iles  than  the lith ia ted TTF p recu rso r .47

s i+ 3 ^  or [ y j 86'
s s s

(16) (17) (18)

Trapping of the m onoseleno late anion (18) w ith trim ethy ls ily l ethoxym ethyl 

(SEM ) ch loride afforded a she lf-s tab le  equ iva len t for the se leno la te  anion, (19). 

Th is  cou ld  be recovered using te trabu ty lam m on ium  fluo ride  and the 

appropria te  e lectroph ile . W hile  th is  m ethod did y ie ld  the SEM deriva tive  of the 

m onoth io la te  salt, it was not recoverab le  as the th io la te  anion. However the
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benzoyl deriva tive  of the th io la te  anion, (20), is a she lf s tab le  equ iva len t and is 

regenera ted w ith base .48

Cs s —w-.Js
S SeCH20(C H 2)2SiMe3 SCOC6H5

(19) (20)

The T TF -th io la te  anion has also been used to syn thesise  a range of new-bis 

and tris -T T F  deriva tives includ ing (21) and (22).48

O ther reactions invo lv ing  the m ono-lith ia ted TTF  have led to the one-pot 

syn thes is  of the known unsym m etrica l donor, EDT-TTF (23a) and EDS-TTF 

(23b), in low  y ie lds (10-20% ) .47 On vary ing the m olar ratios BEDT-TTF was 

ob ta ined instead.

The te tra th io la te  (TTFS44'; 24) 49 has also been explo ited as a 

p recursor to many te trasubstitu ted  TTF deriva tives and like the m onolith ia ted 

com pound has been reacted with se len ium .50 BED T-TTF (6a) has recently 

been syn thes ised  from  the te tra th io la te  (24) by Hansen et al 51 from the te tra 

ester (25) by depro tection  o f the ester groups w ith sodium  tert-buty lth io la te , 

Schem e 1.08.

S -T T F

O

(21) (22)

(23) a: X = S, EDT-TTF 

b: X = Se, EDS-TTF

(6a) BEDT-TTF

PhCOS S - ^ S C O P h  BulS N s - Br(CH2)2 Br

BEDT-TTF
PhCOS SCOPh

(25) (24) (6a)

Scheme 1.08
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The ability  of both the te tra lith ia ted  and the m onolith ia ted

te tra th ia fu lva lenes to undergo reaction w ith such a varie ty of e lectroph iles 

w h ich in turn can them se lves undergo a varie ty  o f fu rthe r reactions, opens up a 

m ultitude of synthetic pathw ays to new donor com pounds whose synthesis 

shou ld  fu rthe r increase both the understand ing  o f the structura l characteris tics  

w h ich  can lead to im proved conductiv ity  and h igher tem pera ture

superconductiv ity .

1.B.4 Selenium and Tellurium Derivatives of TTF 

1.B.4.1 Selenium Derivatives of TTF
The extended d-orb ita l of both selenium  and te llu rium  made them  ideal 

rep lacem ents for su lphur in the search for increased  in terstack in teractions, 

resu lting  in la rger bandw id ths and increased d im ensiona lity . The synthesis of 

se len ium  deriva tives has been fa r more successfu l than those of te llu rium  due

to the d ifficu lty  in the syn thes is  of the la tter. The varie ty of selenium

deriva tives is vast and many have been reported by K rie f.43 Initia l ind ica tions 

tha t the replacem ent of su lphu r with se len ium  would result in increased 

conductiv ity  were proved correct when the 1 :1 sa lt of TS F-TC N Q  was found to 

have a conductiv ity  of a rt=  800 S cm “1, (TTF-TC N Q  has C7rt= 500 S cm '1), and a 

M-l trans ition  ~ 40 K, 18 K below  that of TTF-TC N Q . It also has a conductiv ity  

of 104 Scm ’1 at 40 K .52
The te tram ethy lte trase lena fu lva lene  sa lts  (T M T S F ^X  (15), w here X is a 

m onova len t inorganic an ion such as PFe", C IO 4’ , R eC V , BFO 3", known as the 

Bechgaard sa lts ,7 caused a great sensation at the tim e of the ir synthesis, by 

becom ing the first o rgan ic  superconductors. O f these, the (TM TSF)2CI04 salt 

w as the first am bient p ressure superconducto r (Tc=1.3 K), which was achieved 

by s low  cooling of the s a lt.53

2+

(7a)

(15) x  = PF6-, C I0 4-, R e 0 4-, B F 0 3', 

TaF6' and SbF6 (26)
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The orig ina l syn theses26 of TM TSF (7a) and HM TSF (26) invo lved the 

use of the extrem ely m alodorous carbon d ise len ide  and the highly tox ic  H2Se 

(15 tim es more toxic than H2S). An a lterna tive rou tine54 has been found using 

e lem enta l selenium  and d im ethylphosgene im in ium  ch loride  (27), Schem e 

1.09.

x + 'Cl \  ^,e DMF
/ N_C ' C| + 2[NaHSe, Et3N]  ► + f  ►

(27)

y . sy <  ^  —  ^ c s > -se
Se N H2S 0 4 Se CHgCOOH ^ ' S e

P(OCH3)3
 ► TMTSF

Schem e 1.09

1.B.4.1.1 Synthesis of salts of TMTSF
S ingle crysta ls of (TM TS F)2X are obta ined by e lectrochem ical oxidation 

accord ing  to equation 4.

-ne '
2n (TM TSF) + n X  ► [(TMTSF)2X]n equation 4

Using a low constant current, the solvent (red istilled, dried and deoxygenated, 

usua lly  TH F or CH2CI2) and the te trabuty lam m onium  salt of the appropria te 

anion are p laced in the cathode com partm ent of a H -shaped cell, while at the 

anode the solvent, the an ion ic  sa lt and the TM TSF are in troduced. P latinum 

e lectrodes are p laced in the cell and it is through oxidation of the donor at the 

anode tha t the crysta ls begin to grow. These 2:1 sa lts  are all isostructura l, 

independen t of w hether te trahedra l o r octahedra l sa lts  are used. The TM TSF 

m olecu les are found to s tack in a zig-zig pattern, w ith the highest conductiv ity  

a long the stacking d irection , Figure 1.13(a). In add ition  to th is, there are short 

in te rs tack Se-Se in te ractions, d< 4.0A (van der W aa ls  radius for Se) between 

the TM TSF m olecules, which results in a shee t-like  2-D network w ith sheets of 

an ions separating the donor sheets, Figure 1.13(b).

The anions them se lves play no role in the e lectrica l conductiv ity, which 

occurs th rough the netw ork of Se-Se in te ractions but the ir sym m etry and 

ordering do. Bechgaard 53(b) found tha t the octahedra l (centrosym m etric)
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salts, (X=PF6 , T aF 6 , SbFg ) all exh ib it high m eta llic  conductiv ity  w ith M-l 

transitions occurring between 12 and 18 K. Unlike the one-d im ensiona l salts 

found before, the M-l transition  found in these salts was the e ffect of a spin- 

density  wave (SDW ) d istortion rather than a charge-density  wave (C D W ). The 

sa lts of TM TSF conta in ing the non-centrosym m etric, te trahedra l an ions (with 

the exception of a perch lora te  salt) showed am bient pressure phase trans itions 

at much h igher tem pera tures (-4 0  K and -1 3 0  K fo r BF4 and ReC>4 
respective ly).23

(a) (b)

Figure 1.13 View of the crystal structure of (TMTSF)2Br04 (a) perpendicular to 
the stacking direction showing the zig-zag pattern o f the salt and (b) looking
down the stacking direction showing the short interstack interactions.

These trans itions are associa ted with the ordering of the anions. The 

tetrahedra l anions occupy two s ta tis tica lly  equ iva lent positions and so are 

d isordered. A s lh e  tem perature is lowered the anions become ordered giving 

rise to a Peierls type instab ility . The application of pressure resulted in all but 

one, (the NbF6 salt), of the octahedra l anions salt of TM TSF becom ing 

superconducting at a critica l pressure, Pc (6.5—>1 2 kbar) at low tem pera tures 

(Tc -0 .4  -1.4 K). This is not surpris ing in light of the find ings of W illiam s 

et a l37 that the decrease in the ratio of in terstack to in trastack Se-Se d is tances

s=s=8*~—■0»=*

HjC S» Se CH3 

TMTSF
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is nearly 2 :1 , as the tem pera ture  is lowered, as com pared to the room 

tem pera ture  Se-Se d istances (-3 .9  - 4.0 Â) w h ich results in greater 

de loca lisa tion  through g rea te r in tercha in  in teractions.

The perch lora te  salt, (TM TSF)2CI04 , is un ique am ong the TM TSF salts 

in tha t not on ly is the anion te trahedra l but it is superconducting  at am bient 

p ressure .53(a) O ne reason suggested for th is, by W illiam s et al,37 is again 

re la ted to anion ordering. It was noted that in the (TM TS F )2 X  system s the 

an ions reside in a “m ethyl group H-atom  cav ity ” . Thus the perch lora te  anion 

resides in an asym m etric  H-atom environm ent, w ith hydrogen-type bonding 

between H2C— H— O CIO 3", which “freezes” the anion in a d isordered position 

even on cooling. However, the perch lora te  sa lt has to be coo led s low ly  fo r th is  

“free z ing ” to be achieved. This ab ility  to m ainta in its o rde r w ith in  the lattice 

along w ith its sm alle r cell volum e (as com pared w ith the la rge r octahedra l 

an ion) may account fo r its superconductiv ity  at am bient pressure.

1.B.4.1.2 Derivatives of TSF
The ready coup ling  of 1 ,3 -d ise leno le -2 -se lenones by the common 

phosphite  coup ling m ethod had led to the syn thes is  of unsym m etrica l d ith ia- 

d ise lena fu lva lenes ,55 com pounds (28 a-d). O f these the DM ET donor (28a) 

wh ich is a hybrid between TM TSF and BEDT-TTF, has been found to form 

seven superconducting  sa lts .39
For the prepara tion  of (28a), it was found tha t using 1,3-d ith io lo -2-one 

gave a be tte r y ie ld  and a c leaner reaction than the correspond ing  -2 -th ione and 

-2-se lenone. The desired cross-coupling products were form ed along w ith the 

sym m etrica l products BEDT-TTF and TM TSF, in a surp ris ing ly  h igher ratio 

than expected55 and the com ponents w ere separa ted  by chrom atography.

1.B.4.2 Tellurium Derivatives
In o rder to see w hether the an tic ipated e ffects of increased bandw idths 

and m ore po larizab le  donors were possib le  by rep lacem ent of the su lphur atom 

in TTF  with te llu rium , to give te tra te llu ra fu lva lene  TTeF  (2c), chem ists had to

(28) a: R1 = R2 = Me, n = 2 

b: R1-R2 = (CH2)3, n = 2 

c: R1 = R2 = Me, n = 3 

d: R1-R2 = (CH2)3, n = 3
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w ait until 1982 fo r the synthesis o f the firs t tetrate llurafu lva lene, 

hexam ethylenete tra te llu ra fu lva lene HM TTe (29).56

(2c) (29) HMTTeF (30) a: X = S, DBTTF

b: X  = Se, DBTSeF 

c: X = Te, DBTTeF

The synthesis o f d ibenzo te tra te llu ra fu lva lene ,57 DBTTeF (30c), soon 

fo llowed. Cyclic vo ltam m etry showed tha t DBTTeF had a lower oxidation 

potentia l than DBTSF (30b) but the sam e as its su lphur ana logue (30a). This 

w as expla ined by two factors which have opposite effects in the series 

S, Se, Te. These are that, w h ile  the ionisation potentia l decreases in the series 

S> Se> Te, the d iffe rences in the orbital in teractions between carbon and the 

series m em bers becom e sm aller due to longer bond lengths. This has a 

stabilis ing e ffect on the HOM O m aking it m ore d ifficu lt to  rem ove an electron. 

The separation between the first and second oxidation potentia ls 

(A E  = E Yz- E y22) decreases in the series DBTTF> DBTSF> DBTTeF. This is 

cons is ten t w ith the predicted effect o f the heteroatom  change on the on-site 

Coulom b repulsion.

The highly e lusive, tetrate llurafu lva lene, TTeF (2c) was eventua lly 

synthesised in 1987, by Cowan and cow orkers .58 TTeF was prepared by 

treating 1,2-b is(trim ethy ls tannyl)-1 ,3-butadiene (31) w ith n-butyllith ium  a t -78 °C 

and then w ith m icrocrysta lline te llurium  at the sam e tem perature. A fte r all the 

te llu rium  had reacted, the firs t tw o steps w ere repeated and 0.5 equ iva lents of 

te trach loroethy lene w as added at -78 °C to react w ith 1,2-dilith iodite lluride. 

A fte r chrom atography, TTeF was isolated pure, Schem e 1.10. Cyclic 

vo ltam m etry  showed tha t TTeF had a first oxidation potentia l in term ediate 

between tha t o f TSF and TTF, s im ilar to the case w ith the ana logues 

d ibenzofu lva lenes.

The antic ipated enhanced conductiv ity was obtained when the TCNQ 

com plex o f TTeF was synthesised by recrysta llisation from  a carbon disu lphide 

so lu tion59 in a g love box, due to  easy air oxidation o f TTeF. TTeF-TCNQ  was 

found to have a room tem pera ture  conductiv ity g r t  ~ 1 ,800 Scm  . Like TTF- 

TCNQ , TTeF-TC N Q  consisted o f segregated stacks o f TTeF m olecules and 

TC N Q  m olecules and had a charge-transfer o f 0.71 o f an electron. Unlike its
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su lphu r and se len ium  counterparts, it did not undergo a phase trans ition  at low 

tem pera tures, nor did it undergo a transition to a superconducting  state.

W hile  the te tram ethy lte tra te llu ra fu lva lene  still rem ains to be

synthesised, o ther extended alkyl substitu ted TTeFs have been reported 13 in 

an attem pt to im prove th e ir poor so lub ility  and to perm it investiga tion  into the ir 

ab ility  to form  salts w ith  inorgan ic anions.

SnMe3 n-BuLi M  T e /-7 8 °C  ^ TeLi

(  — ■ (  — *  (  -
SnMe3 T H F /-7 8 °C  SnMe3 SnMe3
01) '

CI2C = CCI2 
 ►

-78°C to 25°C

■ Te Te.
( H )

Te Te
(2c)

(
TeLi

TeLi

Schem e 1.10

1.B.5 Extended-7i-Donors
Recent a tten tion  in the fie ld  of e lectron donor m olecu les has been 

d irected  at the syn thes is  of ^-extended donors. The key to the synthesis of 

these com pounds invo lves the reaction of the 1,3-d ith io l-2y l- or 1 ,3-d iselenol- 

2y l-phosphon ium  sa lts( 32a and 32b) o r the phosphonates ( 33a and 33b) with 

an a ldehyde in the presence of BuLi in a W ittig  o r W ittig -H o rne r condensation 

reaction.

R - ^ - X  H R X H

X x +1 X x 1R ^ X  P R 3 R ^ X  PO(OR1)2

(32) a: X = S (33) a: X = S

b: X = Se b: X = Se

This m ethod was used by Yoshida et al to prepare the firs t v iny logous TTF s60 
using the d ia ldehyde, g lyoxal (34), Schem e 1.11.

Th is syn the tic  approach was also used to  syn thesise  both sym m etrical and 

unsym m etrica l v iny logues of BE D T-TTF .61 V iny logous TTF  was obta ined from 

(36; R i= R 2=C 0 2 Me) by décarbom éthoxyla tion using lith ium  brom ide /H 20  in 

H exam ethy lphosphoric  triam ide HMPA.
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Scheme 1.11

A third double bond was also introduced by the reductive coupling o f the 

a ldehyde (35) in Schem e 1.11 above using titan ium  trichloride, lithium  

a lum in ium  hydride and tributy lam ine in THF. On com paring the cyclic 

vo ltam m etry  data o f the two vinylogous TTF com pounds w ith that o f TTF itself,

it w as found that in the derivative w ith two double bonds, the d ifference in the
1 2

firs t and second oxidation potentia ls, AE = Eyz - Ey2 , w ere  less than tha t for 

TTF. In the case o f the d ith io le  units separated by three double bonds, the AE 

va lue decreased to zero, w ith only one oxidation wave being discernible.

Incorporation o f various heterocyclic ring system s, including pyrrole, 

th iophene and furan, between the 1,3-dithiole rings has also been carried out. 

These reactions also take advantage o f the reaction between the previously 

m entioned phosphoranes or phosphonates w ith the dia ldehyde o f the 

correspond ing he te rocyc le .31 Som e exam ples include the extended ET (40a-c) 

and TTF (39a-c) system s, Schem e 1.12.

If the incorporation o f a heterocycle can be viewed as two dith io le  rings 

separa ted by four carbon-carbon double bonds then, by analogy w ith the 

behaviour o f the tw o d ith io le  rings separated by three e thylene bonds, there 

should be little or no d iffe rence in the first and second oxidation potentia ls 

(AE=Eyz - Eyz ). This w as found to  be the case w ith the furan derivative (39a), 

w h ich had AE= 0.00 V .31 This small AE value is ascribab le  to the decreased 

in te rm olecu lar C oulom b repulsion in the d ication ic state. The role o f the 

heteroarom atic  ring and the heteroatom  also in fluence strongly the AE values. 

These  are determ ined by the stability o f the arom atic system  when considering 

the  various radical cation resonance structures and by the ability o f the



heteroatom  to bear a positive  charge in the d ica tion ic  state, the o rder of 

im portance being pyrro le>  furan> th iophene.

R--y-S^po(OMe)2 

R - ^ S  h

(37) a: R = H

b: R-R = S(CH2)2S

+ OHC - O - CHO
THF/ Bu Li

- 78 °C

(38) a: X = O 

b: X = NMe 

c: X = S

(39) a: R = H, X = O 

b: R = H, X = NMe 

c: R = H, X = S 

(40) a: R-R = S(CH2)2S, X = O 

b: R-R = S(CH2)2S, X =  NMe 

c: R-R = S(CH2)2S, X = S

Schem e 1.12

M any o ther extended ana logues of T TF  exist w ith som e being 

syn thesised not on ly w ith a v iew  to reducing on-s ite  Coulom b repuls ion but 

also to enhance d im ens iona lity  th rough the g rea te r num ber of in tra  and in te r S- 

S contacts by increas ing  the num ber of su lphur he terocyc lic  m oieties. Some 

exam ples of these inc lude  (41 ),62 (42),63 (43),64 w h ich were aga in synthesised 

by W ittig  and W ittig -H o rne r reactions. They all form C-T com plexes with 

TC N Q  and (41) has fo rm ed m icrocrysta lline  ino rgan ic  sa lts w ith Bu4N+X ' 

(X = C I0 4’ , BF4‘ and l3").

R R

H
R

H
R R

(41) (42) (43)
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1.C Acceptors

1.C.1 Introduction
The ab ility  o f p lanar o rgan ic  acceptor com pounds to form  C -T 

com plexes derives from  the presence o f low-lying em pty 71-m o lecu lar orb ita ls  

(LU M O s) and a lso from  th e ir ab ility  to s tab ilise  the rad ica l form ed on reduction 

by d is tribu ting  the odd e lectron over several atoms. For th is reason p- 

benzoqu inone  (44a), and its te tra -ha lo  deriva tives (44 b,c,d), the anils, are 

strong e lectron  acceptors and have been found to  form  h igh ly  conducting 1:1 

C -T  com plexes w ith  TTF and TM TTF. 65 The rep lacem ent o f two ha lides w ith 

cyano groups g ives a s tronger acceptor, 2 ,3 -d ich lo ro -5 ,6 -d icyano-1 ,4 - 

benzoquinone, (DDQ; 44e). The fu lly  cyano-substitu ted  anil, te tracyano-1 ,4- 

benzoquinone, cyanil (44f), is the strongest accep tor that has been iso la ted in 

the neutra l fo rm .66 It has a reduction potentia l m ore than 0.3 V  g reater than 

DDQ and te tra fluo ro -TC N Q  (46b).

(44) a: R’ = R2= R3= R<= H 

b: R1= R2= R3= R4= F 
c: R1= R2= R3= R4= Br 

d: R1= R2= R3= R4= Cl 
e: R1= R2= Cl, R3= R4= CN 

f: R1= R2= R3= R4= CN

NC CN

> = <
NC CN

(45) TONE

b: RM = F

■ S^-S
T >=s

- S '^ - 'S

■ S s ^ - s

• s ^ ' s ^ s

(48) M(DMIT)

s = <  x  x  x  > = so C* Q Q

NC^N N̂ CN

(49) DCNQI

(47)

O lefins conta in ing  s trong ly e lectron-w ithdraw ing groups a lso act as 

accep to r m olecules. Te tracyanoe thy lene  (TCNE; 47) is a h igh ly e lectron- 

de fic ien t and s trong ly e lec troph ilic  reagent and form s C-T com plexes w ith 

cyc loa lkanes67, a lkenes, a lkynes and the ir aryl de riva tives.68 By com bin ing 

the accep to r ab ilities  o f both TC NE and the p-benzoquinones, a powerfu l 

e lectron  accep tor w as conceived, 7 ,7 ,8 ,8 -te tracyano-p-qu inod im ethane 

(TCNQ ; 46a), w hose e lectron  acceptor ab ility  was soon recogn ised.3

S ince the d iscovery  o f one-d im ensiona l e lectrica l conductiv ity  in the 

TC N Q -TT F  com plex, m uch effort has been devoted to the synthesis o f novel 

donor and accep tor system s. The d iscovery that deriva tives o f TTF, TM TSF 

and ET, fo rm ed superconducting  salts in the absence o f an organ ic acceptor,
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directed  the a ttention aw ay from  accep tor m olecules. C onsequently, while 

the re  has been a considerab le  am ount o f research carried  ou t on acceptors 

during  the last tw enty years, m ost o f the recent w ork has been carried out by 

on ly  a few  groups around the world. Th is research has focused  m ain ly on the 

prepara tion  o f deriva tives o f TC NQ  but a lso on two nove l fam ilies  o f acceptor 

m olecules; those o f the m etal com plexes o f the 4 ,5 -d im ercap to -1 ,3 -d ith io le -2 - 

th ione ligand (47), M (dm it)2 (48) and /V,/V '-dicyano-quinone d iim ine  (DCNQI; 

49). Both o f these form  h igh ly  conducting com plexes, w ith  the  fo rm er exhib iting 

superconductiv ity .

1.C.2 Synthesis of TCNQ
The synthesis o f TCNQ  w as firs t described in 1962.69 It was 

synthesised by the condensation  o f m a lononitrile  w ith  cyc lohexane-1 ,4-d ione, 

fo llow ed by brom ination and dehydrobrom ination  o f 1,4- 

b is(d icyanom ethy lene)cyc lohexane in the presence o f pyrid ine, Schem e 1.13. 

The  reaction can be carried out in benzene in the p resence o f a sm all am ount 

o f ace tic  acid and am m onium  acetate (this g ives a m ixture o f isom ers before 

brom ina tion) o r in w a te r in the presence o f p-alanine, w h ich  g ives one o f the 

isom ers (b) in h igher yie ld.

o

0
CH2(CN)2

o

Schem e 1.13

1.C.2.1 Synthesis of TCNQ Derivatives
Because of the unusual s tab ility  and e lectrica l p roperties o f TCNQ , it 

has been des irab le  to investigate  the steric  and e lec tron ic  effects o f ring 

substitu tion . The m ain d irection  o f efforts has involved:

(i) substitu ting various e lectron-w ithdraw ing and e lectron -donating  

groups onto the 2-, 3-, 4 - and 5- positions o f the TC N Q  ring; th is  a llows
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"fine-tun ing" o f the e lectron-affin ity  and can also a ffect the crystal 

packing and sto ich iom etry o f the C-T complex;

(ii) extending ^-con juga tion  o f the  TCNQ unit both annularly and 

linearly; th is can reduce the onsite  Coulom b repulsion and the better 

overlap increases the bandwidth;

(iii) in troducing larger, m ore h ighly polarisable heteroatom s, such as 

oxygen, nitrogen and sulphur, into the acceptor, e ither into the TCNQ  

ring itse lf or into ad jacent fused-ring systems; th is also reduces the 

onsite  Coulom b repulsion and also increases both the inter- and in tra­

m olecu lar in teraction and thus w idens the bandw idth.

The alkyl derivatives, 2-m ethyl-, 2-propyl-, and 2,5-d im ethyl-TC NQ , were 

synthesised by a s im ila r procedure to  that o f TC N Q .70 The synthesis o f about 

20 deriva tives w ith d iffe ren t substituents on the 3- and 6- positions71 has been 

carried out according to  Schem e 1.14. These substituents include alkyl, alkoxy, 

halogeno, th ioa lkyl and cyano groups.

c h 2x c h 2c n

NaCN

CH2X

NC-
C 02Me 

■CN

(1) NaOMe Y

(MeO)2CO 
 ►
(2) CICN NC. •CN 

C 02Me

(1) KOH
(2) HCI 
 ►
(3)Br,

Schem e 1.14

The 1,4-d i(cyanom ethyl)benzene derivatives w ere  synthesised from  the 

correspond ing p-xy ly lened iha lides. The synthesis o f the te tra fluo ro- and 2,5- 

d lcyano-TC N Q  derivatives, (46b) and (50) respectively, was carried out by the 

condensation o f f-bu ty l-m alononitrile  w ith hexafluorobenzene and 3,6-dichloro-

1 ,4-d icyanobenzene respective ly in the presence o f sodium  hydride, fo llowed 

by therm olys is and oxidation as before, Schem e 1.15.

A  convenient a lterna tive  to cyanogenchloride, CNCI, used in Schem e 

1.15, is 2-ch lo robenzylth iocyanate . This com pound is shelf-stab le and non­

toxic. It has been used to synthesise a range of TC NQ  deriva tives72 and has 

the advantage that, unlike CNCI, it is a selective cyanating agent and does not 

react w ith highly stabilised anions. Therefore tricyanom ethane products are not
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fo rm ed and there is no need to insert the protecting ester groups. It is also 

versa tile  in tha t it has been used in a one-pot procedure fo r the synthesis of 

TC NQ  derivatives bearing electron-w ithdraw ing, e lectron-donating or fused ring 

g roup s .72

ci

NC

NaH

c; n

c; n

H

NC- 

F

F

NC-

C(CH3)3 

CN 

F

-CN

CN NaH

Cl
c: n

c: n

C(CH3)3

C(CH3)3
NC- -CN

NC&

CN

NC- CN 
C(CH3)3

H

NC- -CN

NC CN

NC-

H

-CN

4 - c n  ~ y—
NC 

NC

&

Br-
-►  (46b)

F base

CN Br0

-CN

NC CN

base NC

Schem e 1.15

Terephtha loyl ch loride (51) when treated w ith an excess of 

trim ethyls ilanecarbon itrile  produces a 1,4-bis[d icyano (trim ethylsiloxy)

m ethyl]benzene. T reatm ent o f th is w ith phosphorous oxychloride rem oved the 

s iloxy group, Schem e 1.16.

OSiMe' NC CN

COCI

O / s
^  OAc OAc

O
OAc

(51)

Scheme 1.16
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1.C.2.2 Alternative routes to TCNQ derivatives
(i) Knoevenagel condensation o f m a lononitrile  w ith the correspond ing 

qu inones in the presence o f Lehnert's reagent (T iC ^  and pyrid ine ),73 Schem e

This  m ethod has been useful in its sim plicity, in tha t it a ffo rds ready 

rep lacem ent o f the carbonyl m oiety o f the qu inone /a ry lke tone  w ith a 

d icyanom ethylene. M any TCNQ  deriva tives74 have been synthesised in th is 

way, inc lud ing  m any 71-extended TC NQ  derivatives.

H ow ever th is m ethod is not always app licable . A  1,4-add ition of 

m a lonon itrile  to the quinone ring o f 2 ,5 - and 2 ,6 -d ipheny lth iobenzoqu inones75 
(52a and b) (Schem e 1.18) and a 1 ,6-addition o f m a lonon itrile  to the in itia lly  

fo rm ed m ono-d icyanom ethyl qu inone(53), g iv ing a tricyano deriva tive  (54) 

(Schem e 1.19), have been reported.

(ii) Palladium(O) cata lysed reactions.

Phenylened im a lonon itrile  and som e alkyl and a lkoxy deriva tives were 

a lso syn thesised by the palladium(O) cata lysed reaction between 

d icyanom ethan ide  and the correspond ing 1,4-diiodo- o r d ib rom o-benzenes .77 
M any hetero-TC N Q  analogues have a lso been synthesised by th is  method, 

Schem e 1.20.

1.17.

NC CN

NC CN

Scheme 1.17

PhS OH OH

(52) a: 2,5 isomer 

b: 2,6 isomer

Scheme 1.18
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1

TiCI^/pyridine

CH2(CN)2

NC CN

NC CN

o j c o
NC CN

(53)

CH2(CN)2

OH

(54)

Schem e 1.19

,R 1 Pd catalyst

O I  + 2 "CH(C N)2 ------------- ►

a: X= I, R1= R2= H

b: X= Br, R1= R2= H

c: X= I, R1= R2= Me, Et or OMe

Schem e 1.20

1.C.3 TCNQ C-T Complexes

In itia l ev idence o f the e lectrica l conducting ab ility  o f TCNQ  was found as 

fa r back as 1963 when it was reported that the 1:2 salts o f qu ino lin ium - 

(T C N Q )2 (55a) and A /-m ethylquinolin ium -(TCN Q )2 (55b) w ere found to have a 

room  tem pera ture  conductiv ity, a rt, o f ~100 S crrr1 .78 The  d iscovery o f TTF- 

TC N Q  was to be the m ilestone by which the synthesis o f fu tu re  C -T sa lts would 

be m easured and it has a lso been the m ost extensive ly studied. The crystal 

s tructure  o f TTF-TC N Q  was found to be m ade up o f segregated co lum nar
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stacks o f p lanar d on o r and accep tor m olecu les w ith  the in ter-m olecu lar 

stacking d istances less than the van der W aa ls  stacking d is tances fo r the 

neutra l species. 2 It w as also found to exhib it m eta llic  behaviour between 293K  

(crrt=500 Scnrr1) and 59 K (a max=~104 S c rrr1) and undergo a M -l trans ition  at 

53 K .79

(55) a: X= H 

b: X= Me

The degree o f C-T, p, has been found to be incom plete, w ith  0.59 e lectrons 80 
being transferred  to the TCNQ  stack. TTF-TC N Q  has a lso been found to be 

h igh ly an iso trop ic  in its conductiv ity, w ith h igher conductiv ity  in the stacking 

d irection than in any o the r direction.

The key fea tu res o f TTF-TC N Q  w hich make it so h igh ly  conducting is 

the s im ila rity  in s ize and sym m etry o f the donor and acceptor m olecules. Both 

are p lanar m olecu les w ith  extensive Tc-delocalisation th roughout the m olecule 

and both the ion isa tion  potentia l o f TTF and the e lectron -a ffin ity  o f TCNQ  

favour partia l e lectron transfer.

TCNQ  also fo rm s C -T com plexes w ith a varie ty o f TTF de riva tives .81 
TTeF-TC N Q  82 was found to have a rt=1800+/-300 Scnrr1 and is m eta llic  in 

behaviour down to 90-100 K. This increase in room tem pera ture  conductiv ity  

can be accounted fo r by the expected increase in the donor overlap.

1.C.3.1 C-T Complexes of Non-ring fused TCNQ Derivatives

In the search to identify the requirem ents fo r enhanced conductiv ity  in 

com pounds s im ila r to  TC NQ  and TTF, W he land  and G illson synthesised about 

80 conductive  C -T  com plexes 19 w ith the m ajority o f the accep tors being 

deriva tives o f TC NQ  and were able to corre la te  e lectrica l conductiv ity  with 

redox potentia ls, s te ric  e ffects and heavy atom substitu tion83. In looking for 

trends in a series o f com plexes o f TC NQ  deriva tives w ith TTF, it was found  that
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the s tronger acceptors fo r w hich com ple te  e lectron transfe r w as m ost likely, 

TC N Q (C N )2 (56a) and TC N Q F4 (46b), gave poorly  conductive  com plexes w ith 

com paction resistiv ities o f 106 and 5000 Hem  respective ly, w hereas the w eaker 

e lectron acceptors, TCNQ  (46a) and TC N Q C IC H 3 (56b), gave h igh ly 

conductive  com plexes w ith com paction res is tiv ities  o f 0.1 and  0.2 Hem 

respective ly. It appears that conductiv ity  is associa ted w ith  m odera te ly  strong 

acceptors, i.e. those w ith  a redox potentia l between -0.02 V  and +0.35 V, in 

com bination w ith m oderate ly strong donors w ith  a firs t redox po ten tia l between

0.1 V  and 0.4 V, such tha t the redox potentia ls  are c lose ly  m atched, i.e. (E 1A- 

E1D <0.25 V). H owever these corre la tions are subject to strict crysta l structure. 

Substitu tion o f the TC N Q  ring w ith increas ing ly  bu lky groups appears  to  have 

on ly  m inor effects until five to s ix s ide cha in  carbons o r oxygens are 

in troduced. The res is tiv ity  o f TTF com plexes o f TC N Q Et2 (56c) and TC NQ  

Pr2 (56d) increases from  0.05 to 2 .10 Qcm. TM TC N Q  (57) has been reported 

to be non-p lanar,72c w ith  strong deform ation o f the TCNQ  ske le ton  in to a boat- 

conform ation ow ing to  the ste ric  fac to r and in add ition  to its w eak 7t-acidity fa ils  

to form  C-T com plexes w ith  TTF or T M T T F .74 S im ila r steric  e ffects  have also 

been observed fo r TC N Q B r2 (56e) and TC N Q C I2 (56f). The X -ray  s tructure  o f 

neutra l (56e) 72b shows that w hile  the m olecu le  is essen tia lly  p lanar, the 

exocyc lic  carbon-carbon double bond bends in the plane o f the ring aw ay from 

the adjacent brom ine atom s and that the cyan ide group

NC CN NC CN 
Y

r-

r V
Rv V Û

Y I

S rt %
Et Et

NC CN NC CN

(56) a: X= Y= CN 
b: X= Cl, Y= Me 
c: X= Y= Et 
d: X= Y= i'P r 
e: X= Y= Br 
f: X= Y= Cl

(57) R<1-4>= Me (58)

adjacent to the brom ine is s ligh tly  non-linear un like  the cyan ide group  rem oved 

from  the brom ine w h ich is alm ost linear. Th is is presum ed to be a s te ric  effect. 

C om pound (56e) a lso form s four com plexes w ith  4 ,4 -d ie thy lm orpho lin ium  (58) 

o f s to ich iom etries 1:1, 1:2, 2:3 and 3: 4 w ith all fou r com plexes being insula tors 

at 293 K .84 The X -ray  crysta l structure o f the 1:2 com plex 85 show s tha t the
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(56e) d im erises in co lum ns s im ilar to the 1 :1 com plex but w ith a pecu lia r 

in te rd im er tw isted ring-ring overlap. This in tra -s tack "m irror im age flip " and 

tw isting of the TC N Q B r2 m olecules has been exp la ined as a w ay o f e ffic ien tly  

m inim ising steric  repuls ion between bulky brom ine atom s. The poor 

conductiv ity  of these com plexes has been associa ted w ith increased electron 

a ffin ity of (56e) (0.41 V com pared w ith 0.17 V fo r TC N Q )19 which seem s to 

result in com plete e lectron tran s fe r.84

1.C.3.2 C-T Complexes of rc-extended TCNQ Derivatives

In an effort to ach ieve the m eta llic  state, the Coulom b in teraction must 

be m in im ised .86 This is achieved by des ign ing accep tor com pounds with 

e lectron-w ithdraw ing groups at d iam etrica lly  d is tan t points on the m olecu le and 

is m anifested by a lowering of the d ifference, A E 1/2, of the first and second ha lf­

wave reduction potentia ls of the acceptor ( The first ^ -ex tended

TC NQ  deriva tive  to be synthesised was TNAP (59), synthesised 70 from  2,6- 

d im ethylnaph tha lene (60a) by a method s im ila r to that used fo r the syn thesis of 

TCNQ . Th is m ethod has since been im proved by increasing the y ie ld  of the 

in term edia te  2 ,6-naph tha lened iace ton itrile  (60b)87 and also by the adoption of 

a novel syn thesis o f 2 ,6-naph tha lened im alonon itrile  (60c).

(59) (60) a: R= Me

b: R= CH2CN 

c: R= CH(CN)2 

d: R= CH2Br

TN AP was also syn thesised by Bryce et at 72b in three steps from 2,6- 

b is(brom om ethy l)naphtha lene (60d) in a poorer yield. TNAP is a s tronger n- 
acid than TC N Q  and the sm alle r AE 1/2 va lue shows that there is a reduction of 

the on-s ite  C oulom bic repulsion. However w hile  TTF-TN AP has been found to 

be a poorer conducto r (art=40 S c rrr1 ) than its TC N Q  counterpart 

(a rt=500 S c n r 1 ), H M TSF-TNAP has been found to be highly conducting with
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tf3ooK=2400+/-600 S crrr1 rising to 15,000 S c n r1 at T=50 K and its extrapo la ted 

zero tem pera ture conductiv ity  is at least 250 S c n r1 .88

In the search fo r new acceptors w ith the desirab le  features of a 

7t-extended system  com bined with the high sym m etry of TCNQ, a num ber of 

g roups89 attem pted to synthesise 13 ,13,14 ,14-te tracyanodipheno- 

quinod im ethane (TCN DQ ; 61a) but th is  resulted in the recovery of polym eric 

m ateria ls a ttributed to the high instab ility  o f TC N D Q  due to the repulsive 

in teraction of the "b ipheny lic  hydrogens". TC N D Q  was fina lly  synthesised, 

a long w ith its more stable bridged ana logue TC N TH PQ  (61b), by 

d ideprotonation of 4 ,4 '-b is(d icyanom ethy l)b iphenyl (62a) and

2 ,7-b is(d icyanom ethy l)-4 ,5 ,9 ,10-te trahydropyrene  (62b) respective ly to give the 

correspond ing d ian ion which In turn was e lectrochem ica lly  ox id ised .90 
TC N TH PQ  and its pyrene ana logue (TCNP; 63) have also been synthesised by 

a s im ila r method w ith fina l oxidation, or dehydrogenation  step, being carried 

out using D D Q .91 These all show  two reversib le reduction potentia ls but

R R

(62) a: R= H
b: R= CH2-CH2

(61) a: R= H, TCNDQ
b: R= CH2 CH2, TCNTHPQ

(63) TCNP (64) TCQQ

with the A E 1/2 va lues (0.16, 0.23 and 0.30 V for TCNDQ , TC NTH PQ  and TCNP 

respective ly) less than those fo r TCNQ  (0.56 V), and show ing reduction of the 

on-site Coulom b repulsion. C-T com plexes of TC NDQ  with TTF and 

TC NTH PQ  with TTF  and TM TTF (o rt=0.2 S c n r1) have also been obtained. 

The nitrogen ana logue of TCNP, TCQ Q  (64) has also been reported 92 and the 

presence of the more e lectronegative n itrogens resulted in no oxidation 

potentia l being observed in the range from  -0.88 to + 1 .8 V.
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O utlined in T ab le  1.0 are m ost o f the ^-ex tended  TC N Q  deriva tives that 

have been syn thes ised  in recent years and a com parison o f th e ir reduction 

redox potentia ls. A  genera l trend which is apparent is that the s trength  o f the 

acceptors appears to be reduced as increasing  num bers o f fused  benzenoid 

rings are added. Th is  m arked decrease has been a ttributed to the  dev ia tion  of 

the d icyanom ethylene groups from  p lanarity  as a resu lt o f the c lose  proxim ity  o f 

per/'-hydrogens. Th is  has been verified  by the X -ray crysta l s tud ies o f 10- 

d icyanom ethy lenean th rone  (65),97 benzo-TC N Q  (66),98 TC AQ  (67) 99 and the 

su lfu r conta in ing com pounds (68) and (69).96 A ll o f these exh ib it the sam e 

butterfly  shape d isto rtions, w ith the centra l ring bent into boat form , and that 

th is  may be due to  s te ric  h indrances, is fu rthe r supported by the  fac t tha t the 

d icyanom ethylene group  nearest the su lphur atom  in (68) is m ore cop lana r w ith 

the rings than the o the r due to the absence o f the pe/7-hydrogen. Furtherm ore, 

(69) w ith  its add itiona l fused ring, as w ith  the  o ther extended acceptors, should 

be more severe ly  d is to rted  from  p lanarity  and th is  has been confirm ed from  the 

UV spectrum  and the  sh ifting o f the con jugated cyano groups in the FT-IR. 

These extended TC N Q  deriva tives all fa il to form  C-T com plexes w ith  TTF  and 

th is can be a ttribu ted  to the ir reduced planarity. In add ition  som e o f these 

com pounds show  a th ird  add itiona l e lectron reduction to the trian ion . It has 

been suggested tha t th is  add itiona l e lectron is taken up by the less charged 

residual a rened iy l fragm en t which is the next LUMO. These NLUM O s are 

s im ila r in shape and energy to the com parab le  LUMOs o f d ia lky l-substitu ted  

hydroca rbons .100

(65) (66) (67)
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Tab le  1.0 C yclic  V o ltam m etric  data fo r ^ -ex tended  TC N Q  deriva tives ( in volts)
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1.C.4 Heteroquinoid Electron Acceptors
In contrast to  the extensive ly studied te tracyanoqu inod im ethane 

(TCNQ ), it is on ly recently  that heteroqu ino id  ana logues o f TCNQ  have been 

synthes ised and exam ined as potentia l acceptors. These heteroqu ino id  

ana logues are derived from  se lenophene (70b), fu ran  (70c), and m ost 

im portantly, th iophene (70a). It was believed tha t the  increased in tra - and 

in te r-m o lecu la r in teractions o f the chalcogens, w h ich w ere  so successfu l fo r the 

donors, w ou ld  be as e ffective  fo r the acceptors. In addition, the he te rocyc lic  

system s would  a lso avo id  the s te ric  in teractions in linea rly  con jugated system s 

by assum ing the trans configuration, and cou ld  a lso reduce the am ount o f 

in te raction  between d icyanom ethy lene groups and peri-hydrogens.

Q NC> = Q = < CN NCK H V < CN
x  NC X CN NC X ' = /  CN

(70) a:X= S (71) a:X= S (72) a:X= S
b:X= Se b:X= Se b:X= Se
c:X= O c:X= O c:X= O

(73)a:X= S, R1=R2= H (74) „
b:X= O, R1=R2= H 
c:X= O, R1= H, R2= Br

The firs t he te roqu ino id  TCNQ, or hetero-TCN Q , to be syn thesised was

2 ,5 -b is (d icyanom ethy lene)-2 ,5 -d ihydro th iophene (71a), wh ich was d iscovered 

se rend ip itous ly  by G ronow itz  and Uppstrom  w h ile  investigating cycloadd ition  

reactions o f te tracyanoethy lene  oxide (TCNEO ) w ith  d iha lo th iophenes .101 On 

reacting TC N EO  w ith  2 ,5-d ib rom oth iophene a red liqu id  and a ye llow  solid 

w ere  ob ta ined w h ich w e re  found to be carbonyl cyan ide  and (71a) respective ly, 

Schem e 1.21.

n ^  NC p . CN n c  CN
Br—1v  / ~ B r  + 2 \  ^  + 2CO(CN)2 + Br2

S  NC CN NC S  CN

Scheme 1.21
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The m echanism  fo r th is  reaction was though t to be ra ther com plex, the 

m ost like ly  being the 2 ,3 - and 4 ,5 -cyc loadd ition  o f the carbene, d icyano- 

m ethylene, to  the 2 ,5 -d ib rom oth iophene fo llow ed  by the rearrangem ent shown 

below. The carbene and carbonyl cyan ide  are genera ted  by the therm al 

d issoc ia tion  o f TC NEO . A  w eak support fo r th is m echanism  is the presence of 

te tracyanoethy lene  as a m inor by-product.

NCy 5 ^ CN A „  ¡ £ c :  + CO(CN)2

NC CN

CN * - \C N

BrX > Br + 2 n c ; C : --------► C^ x 3 ^ " ° N --------- ► N° > = 0 = < CN
Br^ S ^ Br NC Br S Br NC S CN

The se lenoqu ino id  and fu ranoqu ino id  ana logues, (71b )101 and (71c),102 were 

a lso syn thesised by a s im ila r method, as was the ir extended analogues, 

com pounds (72a),103 (72 b and c ),102 (73a)103 and (74a and b ).104
Som e hetero-TC N Q s w ere also syn thesised by Pd(0) cata lysed 

substitu tion  o f the correspond ing  halides o f the heteroarom atics w ith  sodium  

d icyanom ethan ide , fo llow ed  by appropria te  oxida tion  using brom ine, DDQ, or 

lead te traaceta te , Schem e 1.22. Th is  m ethod has been used to syn thes ise  the 

acceptors (73a and b ),102 (75),104 (76) to (78)105 and (79 )106

CN

CN
W ' S V t >  ONaCH(CN)2. Pd(PPh3)4 N c  \ = ( S' j = J

B r ^ O - O - B ,  ------------------
S 3 (2) Br2 NC S R

(75)

Schem e 1.22

A  reaction path fo r th is  m ethod has postu la ted the in itia l fo rm ation o f an 

ary lpa llad ium  in te rm ed ia te ,107 Schem e 1.23, w h ich m ay be ab le  to undergo 

insertion  o f the s tab ilised  anion w ith  loss o f halide, g iv ing  in te rm ed ia te  (80) 

w h ich  then  rearranges to  g ive the substitu ted product.
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(76)

NC 

NC S

CN

CN

(78)

(77)

(79)a:R1=R2=R3= H 
b:R1= H, R2=R3= Br 
c:R1=R2= Br, R3= H

ArCH(CN)2 -  Pd°— ^  ArX

Y  V
Ar-Pd-CH(CN)2 Ar-Pd-X

(80)

-X -CH(CN)2

Schem e 1.23

1.C.4.1 Acceptor Properties of Hetero-TCNQs
Com pound (71a) w as found to  have poor accep tor ability, E1/21= +0.07, 

E 1/22= -0 .50  V, w ith the  se lenoqu ino id  and fu ranoqu ino id  ana logues being 

poore r again, E1/21= +0.03, E1/22= -0.51 V, and E1/21= +0.03, E1/22= -0.55 V, 

respec tive ly .102 The  fu ranoqu ino id  acceptor (71c) is a poore r accep tor 

because, a lthough oxygen is m ore e lectronegative  and would  be expected to 

be a be tte r acceptor, th is  sam e property reduces the arom atic ity  o f the 

resu ltan t fu ran  ring o f the  d ian ion. The con jugated hom ologues o f these 

he te roqu ino ids  w ere a lso investigated. These w ere  found to be poorer 

accep tors  but show ed enhanced ab ility  to reduce the on-site  Coulom b 

repuls ion, w ith  te rhe te roqu ino id  conjugation lead ing  to  a coa lescence o f the 

firs t and second redox potentia ls. However, in sp ite  o f the ir poor e lectron
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accep tor ability, they w ere  still capab le  o f form ing som e C -T com plexes with 

TTF. It was found that, fo r the TTF com plexes w ith  (71a) and its extended 

hom ologues, (72a) and (73a), the conductiv ity  o f the com plexes increased in 

line w ith the extended conjugation from  6 .7x10-9, 2.2 x 10'4 to 3.3 x  10-3 S c rrr1 
respective ly .103 A ccep to r ab ility  w as enhanced by in troduction  o f add itiona l 

e lectron-w ithdraw ing substituents. The 3 ,6-d ib rom o deriva tive  (74b) o f the 

condensed hom ologue, 2 ,5 -b is (d icyanom ethy lene)-2 ,5 -d ihydro th ieno [3 ,2 - 

b jth iophene (74a), has been found to be a be tte r accep to r than TCNQ, i.e. 

E 1/21= +0.25, E 1/22= -0 .13 V, AE= 0.38 fo r the d ibrom o deriva tive  and

E1/21= +0.25, E1/22= -0 .47 V, AE= 0.72 fo r TCNQ . C om pounds (74a) and (74b)

form  h igh ly conducting  C -T com plexes w ith  m any donors, espec ia lly  HMTTeF, 

w hose 1:1 com plex w ith  (74a) and 2:1 com plex w ith  (74b) have room 

tem pera ture  pressed pe lle t conductiv ities  o f 140 and 170 S crrr1
respec tive ly .104

A  crysta l s tructure  o f (74a) and B E D T-TTF 108 has shown tha t (74a) is 

p lanar and form s a segregated stack structure  a long the a-axis, nearly 

perpend icu la r to the m olecu lar plane. In te rm olecu la r S-S contact d istances 

between a lte rna te ly  stacked com ponents are s ligh tly  longer than the van der 

W aa ls  rad ius (3.70 A). There  are, however, severa l short contacts w ith in  the 

plane. There  are in te ractions between the S atom s o f ad jacent BEDT-TTF 

m olecu les (3.64 and 3.59 A) and the nitrogen atom s o f the accep tor (3.33 A). 
There  are a lso in te ractions between the S atom s o f the accep to r (3.48 A) which 

show s the ir po ten tia l as m ulti-d im ensiona l o rgan ic  metals.

Recently, condensed benzoth iophenes (76)-(78) have been

syn thes ised .105 These  w ere investigated because the w eak e lectron a ffin ity  of 

the o ther he tero-TC N Q s w as m ain ly a ttributed to the lesser arom atic ity  o f the 

arom atic  sextets a ris ing  from  the he teroqu ino id  reduction. The 

benzoth iophenes have the  ab ility  to form  strong ly  arom atic  benzenoid 

in term edia tes on reduction  and should there fo re  form  strong e lectron acceptors 

w ithou t the need fo r the  in troduction o f m ore e lectronegative  groups w h ich can 

in te rfe re  w ith the crysta l packing and in te rm olecu lar in teractions. These 

accep tors show  im proved electron acceptor ab ility  com pared to  TCNQ  and the 

reduced AE va lues show  enhanced reductions o f the on-s ite  Coulom b 

repuls ions.

In an a ttem pt to e lim ina te  the d isto rting  effect on the p lanarity  due to the 

s te ric  in te raction  betw een the d icyanom ethylene groups and the peri- 
hydrogens o f benzannu la ted  derivatives o f TCNQ , like TCAQ , a num ber o f new 

accep tors have been synthesised w h ich are he te rocyc lic  rings fused to TCNQ.



It w as also hoped that the presence o f the heteroatom s w ou ld  a lso lead to 

increased in tra- and in te rm olecu lar in teractions. The fo u r isom eric 

benzo th iophene ana logues (81)-(84) o f TC AQ  all showed two revers ib le  one- 

e lectron  reduction potentia ls, w ith  (81) and (82) show ing potentia ls  c lose to 

tha t o f TCNQ, E1/21= +0.13, E1/22= -0.19 V, AE= 0.32, and E 1/21= +0.13, 

E1/22= -0.21 V, AE= 0.34, respective ly  and (83) and (84) show ing w eaker 

accep to r ab ility .109

(81) (82) (83) (84)

(85) a:R= H 

b:R= Cl

CN 

(86) a:X= S 

b:X= Se

T h is  has been a ttributed to the form ation o f a stab le  arom atic benzoth iophene 

on reduction  o f (81) and (82). Th is  im proved accep tor ab ility  suggests tha t the 

accep tors  are p lanar and th is  is enhanced by the ir ab ility  to form  h ighly 

conducting  C -T com plexes w ith  TTF; (81):TTF and (82):TTF have pelle t 

conductiv itys  o f 0 .89 and 4.78 S c rrr1 respective ly. The m ono-th iophene fused 

de riva tives o f TCAQ, (85a and b), w hich conta ined an annula ted benzene ring, 

still exh ib ited  a bu tte rfly  shape w ith  the centra l benzene ring tak ing on a boat 

con fo rm ation  due to the s te ric  in teractions o f the pe /i-hyd rogens w ith the cyano 

g roup s .110
X -ray structura l ana lys is o f TC N Q s fused w ith  1 ,2 ,5-th iad iazo le  (86a) 

and 1 ,2 ,5-se lenad iazo le  (86b) rings show  that they are p lanar and crysta llise  in 

shee tlike  networks w ith  short su lphur to cyano and selenium  to cyano 

con tac ts .111 The m ono-fused 1 ,2 ,5 -d ith iazo le  deriva tive  (87) was found to 

have im proved accep to r ab ility  over the b is-fused hom ologue w ith  a first 

reduction  potentia l o f E 1/21= +0.12 V, com pared w ith  E1/21= -0.02 V  fo r (86a).



Com pound (87) a lso form ed m ore h igh ly  conducting C -T com plexes w ith TTF 

and its deriva tives ind ica ting that the inc lus ion behav iour shown by C-T 

com plexes o f (86a), w hose extra he terocyc lic  ring gave rise to the form ation of 

inclusion cavities, w ere d im in ished .112 The X -ray structure  o f (87) show ed that 

the p lanar m olecu le form s a cop lanar dyad by hydrogen bonding w ith  the 

cyano groups and the hydrogens on the adjacent qu inod im ethane ring. 

A lthough  there  is no S-S or S-N heteroatom  in teraction in the c ry s ta l, the dyad 

form ation o f (87) show s the poss ib ility  that the negative  charge can be 

de loca lised  over two m olecu les in the an ion rad ica l salts, w h ich is another 

approach to reducing the on-s ite  Coulom b repulsion.

1.C.5 /V,A/'-Dicyano-p-quinodiimine (DCNQI) Acceptors

An a lte rna tive  fam ily  o f accep tor m olecu les w ith  the  sam e W urs te r type 

redox system  as TC N Q  is the /V,A/'-d icyano-p-quinodiim ine (DCNQI; 88) fam ily  

w h ich was d iscovered by Hunig and cow orke rs .113 Th is fam ily  o f acceptors 

has severa l d is tinct fea tu res w hich m ake it a ttractive as a novel group o f 

acceptors. One o f the m ain advantages is that o f its fac ile  one-step synthesis 

from  the correspond ing  quinone. Secondly, ow ing to the sm all ang le form ed by 

the  =N-CN group, the p lanarity  o f the acceptor m olecu le  rem ains v irtua lly  

una ltered even upon te trasubstitu tion . F ina lly  DCNQI has essen tia lly  the same 

redox po ten tia ls114 ( E ^ W o .3 9  and E21/2= -0.25 V) as TC N Q  ( E " 2= +0.39 and 

E21/2= -0 .28 V) and th is can be varied eas ily  by appropria te  substitu tion  w ith 

m ore e lectronegative  groups. Furtherm ore, the sym m etries and energ ies o f the 

LUM O s o f DCNQI and TC NQ  have been found to be alm ost iden tica l.115

(88)

1.C.5.1 Synthesis of DCNQI and its derivatives
The synthesis o f DCNQI can be carried out in a one-pot reaction by a 

m ethod w h ich can be app lied  to non-eno liz ing  ketones and a w ho le  varie ty  o f 

substitu ted  benzo-, naphtho- and anthraqu inones, Schem e 1.24 .
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CN
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▼

9 l >

N - TiOCI2

A  -
-  Me3SiCI

Schem e 1.24

T he  crucia l reagents in th is  reaction are b is(trim e thy ls ily l)ca rbod iim ide  

(BTC ) and titan ium  te trach lo ride  (T iC I4). Th is  reaction counts am ong the few  

reactions invo lv ing condensation  at the carbonyl group o f a quinone. W h ile  an 

a lte rna tive  synthesis using 1 ,4-substitu ted p-phenylened iam ines (89a-c) 

ex is ts ,116 th is  has its lim ita tions in that it invo lves m ore than one step, g ives 

in te rm ed ia tes w hich are d ifficu lt to  handle, and a lesser va rie ty  o f derivatives 

com pared to the quinones, s ince on ly  a few  substitu ted phenylened iam ines are 

eas ily  accessib le . The  use o f cyan ide  as well as fluo ride  cata lysts did w ork for 

som e d ifficu lt to eno lise  ketones but not fo r som e qu inones w h ich tend to 

undergo 1,4-add ition and are m ore read ily  reduced .113 Th is  was overcom e 

w ith  the  use o f a Lew is acid. A  varie ty o f Lew is acids w ere investigated 

inc lud ing  alum inium  chloride, tin (IV ) chloride, e ther-borontrifluoride , and 

triisopropoxytitan ium  ch lo ride  all o f wh ich were found to be inactive or caused 

decom position  o f the p-benzoqu inone . F ina lly  the h ighest y ie lds w ere obta ined 

using titan ium  te trach lo ride  espec ia lly  w hen added firs t to the quinone.

Th is  m ethod has proved very versa tile  g iv ing reasonab le  y ie lds fo r a broad 

range o f substitu ted p -benzoqu inones (90a-e),113- 116’ 117 inc lud ing those w ith 

bu lky  substituen ts and d iffe ring  redox potentia ls  as w ell as 1,4- 

naph thoqu inones,113’ 116- 117 9 ,10-an th raqu inones,113' 116’ 1,4-

an th raqu inones118 and the h igh ly  extended qu inones (91) and (92 ).119
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n h 2

(89) a: r i = r 2= h 
b: R1=R2= Me 
c: R i= R 2 =  ci

O

O

(91)

0

o

(90) a:R1=R2=R3=R4= H 
b:R1= Me, R2=R3=R4= H 
c:R1=R3= Me, R2=R 4= H 

d:R1=R2=R3=R4= Me 
e:R1=R 3= Me, R2=R 4= Me

(92)

T he N-CN group o f the b ifunctiona l d icyan im ines m ay occupy syn and 

anti pos itions w ith  respect to the ne ighbouring  ring atoms, so tha t a maximum 

o f fou r isom ers is possib le . In all the DCNQ I deriva tives the configura tion  o f 

the cyano group is determ ined by the substituen t pattern. In genera l the

2,5 -substitu ted  and 2 ,3-substitu ted  d icyan im ines exist only in tha t configuration 

in w h ich  the  CN m oiety prefers the anti position to the ring substituents. 

A cco rd ing ly  the  anti configuration is observed in substituent types (93) and (94) 

115and the  syn con figura tion  in types (95) and (96). This has been verified  by 

13C and 1H NM R data o f these com pounds.113- 116 The non-substitu ted 

DCNQ I com pound (88) can be found as a syn lanti m ixture accord ing  to 13C 

NM R spectroscopy. The te trasubstitu ted  d icyan im ines undergo rapid 

isom érisa tion  w h ich  is ev ident from  the NMR, w ith  the num ber o f NM R signals

NC.
'N

(93)

NC.
N Cl

(94)

NC.

(95)

R 1 and R2 can be Me , Et, /Pr, fl3u, Ph, Cl, F, Br, I, OM e, SMe etc.

.CN

(96)
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being s trong ly d im in ished. The m onosubstitu ted deriva tives a lso exist as a 

m ixture o f syn lanti isom ers w ith one cyano group fixed in the anti position. 

M o lecu la r m echan ica l stud ies on the DCNQI deriva tive  of 

2 -m ethy lan th raqu inone  predicted th is  and w as in agreem ent w ith  the NMR 

resu lts .118 It also ind ica ted  that the an thraqu inone DGNQI de riva tives were 

nearly  planar. Th is has been found to be the case even fo r the te trasubstitu ted  

DCNQI deriva tive  o f the 2-m ethy l-9 ,10-an th raqu inone  as dem onstra ted by 

X -ray  analysis. X -ray s tructura l ana lysis o f the tri- and te tram ethyl-substitu ted  

hybrid  deriva tives o f DCNQ I and TCNQ, (97) and (98 ),120 show ed tha t (98) is 

s trong ly  d istorted into a boat conform ation w ith  g rea te r deform ation about the 

bu lk ie r =C (C N )2 than about the =NCN group. In contrast (97) is essen tia lly  

p lanar s ince the N-CN group can eas ily  adopt an en larged d ihedra l angle. A  

s im ila r s ituation w as a lso  found fo r another TC N Q -D C N Q I hybrid  acceptor,

(99), wh ich show ed a s ligh t devia tion  from  p lanarity, aga in w ith  the greater 

dev ia tion  occuring abou t the =C (C N )2 g roup .119

As stated a lready DCNQI itse lf has s im ila r redox reduction potentia ls  to 

TC NQ . The  accep to r ab ility  can then be im proved by in troducing more 

e lec tronega tive  substituen ts  (te trach loro-D C N Q I has +0.76 and

E21/2= +0.16 V ).113 N early  all the DCNQI de riva tives show  two one-e lectron 

revers ib le  reduction w aves to the correspond ing  an ion and dianion. However a 

continuous trend has been found w h ich shows tha t increased benzannu la tion 

resu lts  in a shift o f the firs t reduction potentia ls  tow ard m ore negative va lues121 

and th is  leads to  a reduction  o f the on-site  C oulom b repulsion. The lower 

reduction  po tentia ls  can be im proved as before  by in troducing more 

e lec tronega tive  substituents.



1.C.5.2 C-T Complexes of DCNQI
C harge-T rans fe r com plexes have been successfu lly  obta ined from  a 

num ber o f de riva tives o f DCNQI and va rious  donors. O ne o f the firs t 

synthesised, and the firs t to y ie ld  crys ta ls  o f su ffic ien t qua lity  to g ive an X-ray 

crysta l structure, was tha t o f A /,A /'-d icyano-1,4-naphthoquinonediim ine (96) and 

T T F .122 Th is  com plex has a 1:1 s to ich iom etry  o f donor to accep tor and a 300K = 

25 S c rrr1. The fac t tha t th is accep to r fo rm s a C -T com plex w ith  TTF  w h ile  its 

TC NQ  ana logue  does not, due to  non -p lana rity  enforced on it by the =C (C N )2 

group, dem onstra tes the  advantage o f the  =NC N group over the =C (C N )2. The 

com plex consis ts  o f separa ted stacks o f donors and acceptors w h ich  occur in 

pairs, and w h ich  are equ id is tan t at room  tem pera ture . It is suggested that an 

e lec tros ta tic  in te rac tion  between the neg a tive ly  charged N-atom s on the syn 
con figured  =N-CN groups and the  su lphu r atom s of the TTF was responsib le  

fo r th is. Th is  in te raction  causes tw o stacks o f the accep tor to  crysta llise  in 

pa irs in such a w ay tha t the unsubstitu ted  part o f the naphtha lene skeleton are 

fac ing  each other. The  com plex exh ib its  m e ta llic  behaviour and undergoes a 

phase-trans ition  to a sem iconducting  sta te  at 140 K.

In the  X -ray structu re  o f the  D C N Q I-TTF . 2 H20 , 123 the donors and 

accep tors  c rys ta llise  ou t in segregated stacks in chess-board-like  arrangem ent. 

Both donors and accep tors  are skew ed in the sam e d irection  w h ich is in 

contrast to TC N Q -TTF , in w hich the donors and acceptors w ere skewed in 

opposite  d irections. H ow ever both com plexes crysta llise  in the sam e space 

group, P 2 1/c. T he  degree o f charge tran s fe r has been found to be 0.48 

e lectrons w h ich  is one  o f the p re requ is ites  fo r m eta llic  conductiv ity  in that there 

is incom ple te  cha rge  transfer. D C N Q I-TTF. 2 H20  shows a s ing le  crystal 

conductiv ity  o f o rt = 1-10 S c rrr1 and exh ib its  sem iconductor behaviour in that 

its conductiv ity  decreases as the tem pera tu re  decreases.

O ne DCNQ I deriva tive  w h ich has shown very h igh conductiv ity, 

( CT (single crystal) =  2 ° 0  Scnrr1), and w h ich  is one o f the best conducting C-T 

com plexes w ith  TM TS eF  as donor, is the heteroqu ino id  accep tor 2,5- 

b is (cyano im ino )-3 ,6 -d ib rom o-2 ,5 -d ihyd ro th ieno-[3 ,2 -b ]th iophene  (100 ).124 This 

nove l g roup o f S -he te roqu ino id  accep to rs  w ere investigated to see if the 

p roperties o f the DCNQ I system  w e re  re ta ined if incorporated into a 

he te roqu ino id  system . These new  accep to rs  w ere synthesised from  the 

co rrespond ing  qu inones as before, but us ing  h igher tem peratures. Com pound

(100) a lso form ed C -T  com plexes w ith  TTF , TM TTF, TTT, and BEDT-TTF. The 

crysta l s tructure  o f (100)-TTF shows segregated stacks o f donors and



acceptors w h ich are a lm ost equ id is tan t a t room  tem perature. (100)-TTF  also 

exh ib its m eta llic  behaviour and undergoes a trans ition  to a sem i-conducting  

state at 160 K.

Br

Br

(100)

1.C.5.3 DCNQI Radical Anion Salts
In add ition  to form ing C-T com plexes w ith o rgan ic  donor m olecu les, the 

DCNQI fam ily  o f acceptors also form  rad ica l ion salts. By fa r the most 

im portant DCNQ I deriva tives to form  rad ica l ion sa lts  are the 2 ,5 -d isubstitu ted  

DC NQ Is w h ich  form  2:1 salts w ith m eta ls ,123 inc lud ing the a lka lis, tha llium  , 

rubid ium , s ilve r and, m ost im portantly  copper. Unusually, all these m eta l salts 

c rysta llise  in the  sam e space group or at least in subgroups.123’ 125 A ll the 

non-copper m eta ls are very s im ila r in tha t the m eta l-to-N  in te ractions o f the 

cyano group  are c lose  to the van der W aa ls  rad ius o f n itrogen and the ion ic 

rad ius o f the  metal ions, w hich suggests that Coulom b in teractions are present. 

Th is  has been found to be the case w ith  the  non-copper radica l ion salts. They 

behave as m eta l-like  sem iconductors, show ing a gradual increase in 

conductiv ity  on low ering the tem pera ture  and then at a pa rticu la r tem pera ture  , 

-1 0 0  K, they undergo a sudden phase trans ition  to a sem iconducting  state. 

Th is is cha racte ris tic  o f one-d im ensiona l conducto rs  w h ich are prone to phase 

trans itions at low  tem peratures.

O f the  m etal rad ica l ion salts to be m entioned thus far, the copper salts 

deserve  specia l m ention. The (2 ,5 -d im e thy l-D C N Q I)2 Cu salt in particu lar, was 

found to be h igh ly conductive  w ith a s ing le -crysta l conductiv ity  o f 800 S c rrr1 

w h ich increases con tinua lly  as the tem pera ture  is lowered, g iv ing  a 

conductiv ity , a, o f 500 000 S crrr1 at 3.5 K .126 Radica l an ions w ith  such 

extrem ely h igh e lectrica l conductiv ities w ere prev ious ly  unheard of. The crystal 

s tructu re  o f (2 ,5 -d im e thy l-D C N Q I)2Cu consists o f stacks o f copper ions, w ith 

each copper ion being coord inated in a d is torted te trahedra l m anner to the N- 

atom s o f fo u r cyano groups. Thus each copper ion stack is surrounded by four 

DCNQI stacks.



Group M Group M-l

a:R1 = Me, R2= Me 
b:R1 = Me, R2= I 
c:R1 = Cl, R2= I 
d:R1 = Br, R2= I 
e:R1 = Me, R2= OMe 
f:R1 = Br, R2= OMe 
g:R1 = I, R2 = OMe 
h:R1 = OMe, R2= OMe 
i:R1 = I, R2= I

j:R 1 = Cl, R2= Cl 
k:R1 = Cl, R2= Me 
l:R1 = Cl, R2= Br 
m:R1 = Br, R2= Me 
n:R1 = Br, R2= Br 
o:R1 = Cl, R2= OMe

Electron tran spo rt in these salts takes p lace along the accep to r stacks, 

w ith  conductiv ity  a long the cation stacks be ing ru led  out due to  the in tra -ca tion  

s tack separa tion  be ing too large.( Cu-Cu 3.88 A fo r (2,5-M e2-D C N Q I)2Cu and 

2.56 A fo r Cu m etal). The 2 ,5 -d isubstitu ted -D C N Q I m etal salts, 

(R 1,R2-D C N Q I)2 C u (101), can be c lass ified  into two groups accord ing  to the 

tem pera ture  dependence  o f the ir conductiv ities  at am bient pressure: G roup M 

salts, (101 a-i), w h ich  show  m eta llic  behav iour down to low tem pera tu res .123- 

127 G roup M -l salts, (101 j-o ) ,123- 127 w h ich undergo a M -l trans ition  in the 

tem pera ture  range T M_,= 160- 230 K. A na lys is  o f these sa lts127- 128 suggests 

tha t the so lid -s ta te  behav iou r o f the Cu sa lts  is dependent on the s ize  o f the 

substituents, w ith  la rge  substituents, O M e and I, g iv ing  rise to s tab le  m eta llic  

states and com bina tions o f small substituen ts g iv ing  rise to phase transitions, 

(2 ,5 -M e2-D C N Q I)2Cu be ing an exceptional case. The e lectron ic  behav iou r is 

a lso dependent on the d iffe ren t e lectron ic p roperties o f the substituents.

In add ition  to  these  substituent e ffects, crysta l structure  s tud ies at 

various tem pera tures show  the im portance o f the te trahedra l coo rd ina tion  of 

the acceptor g roups to the m eta l.127- 129 Th is  structura l fea ture  in troduces a 

new  packing m otif o f the  m olecu lar conductor, in w h ich the one-d im ensiona l 

colum ns, as a resu lt o f being te trahedra lly  coord ina ted  to the copper cation, 

becom es th ree-d im ens iona l due to the in te raction  between the prc o rb ita l o f the 

o rgan ic  m olecu les and the 3d orbita ls o f the cation. Th is  g ives rise to  a "m ulti- 

Ferm i surface" w h ich is not susceptib le  to phase transitions. Any "fla tten ing " or



deform ation o f the coord ina tion  te trahedron (or N-Cu-N angle) results in a 

decrease in the num ber o f d orb ita ls  partic ipa ting  in the p7t-3d m ixing and so 

w eakens the m ulti-Ferm i surface nature, w h ich leads to the form ation o f a gap 

by a CDW .

1.C.6 Metal(dmit)2 Acceptors
The general em phasis o f much o f the recent syn the tic  w o rk  in the area 

o f C -T com plexes has been on the deve lopm ent o f system s w ith enhanced 

in te rs tack in teractions, lead ing to increased d im ensiona lity . These e ffo rts  are 

m otivated by the des ire  to avoid the m eta l-to -insu la to r trans itions w h ich  are 

associa ted w ith 1-D m eta ls on cooling to low  tem peratures. Th is approach has 

a lso been app lied to ^ -a ccep to r m olecules. These acceptors are  metal 

com plexes o f the su lphur ligand, 4 ,5 -d im ercap to -1 ,3 -d ith io le -2 -th ione  (102), 

and are known as M (dm it)2 acceptors (103) fo r short. The m ost im portant 

com plexes to date have been obta ined from  nickel, p la tinum  and pa llad ium  as 

the m etal and these m etal com plexes have been syn thes ised130 from  the 

d ith io la te  (102) and the m eta l-d ich loride, Schem e 1.25. These are  p lanar 

m olecu les and the su lphur ligand m oieties a llow  fo r both in tra- and in ter-stack 

in teractions. The nature  o f the m etal atom plays an im portant ro le  in 

de term in ing  the structura l and physical p roperties o f the com plexes w h ich are 

form ed.

M (dm it)2 accep tors form  com plexes w ith a varie ty  o f cations/donors, the 

m ost im portant be ing TTF  and tetram ethyl am m onium  cations, w h ich  give 

superconducting  com plexes. These com plexes are usua lly  synthesised by a 

m eta thesis reaction by s low  in terd iffusion, in a three com partm ent "H -tube" 

under an inert a tm osphere, o f saturated ace ton itrile  so lu tions o f the counter 

cation, e.g. (TTF )3(BF4)2, and the appropria te  metal salt (n -B u4N+)2 

[M (dm it)2]2_. O r a lte rna tive ly  by e lectrocrysta llisa tion  in a U -tube in a method 

s im ila r to  tha t described  before fo r the radica l cation salts o f BED T-TTF in the 

donors sec tion .131

2 ”

(102) (103)

Schem e 1.25
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The firs t M (dm it)2 accep tor to exh ib it superconductiv ity  was 

TTF [N i(dm it)2]2- on the app lica tion o f 7 kbar o f p ressure .132 A t room 

tem pera ture  and am bient pressure, it had a conductiv ity  o f a rt= 300 S c rrr1 

a long the stacking axis and d isp layed m eta llic  behaviour right down to 4 K, 

w here  a max= 1.5 x  105 S crrr1, w ithout undergo ing  a phase tran s ition .133 The 

crysta l structure  o f TTF [N i(dm it)2]2 ind icates tha t the essen tia lly  p lana r TTF 

and N i(dm it)2 m olecu les stack in d is tinct co lum ns para lle l to the b axis, w h ich  is 

the d irection o f h ighest conductiv ity. These colum ns give a lterna te  sheets of 

donor and accep tor m olecu les para lle l to the b,c plane. The in tera tom ic 

separa tions between ad jacent m olecu les in e ithe r the TTF and N i(dm it)2 stacks 

are not shorter than the  sum of the van der W aa ls  rad ii.133 H ow ever the in ter- 

s tack S-S d istances are  shorter (3.45- 3.54 A ) than the van der W aa ls  radii 

separa tion  (3.70 A). Even shorter S-S d is tances have been found betw een the 

term ina l S atoms o f N i(dm it)2 m olecu les and the  S atoms o f the TTF  m olecu les 

(3.39 A). Despite th is enhanced in teraction the e lectron ic  structure  o f this, and 

o the r salts, are quasi one-d im ensiona l.39

Replacem ent o f Ni w ith  Pd in the TTF com plex g ives 

TTF [P d(dm it)2]2-131 Th is  com plex has a room  tem perature conductiv ity  of 

crrt = 750 S crrr1 a long the stacking axis. It exh ib its a m eta llike  conductiv ity  

down to 220 K, a t w hich po in t it undergoes a gradual trans ition  to a 

sem iconducting state. The m eta llike behav iour o f th is com plex is m ainta ined 

once it is not coo led be low  220 K. C rysta ls which were coo led be low  the 

trans ition  tem pera ture  w ere found to rem ain sem iconducting even a fte r storage 

at room  tem pera ture  fo r periods o f up to  12 days. Such behaviour is ind ica tive 

o f a structural phase trans ition  at 220 K and th is was confirm ed by the 

observa tion  o f 3 d iffe ren t phases by X -ray  d iffraction  studies. The firs t phase 

re fe rs to the m eta llic  phase, which is the structura l phase before the crysta l is 

cooled. This phase is isom orphous w ith  the ana logous nickel derivative. The 

second phase corresponds to the sem iconducting phase on coo ling the crystal 

dow n to  the phase trans ition  tem perature. And fina lly  the th ird  phase 

corresponds to w arm ing the second phase back to room tem perature, which 

g ives a crystal structure  d istinct from  that o f the firs t phase.

The p latinum  com plex, TTF [P t(dm it)2]3, unlike its n ickel and pallad ium  

counterparts, is sem iconducting  th roughout the tem pera ture range 300 to 

100 K and has a room  tem pera ture  conductiv ity  o f jus t a rt = 20 S c rrr1.131 The 

s tructure  of TTF [P t(dm it)2]3, like the sto ich iom etry, is d istinct from  tha t o f both 

its n ickel and pa llad ium  derivatives. It consists o f a lternate layers, para lle l to
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the  ab plane, o f TTF and P t(dm it)2 m olecules, the accep tor layer consisting of 

both P t(dm it)2 m onom ers and dim ers. In the accep to r layers the m onom ers 

and d im ers are stacked a lte rna te ly  in columns. The  two P t(dm it)2 units o f the 

d im er are d istorted from  p lanarity  and results in increased in term olecu lar- 

in te ra tom ic  d istances w ith in  a dimer. S-S contacts less than the van der W aals  

rad ii are observed betw een m onom ers and dim ers w ith in  a stack and w ith in  

d im ers w ith in  a stack and between e ither m onom ers o r dim ers be long ing to 

ad jacen t stacks. U nusua lly  the conductiv ity  is much low er than antic ipated. It 

has been suggested tha t th is  m ay be due to the open ing  o f a band gap at the 

Ferm i su rface  as a resu lt o f the a lterna te  stacking o f the m onom ers and dimers. 

It is c le a r that the nature o f the m etal atom has an im portant role in determ in ing 

the  s tructura l and physica l p roperties o f the M (dm it)2 acceptors.

Superconductors based on 7t-acceptor m olecu les and c losed-she ll 

ca tions have also been found. The firs t o f these w as (M e)4N[N i(dm it)2]2, w ith  a 

superconducting  trans ition  under 3.2 kbar at Tc= 3.0 K  and at T c= 5.0 K under 

7 kbar o f p ressure .39 The crysta l structure consists o f sheets o f N i(dm it)2 

m olecu les and (M e)4N cations a lte rna tive ly  p iled up para lle l to each other, w ith 

the  ca tion  sheets separa ting  the conductive  accep tor sheets. In the acceptor 

sheet, the m olecules are stacked in 1-D colum ns w ith the d irection o f adjacent 

co lum ns at an ang le o f 52.2 ° to each other. Th is  resu lts  in two 1-D Ferm i 

surfaces w ith  d iffe rent o rien ta tions being superposed and giv ing rise to a m ulti- 

Ferm i surface which is s tab le  aga inst la ttice-m odula tion waves.

T he  pallad ium  deriva tive , l3-(Me)4N [Pd(dm it)2]2, was also found to be a 

supe rconducto r above 6 kbar. The m id-point trans ition  tem pera ture was 

T= 6.2 K at 6.5 kb a r.134 The crysta l s truc tu re135 is isostructura l w ith 

(M e)4N [N i(dm it)2]2 excep t fo r the cation sites. The  Pd(dm it)2 m olecu les form  

d im eric  1-D stacks, w ith  the two anions form ing a ec lipsed  configuration w ith in  

the  d im ers and between the dim ers the anions are d isp laced sideways w ith 

respect to  each other. T he  Pd atom s w ith in  the d im ers are also d isp laced out 

o f the p lane o f the m olecu le  by 0.07 A  tow ards each other. There are many 

S-S contacts  which are shorte r than the van der W aa ls  d istance (3.70 A) along 

the  a and b d irections but in te rm olecu lar transverse  in teractions are small. As 

a resu lt the com plex is essen tia lly  1-D. Because o f the strong d im eric nature  o f 

th is  com plex, in te rm o lecu la r in teraction w ith in  the dim ers is much stronger than 

the  in ter-d im er, it is suggested that the conduction band is considered to  be 

fo rm ed from  the HOMO o f M (dm it)2 instead o f the LU M O .134 A t h igh pressure, 

the  d im eric  nature is d im in ished  and the LUMO may form  the conduction band.
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1.C.7 Fullerenes as Acceptors
The newest and m ore unusua l accep tor m olecules to be recently  

d iscovered are the sphero idal fu lle renes , C6o (103), o r Buckm insterfu llerene, in 

particu lar. These acceptors are pa rticu la rly  in teresting in that, a lthough they 

are  not p lanar like conventiona l o rgan ic  acceptors, they do have rad ia ting 

71-o rb ita ls  which form  a 3-D e lec tron ic  pathw ay w h ich can form  both conducting 

and superconducting com plexes w ith  both a lka li and alkaline earth m e ta ls .136 

The  h ighest transition tem pera ture  T c to date is fo r the cesium  doped C6o, 

C s3C6o, w h ich has a T c= 40 K  und e r a pressure o f 15 kbar.10 The ab ility  o f 

fu lle renes  to function as accep to rs  has been a ttributed to the ir in term edia te  

hyb rid isa tion  and surface topo logy. Because o f the curvature o f the surface, a - 

bonds at the conjugated carbon dev ia te  from  p lanarity  so that a 7t-bond is no 

longer o f purely p-orb ita l ch a rac te r and the a-bonds no longer conta in  

com p le te ly  s-orb ita l character. T h is  rehybrid isa tion  results in the hybrid isa tion  

o f the fu lle renes being in te rm ed ia te  betw een that o f g raph ite  (sp2) and 

d iam ond (sp3) i.e. sp2-28. T h is  m eans tha t as a consequence o f the lower 

energy 2s-orb ita l m ixing w ith the  7i-orbital, the m olecu lar o rb ita ls  w h ich  form  

from  these rehybrid ised rc-orbitals w ill have enhanced e lectron affin ity. In 

add ition  to this, the fu lle renes, in o rde r to form  the ir spherica l structure, are 

m ade up o f benzene-like  6 -m em bered rings and conjugated 5-m em bered rings. 

It is the presence o f these 5-m em bered rings and the ir associa ted  s tab ility  

w h ich  resu lts  in the fu lle renes hav ing  six low -ly ing trip ly-degenera te  m olecu lar 

orb ita ls .

(103)

The accep tor ab ility  o f C 60, de term ined by so lution e lec trochem is try  and 

re fe renced  to the s tandard ca lom e l e lectrode, gave a firs t reduction  potentia l, 

E 11/2= -0 .399 V  in d ich lo roe thane . T h is  gave a E11/2= -0.422 V  in aceton itrile , 

on convers ion  using an em p irica l re la tion between the E recj0x va lues  in
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ace ton itrile  and d ich lo roe thane  fo r a num ber o f accep to rs  and donors. Th is 

reduction  potentia l suggests tha t C60 is a much poo re r accep tor than TCNQ  

(E 11/2= 0 .222 V  in ace ton itrile ).137 Th is poor accep tor ab ility  was also reflected 

in its inab ility  to form  C -T  com plexes w ith a w ide  va rie ty  o f o rgan ic  donors 

inc lud ing  som e deriva tives o f T T F .137 W hile  som e donors, e.g. octam ethylene- 

TTF  and BEDT-TTF, d id g ive b lack  crystals, w ith  w hat seem s to be C-T bands 

a round 12 x  103 cm -1, th e ir IR spectra  suggest they have neutra l ion ic ity  and 

are insu la ting  (O M TTF com plex has a rt= 10-8 Scnrr1). T h is  suggests that much 

s tronge r o rgan ic  donors are  necessary to form  conducting  C -T com plexes.



Chapter 2

Results and Discussion
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2.A.1 In tro d u c tio n

It can be seen in C hapter 1 tha t most of the accep tors  syn thesised in 

recent years have been deriva tives of TC NQ , the m ajority of these having jr- 

extended systems. The rem ainder are the he te rocyc lic -TC N Q  analogues, 

usua lly deriva tives of com pounds (105-107). These com pounds, includ ing

(109), are sa id  to be iso-rc-e lectronic w ith TC N Q  by virtue of the presence of a 

heteroatom  w ith in  the ring system. The lone pa ir of p-rc e lectrons on the 

heteroatom  is capable of contributing to the m esom eric bond system .

NC. X N

NC 'C N

(105) X=S

(106) X= Se

(107) X = 0

(108) X= NR

NC s  °N
> = <  > = <

NC S on

(109)

NC.
>

^CN

^NR

NC ''C N

(110) R= H

(111) R= Me, Et, acyl, etc.

To date there have been no reports of the n itrogen ana logue of (105), 

system  (108). One- and tw o-e lectron  reduction of (105-108) shou ld  result in 

the form ation of a 4n+2 ji-e lec tron  cyc lic  p lanar system  whose potentia l 

a rom atic ity  should result in a lower reduction potentia l and a s tab ilis ing  effect 

on the anion radical. S ince the degree of arom atic ity  decreases in the order 

th iophene  > pyrro le > furan, the accep tor ab ility  of (108) shou ld  be expected to 

be at least in term ediate between that of (105) and (107). An add itional 

advantage of the pyrro le  system  would be the ability  to “fine tu n e ” the 

properties of the pyrro lid ine  ring by vary ing the substituen ts at the nitrogen. 

This would also allow  fo r the possib ility  of a ttaching a varie ty of functiona lities , 

w hich can increase the so lub ility  o f these com pounds, in add ition  to the 

in troduction  of po lym erisab le  groups w hich m ay increase th e ir app lica tions.

W ith these poss ib ilities  in m ind it was in tended to investigate  the 

syn thesis of the iso indo line  ana logue of (108), (110), and its A/-substituted 

deriva tives (111), which are iso-7t-electronic w ith the TC N Q  deriva tive , benzo- 

TC N Q  (112). These com pounds were of in terest in o rder to determ ine the 

effects of W -substitution on electron accep to r ab ility  and on the fo rm ation  of C-T 

trans fe r com plexes w ith various donors, whose e lectrica l p roperties would be of 

in terest. Com pound (110) should form  a 10 n -e lectron  iso indo le , or
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benzo[c]pyrro le, in term edia te  on one- and tw o- e lectron reduction. Of the 

series benzo[c]furan (113a), benzo[c]pyrro le  (113b) and benzo[c]th iophene 

(113c), (113b) has been calcu la ted to be the m ost a rom a tic .138

f r o
(113a)

NH

(113b)

CO
(113c)

The su lphur ana logue of (110), com pound (114) has been previously 

repo rte d139 and cyclic  vo ltam m etry  stud ies show ed tw o reversible redox waves. 

Com pound (114) w as synthesised from  (115) in 5%  y ie ld  by warm ing (115) with

1,8-d iazab icyc lo [5 .4 .0 ]undec-7 -ene, (DBU), in DM F or a lterna tive ly, in 25% 

yie ld, from (115) v ia  the d ich lo ride  (116) which was trea ted  with 

te tracyanoethylene oxide (TCNEO), Schem e 2.01.

(116)

Schem e 2.01

W e investiga ted  two possib le  routes to (110) and its /V-substituted 

deriva tives (111). The first invo lved the K noevenagel condensation of 

m alononitrile  w ith a phthalim ide, e.g. /V-m ethylphthalim ide (117), Schem e 2.02. 

This route was in itia lly  considered a ttractive  as a readily accessib le  supply of 

starting m ateria ls, the A/-substituted phtha lim ides, w as available.

The second route investigated invo lved the condensation reaction of 

m alononitrile  w ith the im id ines (118a) and (118b) to give (110), Schem e 2.03. 

/V-Substitution reactions of (110) w ere then investigated.
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o NCL .CN

NMe + 2CH2(CN)2 NMe

O
NC CN

(117)

Schem e 2,02

NR
NC. .CN

NH + 2CH2(CN)2 *■ NH

NH
NC CN

(118) a: R= H 
b: R= Ph

Schem e 2.03

In th is  C hapter the results of these  investiga tions are d iscussed as well 

as the reactiv ity  of the sa lt (119) w ith  va rious am ines. The fo llow ing  Chapters, 

three and four respective ly, will dea l w ith the determ ination of the e lectron- 

accep ting ab ility  of the accep tors  (110), and (111, R= Me), by cyclic 

vo ltam m etry  and a s tudy o f the ir cha rge -transfe r properties.

2.A.2 Knoevenagel Condensations of A^Methylphthalimide 

2.A.2.1 The Knoevenagel Reaction

The Knoevenage l condensa tion  is effected by trea ting a carbonyl with 

an active  m ethylene com pound, usua lly  in the presence of at least a cata lytic 

am ount of base or som etim es acid. The active m ethylene group usually 

conta ins two e lec tron -w ithdraw ing  groups, a lthough the condensation  can be 

e ffected using a strong base when only one strongly e lectron-w ithdraw ing 

group is present. The  active  m ethylene com pounds can inc lude m alonates,

NC^ XN

NC CN 

(119)
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acetoaceta tes, acetonitriles, m alononitrile , 1 ,3-d iones and ba rb itu ric  acid. A 

varie ty  of a ldehydes can be used fo r these reactions but the use of ketones is 

lim ited  due to the ir lower reactivity.

The cata lysts used are of g reat im portance. The more com m on ones 

inc lude  primary, secondary and te rtia ry  am ines or th e ir correspond ing  

am m onium  salts. By far the m ost w ide ly  used ca ta lysts  are pyrid ine, a lone o r in 

the presence of a small am ount of p iperid ine , and am m onium  sa lts  such as 

am m onium  or p iperid in ium  acetate.

The use of the Lewis acid titan ium  te trach lo ride  in the presence of 

pyrid ine, known as Lehnert's  reagent, in te trahyd ro fu ran  or 1,4-d ioxan as 

so lvent, has proved to give effective y ie lds of the  o le fin  deriva tives fo r reactions 

w ith  less reactive ke tones.73

Two d ifferent m echanism s, depend ing  m ain ly on the base used, have 

been p ropo sed140 for the reaction of an active  m ethylene group w ith a carbonyl 

g roup. One m echanism , the H ahn-Lapw orth  m echanism , postu la tes the 

fo rm ation  of an in term ediate fi-hydroxy adduct (120), Schem e 2.04. This 

m echanism  is suggested for bases such as te rtia ry  am ines and pyrid ine. The 

p-hydroxy adduct (120) is also form ed as the in term edia te  when the  sod ium  salt 

of the active m ethylene com pound is used.

Knoevenagel suggested that when prim ary and secondary am ines are 

used as catalysts, the condensation of the a ldehyde and the am ine takes place 

firs t to give an im inium salt (121) w hich then reacts w ith the active  m ethylene 

com pound, Schem e 2.04. This is then fo llow ed by e lim ination of the am ine.

Y R
► Hahn-Lapworth

X FT

Y N R "2
y - t i  ir>  Knoevenagel 

X R

Scheme 2 .0 4

C H 2
Y

OII

R C ' R

OII
,C .  + H N R "2

R R' ^

Y OH
y - b w

X R 

(120)

R .  +  R M  CH2X'

) = K
R R"

(121)
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It has been shown that w eak bases producing solutions o f pH 7.5-8.0 

are the m ost effic ient. However, when m alononitrile  is used w ith stronger 

bases to e ffect m ore rapid condensation, the yie ld is found to be lower because 

o f te lom erisa tion o f the m alononitrile. In general, the presence o f tertia ry 

am ines in Knoevenagel condensations, w ith  or w ithout acid, causes the 

reaction to  proceed via the p-hydroxy in term ediate. For prim ary and secondary 

am ines the two m echanism s com pete, the form ation o f the ¡minium 

in term ediate being dependent on the bulkiness o f the am ine and the carbonyl 

com pound.

W hile reports o f the Knoevenagel reaction o f activated m ethylene 

com pounds w ith an extensive range o f a ldehydes and ketones are num erous, 

such reactions w ith phthalim ides have not been reported. A  search o f the 

chem ica l literature to  date has yie lded reports o f two attem pted Knoevenagel 

reactions w ith the related com pound phthalic anhydride .141’ 142

The firs t o f these reported the reaction o f e thylcyanoacetate  w ith phthalic 

anhydride in benzene using sodium  as the catalyst to g ive ethyl 

cyano(phtha lidy lidene)aceta te  (122) in 9% y ie ld .141 This m ethod had been 

previously reported by Sorm et a/.143 w ithout any m ention o f yie ld or 

s tereochem istry. In an attem pt to increase the yield, trie thylam ine was used as 

the base in to luene. Th is gave the benzofu lva lene deriva tive (123).

NCx .C 0 2Et
NC CH2CN

O I i) - C O N H 2 NCM NH2

O OH
(122) (123) (124)

In an e ffort to synthesise (111, R= Me), the Knoevenagel reaction of 

m alononitrile  w ith A/-m ethylphthalim ide was attem pted using a varie ty o f bases, 

see Schem e 2.02. These were sodium, trie thy lam ine and sodium  hydride. The 

initial reaction cond itions used were based on those reported by Renfrew  and 

Bostock fo r the reaction o f e thylcyanoacetate  w ith phthalic anhydride .141

W hen sodium  w as used as the base a com plex m ixture o f products was 

obta ined and from  th is a sm all quantity o f the m alononitrile  dimer, 2-am ino-1- 

p ropene-1 ,1 ,3-tricarbon itrile  (124) was isolated and its identity confirm ed by 

com parison w ith d a ta .144 The d im er (124) had previously been synthesised by 

Carboni et a/.144(a) in a very sim ilar m anner by treating a solution of
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m alononitrile  in e ther or te trahydrofuran with sodium  and hydrolysing the 

resulting solid w ith a strong m ineral acid.

The alternative m ethod reported,141 using trie thy lam ine as base fo r the 

reaction o f e thylcyanoacetate  w ith phthalic anhydride, was also attem pted for 

the reaction o f m alononitrile  w ith /V-m ethylphthalim ide, but due to the 

com plexity  o f the reaction m ixture form ed, isolation o f products w as not 

a ttem pted. Renfrew  and Bostock also reported that the Knoevenagel reaction 

o f phtha lic anhydride w as attem pted w ith o ther active m ethylene com pounds 

includ ing m alononitrile , under the sam e conditions as those for 

e thylcyanoacetate , but only stated tha t no products related to the 

benzofu lva lene (123) w ere  isolated.

W hen the Knoevenagel reaction w as attem pted using sodium  hydride as 

the base an o ff-w hite  solid was recovered which, on the basis o f its spectra, 

w as probably the  sodium  salt in term ediate (125). Th is solid w as obta ined by 

tritu ra tion w ith ethyl aceta te  o f the oil obtained on evaporation o f the reaction 

solvent. A ttem pts to  recrysta llise the solid fa iled due to its insolubility in most 

o rgan ic solvents. It could be dissolved in boiling ethanol or m ethanol but this 

resulted in the observation o f further products by TLC. The salt was found to 

be readily so luble in w a te r giving an orange/red solution. The 1H NMR 

spectrum  o f (125) show ed a broad one proton NH m ultip let

o  o
(125) (126)

at 8.08 ppm, a four proton arom atic m ultip let between 7.60 and 7.27 ppm  and a 

th ree  proton doublet, J= 4.9 Hz, at 2.69 ppm. The 13C NMR spectrum  showed 

a m ethyl carbon absorp tion at 26.2 ppm, the C2 carbon absorption o f the 2,2- 

d icyanovinylidene group at 48.8 ppm, two cyano absorptions at 120.9 and 

122.07, and six arom atic  absorptions between 127.0 and 140.0 ppm. The 2,2- 

d icyanovinylidene C-] carbon and carboxam ide carbon absorptions were found 

at 168.41 and 189.47 ppm respectively. The IR spectrum  confirm ed the 

presence o f am ide NH, cyano, and am ide carbonyl absorptions.

On d issolving the  sodium  salt (125) in water, and acidifying w ith 10% 

hydroch loric  acid, a sm all quantity o f an off-white solid precip itated. This was
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filtered o ff and recrystallised from  ethanol, giving the m ethylam m onium  salt

(126), w hose structure was confirm ed by spectral and elem ental analysis.

The 1H NMR spectrum  o f th is com pound, in DM SO -d6, was identical to 

tha t o f the sodium  salt (125) but w ith an additional three proton m ethyl s ing le t at 

2 .34 ppm  and a broad three proton singlet, in fring ing on the four proton 

arom atic  m ultiplet, at 7.50 ppm, arising from the m ethylam m onium  group. As in 

the  1H NM R spectrum  fo r the sodium  salt, a broad one proton m ultip let a t 8.10 

ppm, and a three proton doublet, J= 4.9 Hz, at 2.68 ppm were observed. W hen 

the  1H NMR spectrum  w as m easured in m ethanol-d4 the broad peak centred at 

7 .55 ppm  and the am ido NH at 8.06 ppm d isappeared and the doublet 

observed at 2.68 ppm appeared as a singlet.

The red filtrate rem aining on removal o f the m ethylam m onium  salt (126), 

from  the  acidified solution, w as extracted w ith ethyl acetate. This y ie lded a red 

oil wh ich was found to be a com plex m ixture o f products whose com ponents 

could not be isolated in a pure state by colum n chrom atography.

The ethyl acetate filtra te rem aining from  the tritu ra tion o f the sodium  salt 

y ie lded unreacted A/-methylphthalim ide.

S ince acid ifica tion o f the sodium  salt (125) fa iled to yield the desired 

com pound, ring-closure w as attem pted by heating the solution under reflux. 

The reaction was carried out as before, fo llowed by heating under reflux when 

all the m alononitrile  had been added. The w h ite  solid w h ich precip itated on 

cooling was filtered o ff and was found to be unchanged sodium  salt (125).

Concentration o f the filtra te gave a red oil from  which two products were 

obta ined. The first, a grey crysta lline solid, w as obtained from  a w h ite  solid 

w h ich precip itated from  an ethyl acetate solution o f the red oil on acidification. 

On attem pting to recrysta llise the white solid from  boiling ethyl acetate an 

inso lub le  grey solid rem ained. This was rem oved from  the hot solution by 

filtra tion and identified as the m ethylam m onium  salt (126). A  sm all quantity  o f 

ano the r white product w as obtained from  the filtrate. This was identified as the 

pseudo anhydride 3-(d icyanom ethylidene)phtha lide (127) by com parison o f its 

NM R and IR spectra w ith those in the lite ra ture .142 The pseudo anhydride

(127) has been reported before by Moore and J i-H eung.142 They found that 

the  related Knoevenagel reaction o f m alononitrile  w ith phthalic anhydride using 

d iisopropylam ine (D IPA) as the base gave the sa lt (128) which on reaction with 

phosphorous oxych loride gave the pseudo anhydride (127), Schem e 2.05.
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NC CN
0

o r  °  + c h 2(cn)2
2 DIPA

THF
° ’ 2 DIPAH+
o-

o o
(128)

M r. ON rirPOCI3

O
(127)

Schem e 2.05

The 1H NMR spectrum  of (127) show ed a fou r proton arom atic m ultip let 

betw een 8.11 and 8.44 ppm. The 13C NMR spectrum  show ed the presence of 

the d icyanom ethylene carbon absorp tion  at 65.15 ppm, two cyano absorp tions 

at 110.4 and 111.9 ppm, six arom atic  absorp tions between 125.9 and 137.4 

ppm, the 2 ,2 -d icyanov iny lidene  carbon absorp tion at 162.4 ppm and the 

carbonyl absorption of the lactone at 170.4 ppm.

It w as hoped tha t ac id ifica tion  of the sodium  salt (125) would y ie ld  the N- 
substitu ted  pseudo phtha lim ide  (129), Scheme 2.06. However it is apparent 

from  the results that instead of rem oval of a m olecule of water, a m olecule of 

the  am ine is lost on ring-c losure  to give the pseudo anhydride (127). Th is most 

p robab ly  occurs via a ttack by the eno lic OH at the adjacent am ido group of 

(130) o r a lterna tive ly, under the acid ic cond itions, at the e lectron d iffid e n t 

im in ium  carbon of (131), Schem e 2.07, resulting in the e lim ina tion of 

m ethylam ine and the form ation of (127). The m ethylam ine re leased during the 

fo rm ation  of (127) is responsib le  fo r the form ation of the m éthylam m onium  salt

(126). Such a m echanism  would  expla in the products obta ined in th is reaction.

OO
(125) (129)

Scheme 2.06
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NC^ XN

O' +Na 
NHMe

(130)

I
NC. XN

N+HMe
LA

* NH2Me

I

Schem e 2.07

Studies on the nuc leoph ilic  a ttack by am ines on the pseudo anhydride

(127) at room tem pera ture  have been repo rte d .142 It was found, on fo llow ing 

the reaction by NMR spectroscopy, that nuc leoph ilic  a ttack occurred at the 

carbonyl, ra ther than the 2 ,2 -d icyanov iny lidene  C-i carbon, resulting in ring- 

open ing  to give an acid-am ine salt. This s low ly d issoc ia ted  to the in term ediate 

(132) w h ich then underw ent subsequent im id isa tion , Scheme 2.08. It was 

postu la ted  tha t e lim ina tion of m alononitrile  an ion ra ther than hydroxide was 

favoured  by the enhanced stab ility  granted to the leaving group by the two 

e lectron -w ithdraw ing  nitriles.

74



NC. XN NC. X N NC^ X N

OH
NHR

O
NHR

O O O

(127) (132)

I
O

+ CH2(CN)2

O

Schem e 2.08

This was fu rther supported by the d iscovery that the reaction of aniline with 

(hydroxyphenylm ethy lene)propaned in itrile  (133) gave benzanilide (134) on 

heating the salt in itia lly fo rm ed at e leva ted te m p e ra tu re s ,145 Schem e 2.09.

O ur find ings show that an a lterna tive  ring -c losure  to that reported for 

in term edia te  (132) can also occur, y ie ld ing the pseudo anhydride (127). One 

exp lanation for th is may be a ttributed to the acid ic  cond itions. Under such 

cond itions it is possib le  tha t the enol tau tom er of in term edia te  (130) is 

prom oted, and the poss ib ility  of the form ation of the ¡minium in term ediate (131 ), 

having a more e lectron de fic ien t carbon than tha t of the unpro tonated amide, 

may favour nuc leoph ilic  a ttack by the enol OH at the carboxam ide group to 

y ie ld  (127). The cond itions used by M oore were in essence basic and so 

in term edia te  (132) may have favoured the keto form , due to the enhanced 

de loca lisa tion  granted by the two nitriles, m aking the am ide nitrogen the better 

nuc leophile  resulting in the form ation of the correspond ing  A/-substituted 

phthalim ide.

NCL X N

(133) (134)

Schem e 2.09
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2.A.2.2 Knoevenagel Condensations using Titanium Tetrachloride
The most obvious problem  in try ing to carry out the Knoevenagel 

condensation  w ith phtha lim ides w as to encourage the e lim ina tion of w ater and 

thus prevent ring opening. In an effo rt to possib ly achieve th is, the reaction of 

A /-m ethylphthalim ide (117) with m alononitrile  in the presence of titanium  

te trach lo ride  was investigated. T itan ium  te trach loride , in the presence of 

pyrid ine, known as Lehnert's  reagent, has been used to effect dehydration of 

am ides to n itr ile s .146 There  are a lso several reports of titan ium  te trach loride 

being used to effect Knoevenagel condensations at s te rica lly  h indered ketones, 

by a id ing the e lim ina tion  of water, to synthesise e lectron a ccep to rs .147 The 

te trasubstitu ted  benzoqu inones (135) have been repo rte d120 to y ie ld the 

d icyanom ethy lidene de riva tives (136) using Lehnert's reagent in dry 

d ich lo rom ethane, Schem e 2.10, and (138) has been synthesised from  (137)95 

by refluxing in pyrid ine, Schem e 2.11.

'A
0
(135)

Schem e 2.10

NC CN

R1

R2

TiCI4/ Pyridine 
 ►

CH2(CN)2 R T R2
o

(136)
r1  = r 2  = r 3  = r 4 = Me 

R1 = H , R2 = R3 = R4 = Me 

R1 = r 2 = h , R3 = R4 = -S-(CH2)2-S-

CH2(CN)2

TiCI4/ Pyridine

(138)

R= H,CH30.(-CH=CH-)2

Schem e 2.11

The Knoevenagel condensation  of m alononitrile  w ith (117) using 

Lehnert's  reagent was investiga ted . Treatm ent of (117) w ith m alononitrile  and
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Lehnert's  reagent in dry d ich lo rom ethane at room tem pera ture  did not give any 

products and only unreacted /V-m ethylphthallm ide was recovered. An 

a lte rna tive , and more vigorous procedure  attem pted, invo lved heating the 

reaction under reflux fo r 14 hours in dry pyrid ine. A sm all am ount of a white 

solid w as filte red from  the hot so lu tion  and pyrid ine was d is tilled  from  the filtrate 

to concen tra te  it to one fifth of its vo lum e. This y ie lded a crys ta lline  so lid  which 

was h ighly hygroscopic, and w h ich form ed an o ily red liqu id  alm ost 

im m edia te ly. On acid ifica tion  th is  y ie lded  A/-m ethylphthalim ide . Th is white 

so lid  w as titan ium  dioxide and may have form ed due to the pyrid ine  not being 

to ta lly  anhydrous. It did not d isso lve  in w a te r o r any o rgan ic  so lvents and did 

not show  any characteris tic  peaks in its IR spectrum .

O
(139a) (139b)

The fa ilu re  of titanium  te trach lo ride  to effect condensation  in the reaction of 

m a lonon itrile  with (117) may poss ib ly  be re la ted to the s tab ility  of the chloride 

sa lt in term edia te  (139) form ed by com plexation  of titan ium  te trach lo ride  at the 

carbonyl oxygen. This m ight be su ffic ien tly  s tab ilised  by de loca lisa tion  of 

e lectron  density  from the nitrogen to reduce its reactiv ity tow ards a ttack by a 

m alonon itrile  anion. The hygroscop ic  so lid  recovered from  the reaction in 

pyrid ine m ay possib ly have been the salt (139).

2.A .3  C o n c lu s io n

The propensity of (117) to undergo ring opening on nucleoph ilic  attack 

by sod io -m a lonon itrile  to give sa lt (125), and the fa ilu re  of th is  sa lt to undergo 

ring c losure  to the desired A/-substituted pseudo phtha lim ide, m akes th is  route 

non-v iab le  fo r the synthesis of /V-substituted deriva tives of (110). O ur results 

are in te resting  in that they show  tha t the ring c losure  of the probable 

in te rm ed ia te  (132), proposed by M oore fo r the reaction of am ines w ith the 

pseudo anhydride (127) to give ph tha lim ides, can a lterna tive ly, under the acidic 

cond itions of our reaction, give the pseudo anhydride (127). A ttem pts to avoid 

ring-open ing , by e ffecting condensa tion  in the presence of titanium  

te trach lo ride  were not successful.
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Section 2.B

2.B.1 Condensation Reactions with Imidines
Since the reaction of m a lonon itrile  w ith A /-m ethylphthalim ide (117) did 

not y ie ld the desired com pound an a lte rna tive  approach to synthesise (111) 

was investigated. The propensity  of the exocyc lic  im ino group of the im id ines 

(118a and b), the oxo-iso indo line  (140) and the  succ in im id ine  (141), to undergo 

base condensation w ith prim ary am ines and various active  m ethylene 

com pounds was extens ive ly  investiga ted  during the 1950s by E lvldge and co ­

w o rke rs .148' 149

NR

NH

(118) a: R= H 

b: R= Ph

NC 

(111) R=

CN 

alkyl etc.

(142)

It w as fo u n d 148 tha t while the im ino groups w ere readily reactive, the carbonyl 

groups of (140) show ed no tendency at all to react w ith bases w ith the 

e lim ina tion  o f water. S im ila r find ings w ere reported in two pa ten ts150 in which 

the m onocondensa tion products from  reactions with an array of active 

m ethylene reagents were recogn ised as useful dye in term edia tes e.g. (142). 

S im ila r m onocondensa tion  com pounds as well as th e ir b iscondensation 

equ iva len ts  had been prev ious ly  re p o rte d .149' 151 Some of these 

b iscondensation  com pounds have outs tand ing  pigm ent properties and have 

found app lica tions in paint m anu fac tu re152 and e lectrophotograph ic  

a p p lica tio n s .150(b)- 153 As a resu lt qu ite  a num ber of pa te n ts154 have been 

pub lished on th is  ra ther novel c lass of p igm ents known as the iso indo line 

pigm ents. These iso indo line  com pounds are synthesised, in high yie lds and

78



under m ild conditions, from the condensation  of (118a) and an active 

m ethylene com pound, Scheme 2.12. The m onocondensa tion product can be 

iso la ted  or reacted fu rthe r with more active m ethylene com pound. For the 

synthesis of unsym m etrica l p igm ents the m onocondensa tion product is iso lated 

and then reacted w ith an a lterna tive  active m ethylene com pound or am ino 

com pound.

n c c h 2c o n h r  

 ►

NH

NH

CONHR

NCCH2CONHR
n c c h 2c o n h r

c h 3o 2c

Cl reddish- 
yellow

Cl

(c) R= — /  \ - C I  scarlet

CONHR

INU CONHR

yellow

Schem e 2.12

The iso indo line  p igm ents have produced considerab le  in te rest not just 

because of th e ir fac ile  synthesis from easily ava ilab le  raw m ateria ls but also 

because of the broad varie ty of shades which are obta inab le . This varie ty is 

not so le ly  due to the d iffering substituen ts but is also due to the varying 

m orpholog ies of the com pounds in the so lid  s ta te .152 Such crysta l structure 

va ria tions  can also a ffect the fastness p roperties of the p igm en ts152 and the 

in te rm o lecu la r forces of attraction, such as hydrogen bonding, which in fluence 

the im portan t property of inso lub ility  in these com pounds.

The iso indo line  p igm ents have now becom e a new area  for explo itation 

as dyestu ffs  w ith varied app licab ility . These com pounds show  outstanding 

co lou r fastness and when mixed w ith d iffe rent organ ic and inorgan ic  pigments 

give rise to a broad spectrum  of shades and m eta llic  fin ishes w ith outstanding 

w eathering  resistance. They have also found app lica tions as charge
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generating agents in e lectrophotographic tw o-layer recording m ateria ls. 15°(b). 
153

The synthesis o f (110), by reaction o f (118a) w ith m alononitrile , was 

previously reported in a French pa ten t151 according to Schem e 2.13. It was 

reported tha t one m ole equ iva lent o f acetic acid was added to  cata lyse the 

reaction during which the m onocondensation product (143) precip itated from 

the m ethanolic  solution and the b is-condensation product (110) rem ained in

NC- X N

2CH2(CN)2

 ►
H /methanol

(143)

Schem e 2.13

solution and was precip itated by acidification. W e found that a more 

conven ien t and im proved m ethod was achieved by using e ither (118a), or 

(1 18b), w ith  d im ethylfo rm am ide as the solvent.

CN H2NR

'CN NaOMe

(144)

(a) R= H or (b) R= Ph

Schem e 2.14

Com pound (118a) was syn thes ised155 by bubbling am m onia through a 

m ethano lic  solution o f (144), Schem e 2.14(a), and its structure confirm ed by 1H 

and 13C NMR, and IR spectroscopy. The synthesis o f (118b) w as carried out 

accord ing to  a previously reported procedure156 which involved reacting aniline 

w ith phtha lon itrile  in the presence o f a base, sodium  m ethoxide, Schem e 

2.14(b). Its structure  was supported by its 1H and 13C NMR spectra and its IR 

spectrum .

On addition o f the m alononitrile  to (118a), or (118b), in DMF at room 

tem pera ture , an im m ediate condensation reaction took place w ith the 

e lim ina tion o f am m onia. This gave the am m onium  salt o f (110), (119), which 

w as iso lated by precip itation with chloroform , Schem e 2.15.
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2CH2(CN)2 
 ►

(118) a: R= H 

b: R= Ph

Schem e 2.15

(l) A

or
(2)H*-

The 1H NMR spectrum  of (119) in pyrid ine-ds d isp layed a broad four 

proton NH s ing le t at 9.29 ppm and two sym m etrica l two proton arom atic 

m ultip le ts at 7 .30 and 8.35 ppm. On the basis o f the sym m etrica l nature o f the 

peaks in the 1H NMR spectrum  and the 13C NM R spectrum , w h ich show ed the 

C2 carbon absorp tion of the 2 ,2 -d icyanov iny lidene  group at 54.63 ppm, two 

cyano absorp tions at 116.27 and 117.14 ppm, three arom atic absorp tions at 

123.25, 131.04, and 138.0 ppm, and the 2 ,2 -d icyanoviny lidene  C i carbon 

absorp tion at 172.0 ppm, it was also possib le  that the isom eric com pound (145) 

had been form ed. The elem enta l ana lys is  obta ined was consis ten t w ith both 

s tructures. However in d im ethyl su lphoxide-d^, as well as the fou r proton 

sym m etrica l arom atic m ultip le t between 7.58 and 8.05 ppm, a fou r proton 1 :1:1 

trip le t, (J= 50 Hz), was observed at 7.07 ppm arising from 14N /1H spin-sp in 

coup ling, the 14N nucleus having spin 1 rather than a half. Nucle i w ith spins 

g rea te r than a half are quadrupo la r and genera lly  relax so rap id ly  in a non- 

cub ic environm ent that all resolved coup lings to them are lost. H ow ever the 

am m onium  cation is unusual in that the n itrogen is in a cubic env ironm ent and 

so re laxes s low ly thus a llow ing the 14N /1H coup lings to be resolved. The 1H 

NMR spectrum  of the am m onium  cation in ac id ified  H20 /D 20  g ives a J (14N -1H) 

~ 52 H z ,157 very s im ila r to that d isp layed for (119) and provid ing conclusive 

ev idence tha t the product was the am m onium  salt (119) ra ther than the 

isom eric com pound (145).

(145)
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O f the tw o m ethods available fo r the synthesis o f the am m onium  salt 

(145), the m ethod using (118b) as starting m ateria l w as the preferred, because 

o f its m ore convenient synthesis which did not require the use o f gaseous 

am m onia.

The protonation o f (119) to give (110) w as achieved by tw o methods. 

The firs t involved the pyrolysis o f (119) under an a tm osphere o f nitrogen, which 

yie lded (110) as an orange/brow n powder. The second, and m ore convenient 

m ethod, involved acid ifica tion o f a m ethanolic  solution o f (119), by addition o f 

d ilu te hydroch loric acid, w hich gave (110) as a fine ye llow  powder. Both the 

orange/brow n solid and the yellow  pow der showed identical IR, 1H and 13C 

NM R spectra. The structural assignm ent o f (110) was supported by the 

re levant IR, 1H and 13C NMR spectra and by e lem enta l analysis and mass 

spectroscopy.

The IR spectrum  showed the presence o f tw o NH bands at 3243 and 

3189 cm '1 and two conjugated nitrile peaks a t 2240 and 2227 c m '1. A  large 

hypsochrom ic sh ift in the m axim um  absorption o f the salt (119) (496 nm) 

re lative to  tha t o f the neutral com pound (110) (408 nm) in the  UV/visible 

spectrum  w as observed and th is w as attributed to the lower conjugation o f 

(110). The 1H NM R spectrum  showed two m ultip lets at 7.79 and 8.19 ppm, 

each in tegrating fo r two protons, and corresponding to the arom atic protons o f 

the  sym m etrica l product. A  broad single t at 4 .85 ppm which in tegrated fo r one 

proton corresponded to the NH o f the pyrro lid ine ring. The 13C NM R spectrum  

was consisten t w ith the assigned structure and showed a tota l o f seven 

d iffe ren t carbons. The C2 carbon absorption o f the 2,2-d icyanovinylidene 

group w as observed at 56.54 ppm, the tw o cyano carbon absorptions at 114.65 

and 115.66 ppm and the three arom atic carbon absorp tions at 123.84, 132.83 

and 134.90 ppm. The 2,2-d icyanovinylidene C i carbon absorption was 

observed at 166.27 ppm. Com pound (110) was highly insoluble in m ost 

so lvents and could only be recrystallised from  a m ixture o f d im ethylform am ide 

and m ethanol to g ive bright orange needles.

2.B.2 Synthesis of 2-(3-lminoisoindolin-1-diylidene)propanedinitrile (143)

An a lterna tive  synthetic  route to  (110) involved the reaction o f 

phtha lon itrile  (144) w ith m alononitrile  in the presence o f sodium  m ethoxide. 

This gave com pound (143) in a one-pot synthesis, Schem e 2.15. The IR, 1H 

and 13C NM R spectra and elem ental analysis w ere consistent w ith the assigned 

structure. The IR spectrum  showed the presence o f a broad NH peak at
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2,990 cm"1 as well as a carbon-n itrogen double bond stretch at 1610 cm '1. A 

con jugated nitrile stretch was also apparent at 2222 cm '1. The 1H NMR 

spectrum  show ed the presence o f tw o broad, one proton, NH singlets at 9.95 

and 3.37 ppm, w ith the form er being due to the highly deshie lded im ino proton. 

A lso  present were four arom atic proton absorptions as two two proton 

m ultip le ts at 7.7 and 9.95 ppm. The 13C NMR spectrum  showed the presence 

o f the h ighly shie lded C2 carbon absorption o f the 2 ,2-d icyanovinylidene group 

a t 59.14 ppm, two cyano carbon absorp tions at 114.83 and 115.63 ppm, and 

fou r arom atic  absorp tions between 122.91 and 132.0 ppm and two m ore at 137 

and 171.9 ppm. An im ino carbon absorption w as observed at 134.18 ppm and 

the  2 ,2-d icyanovinylidene C  ̂ carbon absorption at 175.81 ppm. The high 

inso lub ility  o f com pound (143) in m ost solvents m ade it d ifficu lt to react further. 

H ow ever reaction o f (143) w ith sod io-m alononitrile  in boiling m ethanol gave the 

sodium  salt o f (110), (146), Schem e 2.16.

CN CH2(CN)2

 ►
CN NaOMe

(144)

Schem e 2.15

CH2(CN)2

 ►
NaOMe

(143)

Schem e 2.16

S tructura l e lucidation o f (146) w as m ade on the basis o f IR, 'H and '''C  NMR 

spectra. The absence of a NH stretching frequency in the IR spectrum  and a 

NH absorp tion in the 1H NMR spectrum  were the m ost rem arkab le differences 

betw een (146) and (110). The 1H NMR spectrum  o f the sodium  salt was very 

sim ple  and only show ed two sym m etric arom atic m ultip lets at 7.61 and 8.21 

ppm, each in tegrating fo r two protons. The solid was heated to 360 °C w ithout 

m elting, fu rthe r suggesting the form ation o f a salt. Com parison o f the IR and 

1H and 13C NMR spectra o f (146) w ith that o f com pound (146) recovered form

NH

(143)

(146)
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the attem pted benzoyla tion o f (110) using benzoyl chloride and sodium  

hydroxide as the base, see page 88 Section 2.C, confirm ed the structure.

2.B.3 Discussion
The form ation o f (110) is though t to occur via the m echanism  shown in 

Schem e 2.17. W hen (1 18b) was used as the starting m ateria l the e lim ination of 

an iline  w as observed by TLC. The isolation o f com pound (110) as its 

am m onium  salt (119) is not surprising when the potentia l acid ity o f (110) is 

considered. The carbonyl ana logue o f (110), phthalim ide, is re la tive ly acidic

NH NH NH

w ith a pKa o f ~ 9. S tudies o f the ana logy between oxygen and C(CN)2 have 

been carried ou t158 and the pKa values o f C(CN)2-H acids are up to 4.5 units 

sm alle r than those o f the  corresponding OH acids. S im ilarly com pound (147) is 

found to be m ore acidic, (pKa= ~ 1 ),159 than its carbonyl equ iva lent benzoic 

acid (148),(pKa= 4 .2 ).160

▼

Schem e 2.17

o

(147) (148)
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As a  result of the g reater e lec tronegativ ity  of the cyano groups, coup led  with 

the tact that resonances that s tab ilise  the conjugate base of an acid result in 

the acid having a h igher s tab ility  than o therw ise  expected, It cou ld  be expected 

tha t (110) would  be even more acid ic  than phthalim ide. The s tab ility  of the 

anion of (110) is fu rther enhanced by the presence of fou r s trong ly  electron 

w ithdraw ing groups in conjugation w ith the nitrogen of the iso indo lin -1 ,3- 

d iy lidene system  which can give rise to a num ber of d iffe ren t m esom ers, four of 

w h ich are shown below in Schem e 2.18. Th is add itiona l resonance allow s for 

even greater de loca lisa tion  of the charge.

N C ^C N

NC CN

Schem e 2.18

Such enhanced de loca lisa tion  has given rise to the unusua lly  high ac id ity  of 2- 

d icyanom ethy lene-1 ,1 ,3 ,3 -te tracyanopropene (149), which has a  firs t pKa 

be low  -8.5 and a second pKa at -2 .5 .161 The acid ity  of (110) was sim ply 

ve rified  by the add ition of sodium  carbonate to a so lu tion  of (110) in 

d im ethylfo rm am ide with the im m edia te  evo lu tion of carbon dioxide gas.

(a): X+ = Na +

NC+ NEt 2 NEt2
C = C[CH(CN)2]2

NC (b): X+ = N, * T  1 T / N

NEt2 NEt2 +

(149)

Salts of com pounds s tructura lly  s im ila r to (110) have also been reported. 

G om pper et al. reported the synthesis of the bis ana logue of (110) as two salts 

(150a) and (150b). These were syn thes ised from the te tra fluo robora te  salt of 

ca tion (b) by reaction w ith so d io -m a lono n itr ile .162 The vast d iffe rences in the 

shades of the (110) iso la ted  by the two m ethods, b row n/orange fo r the 

pyro lys is  m ethod, bright ye llow  by ac id ifica tion with d ilute hydroch lo ric  acid and
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then  the brigh t orange needles obta ined on recrysta llisa tion , can be expla ined 

by the d ifferent m orpholog ies in which (110) w as iso la ted using these m ethods.

2 .B .4  C o n c lu s io n s

Several advantages are gained in using the im proved synthesis o f (110) 

from  the am m onium  sa lt (119). The syn thes is  and iso la tion of (119) m akes for 

a more easily  purified  com pound and it can be used as a h igh ly so luble 

equ iva len t o f (110), w hose inso lub ility  m akes it an exce llent p igm e n t151 but 

restric ts  its use for fu rthe r reaction. A lthough  the more d irect route to 

com pound (143), and u ltim ate ly  the sodium  sa lt (146), from  ph tha lon itrile  (144), 

Schem e 2.16, g ives a  v iab le  route fo r the syn thes is  of (110), the poor so lub ility  

o f (143) in m ost organ ic so lvents m akes th is  route less attractive.
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Section 2.C

2.C.1 W-Substituted derivatives of 2,2'-(lsoindorm-1,3-diylidene) 
bispropanedinitrile (110)

Investigations in to the synthesis of novel /V-substituted com pounds of 

(110) were carried out, prim arily  to determ ine the e ffects  of vary ing  substituen ts  

on the e lectron accep to r ab ility  of these iso indo line  deriva tives. The ab ility  of 

these A/-substituted com pounds to form  C -T  com plexes w ould  then be 

investiga ted . In add ition , it was hoped tha t such substitu tions w ou ld  result in 

im proved so lub ility  p roperties and a llow  fo r the  a ttachm ent of a broad range of 

functiona l groups includ ing po lym erisable substituen ts .

Cl CN 

Ph CN
O

(110) R= H (153) (154)

(151) R= Me

(152) R= Ph

On search ing  the literature it was found tha t the m ethyl- and phenyl- 

deriva tives of (110), (151) and (152), had been reported  as charge carrie rs  in an 

e lec tro -conductive  support by the BASF A.-G . com pany in a p a te n t.153 

H ow ever the patent gave no indication or re fe rence as to how these com pounds 

w ere synthesised. They only described the syn thes is  of (110).

W e were in te rested  in finding v iab le  m ethods fo r the /^-substitu tion of 

(110) in high y ie lds. The ana logy between the C (C N )2 group and oxygen has 

prev ious ly  been made and many s im ila rities  in the  reactiv ity and p roperties of 

carbonyl com pounds and the ir a lky lidenem a lonon itrile  ana logues have been 

fo u n d .163 Some exam ples include, the add ition  reactions of a G rignard  and the 

add ition -é lim ina tion  Knoevenagel reaction show n in Schem e 2.19 and the 

reaction of an am ine w ith  the acyl ch loride ana logue (153 )159 in Schem e 2.20.

W ith th is  in m ind we specu lated tha t (110) m ight also undergo the same 

/^/-substitution reactions as its oxygen ana logue, ph tha lim ide (154). 

/V-Substituted ph tha lim ides are synthesised by firs t generating the sodium  or 

potassium  sa lt of phtha lim ide and then reacting the sa lt w ith a substrate 

con ta in ing  a d isp laceab le  group such as an alkyl o r acyl halide, o r an alkyl
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tosyla te  or su lphonate . These A/-substituted ph tha lim ides are extensive ly used 

in the G abrie l synthesis of prim ary a m in e s .164 The G abrie l type A/-substitution 

reaction of (110) w ith a varie ty  of substra tes w as investiga ted  and these shall 

now be discussed.

:c=x

1. R-Mg-Hal
2. H20

- C - XHi
R

(a): X= O
(b): X=C(CN)2

x  CH2(CN)2

-C- OR ----------- ►

X

—  C-C H (C N )2 + HOR
(a): X= O
(b): X=C(CN)2

Schem e 2.19

Cl CN

H<
Ph CN 

(153)

+ ArNH2
ArHN CN 

Ph CN

Schem e 2.20

2.C.1.1 Gabriel Type ^/-substitution reactions of (110)
Benzoyla tion of (110) by a num ber of m ethods was attem pted, Scheme 

2.21. These inc luded  the S chotten-Baum ann method, which involved 

generating the sodium  sa lt of (110), (146), us ing sodium  hydroxide, and stirring 

the resulting suspension  w ith benzoyl ch loride at room  tem pera ture .

N C ^ .CN
f

{  .
N + Na

(

N C ^ CN

Benzoyl chloride 

 ►

(146)

Schem e 2.21

This yie lded a ye llow  pow der which was identified , from  its spectra l data, as 

the  sodium  salt of (110) on com parison w ith a p rev ious ly  characterised sample. 

The more v igorous cond itions  of heating the sodium  salt of (110), generated 

from  the am m onium  sa lt (119) by reaction w ith sodium  hydride, w ith benzoyl 

ch lo ride  under reflux in te trahydro furan, o r a lte rna tive ly  heating (110) under
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re flux w ith benzoyl ch lo ride  in pyrid ine, were also a ttem pted. No new products 

were observed on fo llow ing  these reactions by TLC . W ork-up  of the reaction 

m ixture in pyrid ine gave (110), iden tified  by com parison of its spectra  w ith that 

of the known com pound . S im ila r results were also ob ta ined on attem pted 

acy la tion  w ith acetic anhydride  and attem pted tosy la tion  w ith tosy lch lo ride .

The M annich type reaction of the am m onium  sa lt (119) w ith form alin  

(36%  form aldehyde so lu tion  in w ater) was investiga ted , Schem e 2.22, to 

estab lish  w hether a hydroxym ethyl g roup could be appended to (110). The aim 

of th is  reaction was to in troduce  a functiona l g roup  onto (110) w h ich could then 

undergo a m ultitude of reactions o ffe ring a w ide r range of substituen ts. A 

s im ila r reaction between phtha lim ide  (154) and fo rm alin  was reported to give 

/V -(hydroxym ethy l)ph tha lim ide .165 The am m onium  salt of (110) was trea ted  with 

fo rm alin  and heated under reflux.

TLC  show ed no new products  were formed. The spectra l data  fo r the yellow  

so lid  obta ined on te rm ina ting  the experim ent were consis ten t w ith those for

/V-Methylation of (110) was in itia lly  a ttem pted using m ethyl iod ide but the 

ye llow  solid recovered, on te rm inating  the reaction, was identified  as the sodium  

sa lt of (110) by com parison of its IR and m elting po in t w ith those of an authentic  

sam ple. /V-Substitution of (110) was fina lly ach ieved when m ethylation was 

accom plished in a ve ry  poor y ie ld  using d im ethy lsu lpha te  as the reagent, 

Schem e 2.23. R eaction of the sodium  salt of (110) w ith d im ethylsu lphate  

show ed the form ation o f a much faste r e lu ting princ ipa l com pound, and a 

num ber of m inor p roducts  neare r the baseline, on fo llow ing the reaction by TLC. 

Th is  fas te r m oving product was even tua lly  iso la ted  by colum n chrom atography 

using te trahydro furan as the m obile phase. The 1H NMR spectrum  of th is 

com pound in ch lo ro fo rm -d } show ed three peaks in to ta l, two sym m etrical 

a rom atic  m ultip lets at 7.19 and 8.67 ppm, in tegra ting  for two protons each, and 

a th ird  peak, a three pro ton s ing le t at 4.17 ppm, assigned to the A/-methyl group.

(119)

Schem e 2.22

(110).
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A  further indication that m éthylation had taken place was apparent from  the IR

spectrum  w hich showed the absence o f NH bands above 3150 cm '1.

NaH, Mel

 ►

NaH, Dimethylsulphate 

 ►

(151)

Schem e 2.23

On carrying out a 13C NMR experim ent in d im ethylsu lphoxide-d6, som e heating 

w as necessary in o rder to d issolve the com pound. The 13C NMR spectrum  

obta ined show ed an unexpected ly large num ber o f carbon absorptions. TLC of 

the 13C NMR sam ple no longer showed jus t one product but several products 

indicating tha t the com pound was unstable when heated in d im ethylsu lphoxide. 

On the basis o f the 1H NMR and IR spectra th is com pound w as believed to be 

the  N-m ethylated deriva tive  (151). This assignm ent w as confirm ed by 

com parison o f the 1H NMR, IR spectra and melting po in t o f (151) synthesised by 

th is m ethod w ith those o f the sam e com pound synthesised from  the 

té tram éthy lam m onium  salt d iscussed in the next section. The poor yield o f this 

reaction and the need to  use highly toxic d im ethylsu lphate m eant an a lternative 

and sa fer synthesis w as needed.

2.C .1.2 Alternative Methods for /V-Substitution of (110)

2 .C .1.2.1 Méthylation using the tétraméthylammonium (TMA) salt (155)

The use o f qua ternary am m onium  salts in nucleophilic  d isp lacem ent 

reactions have been rare and suffer from  poor yie lds and lack o f generality.

NC. X N

NMe

NC CN
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Some exam ples include the nuc leoph ilic  d isp lacem ents on gram m e quaternary 

s a lts ,166 Schem e 2.24.

+
CH2NMe3

CN

i i
H H

Schem e 2.24

In the Hofm ann degradation  of am ines, c leavage of qua ternary am monium  

hydroxides is the fina l step. The pyro lys is  of té tram éthylam m onium  hydroxide, 

N M e4+O H \ under vacuum  has been found to  y ie ld  trim ethylam ine, dim ethyl 

e the r and m e thano l.167 O ne m echanism  proposed suggested that the form ation 

o f the e the r may be exp la ined by the abstraction  of a proton from  the 

té tram éthylam m onium  group by the O H ' g roup to give a n itrogen ylide. This 

y lide, which can behave like a carbene, can then react w ith the methanol 

p resent, w h ich may be form ed in itia lly  by nuc leoph ilic  d isp lacem ent of a methyl 

g roup  from  the té tram éthylam m onium  cation by a hydroxide anion, o r by 

reaction of the y lide w ith  a sm all am ount of water, to form  an ether. S im ilar 

resu lts  w ere also obta ined from  té tram éthylam m onium  a lkox ides .168 

D ém éthyla tion of trie thy lm ethy lam m on ium  cation in the dry state and also in 

non-p ro tic  so lvents  by th iophenox ide  has also been repo rte d .169

It was decided tha t th is  approach may provide a v iab le  way of obta in ing 

(151). W e found on heating the té tram éthylam m onium  (TMA) salt (155) in

1 .2-d ich lo robenzene tha t (151) was obta ined, Schem e 2.25.

The TM A  sa lt (155) was iso la ted  in 60%  yie ld by m ixing an aqueous 

so lu tion  of té tram éthylam m onium  ch lo ride  w ith a so lu tion of (119) in m ethanol. 

The IR, 1H NMR and 13C NMR spectra, and e lem enta l ana lysis of (155) were all 

cons is ten t w ith the ass igned structure . The 1H NMR spectrum  showed four 

a rom atic  protons as two sym m etric  m ultip le ts at 7.56 and 8.14 ppm and twelve 

m ethyl protons as a s ing le t at 3.41 ppm. The 13C NMR spectrum  show ed the C2 

carbon absorp tion of the 2 ,2 -d icyanov iny lidene  group at 54.06 ppm, a trip le t at 

54.43 ppm, J  = 15 Hz, which corresponded to  the methyl carbons of the 

té tram éthylam m onium  cation, two n itrile  carbon absorp tions at 116.32 and 

117.20 ppm, three arom atic  absorp tions at 122.9, 131.4 and 137.33 ppm and a

2 .2 -d icyanov iny lidene  carbon absorp tion  at 171.87 ppm. The methyl carbon 

absorp tion  at 54.43 ppm  occurs as a trip le t due to coupling of the 14N nucleus
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with that of 13C. C ouplings between 13C and the  abundan t iso tope 14N, which 

has a natural abundance of 99.6 % and I =1, are usua lly  not m easurable. This 

is because 14N has a nuclear quadrupo le  m om ent w hich resu lts  in a more 

effective  mode of re laxation which is usua lly so fast tha t the coup ling  effects are 

not observed. 13C -14N sp littings how ever are observed in specia l cases such as 

te traa lky lam m onium  ions, ison itriles and d iazom ethanes, w here the nitrogen 

nucleus is in a re la tive ly sym m etrica l env ironm ent and so the e lectric  field 

grad ien t at the 14N nucleus is zero or su ffic ien tly  sm all. A typ ica l J (13C, 14N) 

va lue is of the o rde r of 10 H z .170

Heating the TM A salt (155) under reflux in 1 ,2-d ich lo robenzene fo r 150 

hours gave (151) as b lack/purp le  needles, Schem e 2.25. R ecrysta llisa tion  of 

these needles, and the so lid  rem aining from  evapora ting  off the 1,2- 

d ich lo robenzene from the filtrate, gave (151) as an o range /ye llow  crysta lline 

so lid  in 54%  yie ld . The 1H NMR spectrum  of (151) show ed on ly  three different 

types of proton. Four arom atic protons w ere observed as two sym m etric 

m ultip le ts at 7.98 and 8.65 ppm, in the ratio 2:2, and a three proton sing le t at 

4.10 ppm correspond ing  to the methyl protons at the 2 position  of the iso indo lin-

1,3-d iy lidene ring system. The sym m etrical nature of the m olecu le was fu rther 

supported  by the 13C NMR spectrum  which show ed a m ethyl carbon absorption 

at 37.49 ppm, the C 2 absorp tion  of 2 ,2 -d icyanov iny lidene  group at 61.90 ppm, 

on ly  two cyano carbon absorp tions at 113.76 and 114.52 ppm and three 

arom atic  carbon absorp tions between 125.70 and 135.30 ppm. The 2,2- 

d icyanoviny lidene  Ci carbon absorp tion was found at 160.92 ppm.

A less conven ien t m ethod fo r the synthesis o f (151) invo lved heating the 

sa lt (155) under a vacuum  of 0.5 mmHg at 180 °C fo r tw e lve hours. During the 

course of the reaction a ye llow  solid  sublim ed onto the s ides of the reaction 

vessel. Th is was rem oved by washing the s ides of the reaction vessel with

(155) (151)

Schem e 2.25
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acetone. TLC showed that th is ye llow  product was m ade up of two main 

com pounds with very s im ila r Rf va lues. A ttem pts to separa te  the  individual 

com ponents were unsuccessfu l. The 1H NMR spectrum  in ch lo ro fo rm -d i 

show ed that there were two pairs of a rom atic  protons. The m ajor com ponent 

show ed a pa ir of sym m etric  arom atic  m ultip lets, wh ich occurred  at 7.86 and 8.67 

ppm and which in tegra ted  fo r a to ta l of fou r protons. A  s ing le t at 4.18 ppm 

which in tegra ted for three pro tons was also observed. These values 

corresponded w ith the chem ica l sh ifts  observed fo r the pure com pound, (151), 

obta ined using d im ethy lsu lphate  as the m ethylating agent and of tha t obtained 

by heating (155) in 1 ,2 -d ich lo robenzene. This ve rified  tha t one of the products 

o f th is  method was (151). The 13C NMR spectrum , a lso In ch lo ro fo rm -d ], was 

more com plicated and show ed m any carbon absorp tions w ith 5 cyano 

absorp tions observed betw een 116.0 and 111.0 ppm along w ith a tota l of 9 

arom atic  absorptions.

2.C.1.2.2 Attempted Benzylation of 2,2'-(lsoindolin-1,3-diylidene)
bispropanedinitrile (110)

Apart from  the te traa lky lam m onium  salts p rev ious ly  m entioned, other 

h ighly specific  m ethods of A/-alkylation exist. C om pounds conta in ing  acid ic  NH 

groups undergo a lky la tion  by am ide aceta ls at the n itrogen atom. This 

excep tiona lly  se lective  reaction was used until recently  w ith nuc leos ides ,171 

Schem e 2.26

OR 
H C -O R  

NMe2

Schem e 2.26

The d iscovery that (110) cou ld  be m ethylated using d im ethylsu lphate , or its 

té tram éthylam m onium  salt, suggested that o ther substituen ts  could also be 

appended by syn thes is ing  substra te  sa lts w ith appropria te  leaving groups. One 

such group is the pyrid in ium  salts, (156 )-(160), ex tens ive ly  investigated and 

deve loped by K a tr itzky172 fo r the convers ion of a lipha tic  am ino groups into 

leaving groups. These pyrid in ium  salts can trans fe r A/-substituents to a wide 

range of nucleoph iles such as halides and oxygen-, su lphur-, nitrogen-,
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phosphorus- and ca rbon-nuc leoph iles . A va rie ty  of /V-substituted phthalim ides 

(161) has been prepared in high y ie lds from the potassium  sa lt of phthalim ide 

w ith the appropria te ly  A/-substituted 2 ,4 ,6 -tripheny lpyrid in ium  te tra fluo robora tes 

(157) by pyro lysis or by heating under reflux in d im e thy lfo rm am ide .173

ÛY
R

(156)

R= Me, Et, i-Pr, etc.

(157)

R= Me, t-Bu, Ph, N 0 2C6H4

(158) a: Y= Ph, X= Me, t-Bu, 2-thienyl 
b: Y= X= Me 
c: Y= X= Mesityl

Ph Ph

/ ^ N ,  Ph | T r i r
R R k

(159) (160)

= Me, n-Bu, Benzyl, Ph R= Me, n-Bu, Benzyl, Ph

A/-Substituted o -benzenesu lphon im ides (162) have also been 

investiga ted  as potentia l a lky la ting  agents because of the expected high charge 

s tab ilisa tion  of the a n io n .174 H ow ever these com pounds were found to be 

re la tive ly  inert on heating w ith nucleoph iles under reflux in d im ethylfo rm am ide 

w ith low recovery of the im ide.

R= Alkyl (C1-C6), i-Pr, benzyl,

CIC6H4CH2(o), etc 

(161)

so2
NR

SO,

R= CH2Ph and CH2CH2Ph

(162)

94



W e attem pted to benzyla te  com pound (110), based on Ka tritzky 's  m ethod, by 

first form ing the benzylpyrid in ium  salt of (110), (163), and then heating th is  salt 

in 1,2 -d ich lo robenzene as done p rev ious ly  w ith  the TM A sa lt (155), Scheme 

2.27. The unsubstitu ted pyrid in ium  salt was investiga ted  because these 

substra te  sa lts had been successfu lly  used to convert the very poor nucleophile  

trifluo roace tic  acid to its correspond ing  es te r by so lvo lys is  of tr ifluo roace tic  acid 

with a varie ty  of /V-substituted pyrid in ium  sa lts  and also because it was more 

easily  syn thesised than the a lterna tive  pyrid in ium  salts. In add ition  it is known 

tha t s te ric  h indrance o f the attacking nuc leoph ile  affects the rate o f the 

d isp lacem ent re ac tion172^  and w h ile  the d isp lacem ent rates are also 

dependent on the substituen ts on the pyrid in ium  ring, w ith the sa lts  (159) and 

(160) being shown to be better substra tes for reaction w ith sodium  acetate than 

the 2 ,4 ,6 -triphenylpyrid in ium  s a lt,175 it was cons idered  tha t such s te ric  effects 

m ay not occur if the unsubtitu ted pyrid in ium  sa lt w ere utilised.

The N-benzyl deriva tive  was chosen as th is /V-substituent has been found to be 

m ore easily transfe rred  to the nuc leoph ile  than the o the r a liphatic  

A /-substituents172(b) and has been d isp laced  in reactions w ith some 

nucleoph iles where o ther a liphatic  /V-substituents have n o t.175

M ixing a m ethanol so lu tion of the sodium  salt of (110) with 

benzy lpyrid in ium  ch loride, synthesised by heating benzyl ch lo ride  and pyrid ine 

together, gave the benzylpyrid in ium  sa lt (163), Schem e 2.28. Th is was 

supported  by the IR, 1H and 13C NMR spectra  and by e lem enta l ana lys is. The 

1H and 13C NMR spectra  of the benzy lpyrid in ium  cation com pare very well with 

those  of the benzylpyrid in ium  perch lora te  sa lt reported by K a tritzky .176 The 

a rom atic  protons fo r the anion of (110) were found at 7.62 and 8.08 ppm, with 

both m ultip le ts in tegra ting fo r two pro tons each. The carbon abso rp tions fo r the 

an ion of (110) were found at 54.4 ppm fo r the C2 carbon of the 2,2-

(163) (164)

Scheme 2.27
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d icyanoviny lidene group, at 116.3 and 117.3 ppm fo r the cyano carbons, 

arom atic carbons at 122.9, 131.4 and 137.4 ppm and the 2 ,2-d icyanoviny lidene 

C! carbon at 171.9 ppm.

Heating sa lt (163) under reflux in 1 ,2 -d ich lo robenzene fo r sixteen hours 

resulted in the form ation of a b lack so lu tion  as found fo r the correspond ing  TMA 

salt (155). A lthough a very small quan tity  of a fast e lu ting com pound was 

observed by TLC, the am ount generated was insu ffic ien t to be iso lated. A black 

non-e lu ting decom position  product was ob ta ined  on filte ring  the so lu tion and 

th is  was inso lub le  in all the solvents tried. S tarting m ateria l was also recovered 

from  the filtrate, on evaporation to dryness.

2.C.2 Discussion
The sam e in fluences which determ ine the acid ity  of (110) also contribute 

to its poor nuc leoph ilic ity . The lone pa ir of e lectrons in the 2-position of the 

anion of (110) are h ighly de loca lised. As a resu lt it is not too surpris ing  tha t the 

standard m ethods of substitu tion , invo lv ing  nuc leoph ilic  reaction w ith an alkyl or 

acyl halide, were not successfu l. A lthough m éthylation w ith d im ethylsu lphate 

was effective, the poor y ie lds obta ined and need to use such a h ighly toxic 

m ethylating agent m ade th is m ethod very unattractive .

The reports of highly spec ific  m e th ods166- 171 fo r a lky la ting weakly 

nuc leoph ilic  substra tes show the need fo r find ing  a lterna tive  m ethods of 

a lky la tion when standard  m ethods are not successfu l. The 

té tram éthylam m onium  salt m ethod reported here was successfu l and provided 

reasonable yie lds. The form ation of (151) is though t to occur via a d isplacem ent 

reaction between the weakly nuc leoph ilic  anion of (110) and the 

té tram éthylam m onium  group. This is cons is ten t w ith the find ings of M usher167 

who reported tha t fo r the re lated Hofm ann degradation of various 

té tram éthylam m onium  salts of various anions, hydrogen abstraction was 

favoured for strong bases, while w eaker bases, like the halides, were thought to

(163)

Schem e 2.28
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undergo a d isp lacem ent reaction. The a ttem pted A/-benzylation of (110) using 

the benzy lpyrid in ium  sa lt (163) fa iled  to y ie ld  su ffic ien t quan tities  o f the new 

product observed by TLC . A s im ila r type d isp lacem ent reaction would be 

expected to take place fo r th is reaction, w ith genera tion  of pyrid ine  as the 

leaving group. W h ile  there  are few er reports by Katritzky of the use of the 

unsubstitu ted  A /-a lkylpyrid in ium  sa lts (156), they have been shown to a lkylate 

even the most poorly  nuc leoph ilic  com pounds such as trifluo roace tic  acid which 

gave the co rrespond ing  ester as the so lvo lys is  p rodu c t.177 C onsidering  these 

reports, it is ev ident tha t the anion of (110) is extrem ely non-nucleoph llic . It was 

a lso reported tha t the A/-substituted pyrid in ium  salts underw ent hydro lysis to 

g ive the co rrespond ing  a lcohols at tem pera tu res between 60 and 100 °C .177 

The poss ib ility  tha t the A/-benzyl-derivative (164) is unstable at the tem pera ture 

at which the reaction w as carried out seem s p laus ib le  but a ttem pts to effect 

reaction at low er tem pera tu res were not successfu l. In teresting ly, the methods 

fo r A/-alkylation reported  here, the te traa lky lam m onium  salt m ethod and the N- 
benzylpyrid in ium  sa lt m ethod, have since been app lied to the pyrazine analogue 

of (110), (1 6 5 a ),178 and have successfu lly  y ie lded the /V-methyl, -ethyl and - 

benzyl de riva tives (165b) under s im ila r cond itions. W hy these m ethods should 

w ork e ffective ly fo r the pyrazine ana logue and not (110) is not understood.

a:R= H
b:R= Me, Et and Benzyl

C om parison of the UV/visib le spectra  of (110), its am m onium  salt (119) 

and its /V-methyl de riva tive  (151) in aceton itrile  show  varying A.max, see Figure 

2.1. The A.max of (110) com pared w ith (119) occur at much shorter 

w avelengths, 386 and 408 nm com pared w ith 466 and 496 nm. This difference 

can be a ttribu ted  to the  g rea te r auxochrom ic effect of the anion, w hich results in 

g rea te r con juga tion, com pared w ith the pro tonated NH com pound. Com parison 

of the U V /vis ib le  spectra  of (110) and (151) shows that A/-alkyl substitu tion 

s ligh tly  enhances the auxochrom ic effect of the ring n itrogen with A.max 

associa ted  w ith the /V-methyl deriva tive  occuring at s ligh tly  longer wavelengths, 

(394 and 416 nm). T he  use of a more po lar solvent, A/,A/-dimethylformamide, 

show s a s ig n ifica n t e ffect on the UV /vis ib le  spectrum  of (110). Com parison of
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the UV/visible spectrum  of (110) and its am m onium  salt in N,N- 
d im ethylform am ide, Figure. 2.2, shows tha t both are identica l. Th is show s that 

in solution the be tte r so lvating ab ility  of the A/,A/-dimethylform am ide enhances 

depro tonation of (110) resulting in the fo rm ation  of the more h igh ly conjugated 

an ion ic  system. The /V-methyl deriva tive  (151) how ever canno t undergo 

depro tonation and thus show s little change in its V n ax  va lu e s - see Figure 2.2.

2.C.3 Conclusion
In light of these find ings it is apparen t tha t the  substantia l an ion ic  charge 

stab ilisa tion , granted by the d icyanom ethy lene  groups, m akes (110) a poor 

nucleophile thus m aking it extrem ely d ifficu lt to ca rry  out s tandard  a lky la tion  and 

acyla tion reactions. In spite of th is  it seem s w orthw h ile  tha t a lky la tion  of (110) 

w ith o ther substitu ted  pyrid in ium  sa lts shou ld  be investiga ted  to  determ ine if 

these m ethods are m ore effective.
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Figure 2.1 UV/visible spectra of (110), (119) and (151) in acetonitrile.
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Figure 2.2 UV/visible spectra of (110), (119) and (151) in dimethylformamide.
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Section 2.D

2.D.1 Reactions of 2,2'-(lsoindolin-1,3-diylidene)bispropanedinitriie (110) 
with Amines

Apart from reports of the p igm ent p roperties and uses of (110) in the 

pa tent lite ra ture  there  has been no report of the chem istry of th is com pound. 

As stated previously, the reactions of carbonyl com pounds and the ir 

ana logues, the a lky lidenem a lonon itriles , have show n many s im ila r it ie s .159- 163 

Som e of these have been m entioned a lready, (see Schem e 2.19 and 2.20, 

S ection 2.C).- W e have found (Section 2.C) tha t it was extrem ely d ifficu lt to 

ach ieve A/-substitutlon of (110), the a lky lidenem a lonon itrile  ana logue of 

phtha lim ide, and tha t m ethods used fo r the syn thesis of /V-substituted 

ph tha lim ldes were not e ffective  fo r (110). Th is was a ttributed to the poorer 

nuc leoph ilic ity  of the n itrogen in the 2-pos ition  of the ring, due to the g reater 

de loca lisa tion  of the an ion ic  charge, resu lting from  the presence of h ighly 

e lectron -w ithdraw ing d icyanom ethy lene  groups. On the basis of a possib le 

s im ila rity  in the chem is try  of ph tha lim ide  and (110), we were in terested in 

investiga ting  the reactiv ity  of (110) tow ards am ines. N ucleoph ilic  a ttack on an 

/V-substituted ph tha lim ide  by hydrazine, the fina l step in the G abrie l synthesis 

o f a m ine s ,164 occurs at the carbonyl carbon resulting in ring-opening and 

subsequent e lim ina tion  of an am ine bearing the /V-substituent. The poss ib ility  

o f an ana logous reaction  occurring between (110) and an am ine, o r of 

nuc leoph ilic  a ttack by the am ine occurring at ano the r position, was of in terest 

In v iew  of the poss ib le  p roducts which could be form ed. These shall now be 

d iscussed.

There are fou r p rinc ipa l s ites on (110) at which an am ine could attack 

and these are show n be low  as A, B, C and D, Schem e 2.29.

B c

( 110 )

Scheme 2.29
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N ucleoph ilic  attack at site A, by ana logy with ph tha lim ide , could result in ring- 

opening, g iv ing in term ediate (166), Schem e 2.30.

NC CN

NH NH2R

CN N C ^ ,CN

+
n h 2r

NH '

NC. . CN

NHR

NH2

NC CN NC CN

(166)

Scheme 2.30

In te rm ed ia te  (166) cou ld  then undergo ring-c losure , fo llow ed by e lim ina tion of 

am m onia, to give an /V-substituted derivative o f (110), (167), Schem e 2.31. 

Equally possib le  is the a lterna tive ring-closure to (110), w ith loss of the am ine.

A lte rna tive ly  e ithe r moiety in the 1- and 2- pos itions of the benzene ring 

o f (166) could rotate free ly  around the carbon-to -carbon  s ing le  bond g iv ing rise 

to the  form ation of a seven-m em bered ring system  (168-170). This cou ld  occur 

via add ition  of e ithe r nuc leoph ilic  am ino group to a cyano on the adjacent 

d icyanoe thenylam ino  group, Schem e 2.32.

N ucleoph ilic  a ttack at postion A could a lso give an add ition reaction 

across the carbon-to -carbon double bond of the d icyanov iny lidene  group giving 

adduct (171), Schem e 2.33.

A ttack by an am ine at site B of (110) cou ld  result in a 1,6-add ition- 

e lim ina tion  reaction g iv ing  (172), Scheme 2.34. S im ila r add ition -é lim ina tion  

reactions of am ines w ith T C N Q 179 and o the r a lky lidenem alonon itrile  

com pounds have been repo rte d ,180 e.g. Schem e 2.35.

(166) (167)

Scheme 2.31



RHN

NHR

(170) 

Schem e 2.32

(169)

NH NH2R

NC CN

NC^ y CN 
,NHR

i * v.  > V-/I

c x "
NC CN 

(171)

Schem e 2.33

NHR

H<

NC - CN

- CN '

N C_,N H R 

NC CN

(172)

Scheme 2.34
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Scheme 2.35

Reaction at site C, o r at any of the cyano groups, cou ld  resu lt in 1,2- 

add ition  of the am ine to a cyano group  resulting in the fo rm ation  o f an am idine, 

(173), wh ich can exist in tau tom eric  form s (a) and (b), Schem e 2.36.

n h 2r

NHII

(173)

C=NR

Schem e 2.36

In light of the ac id ic  nature of (110) reaction at site D w ou ld  result in the 

fo rm ation  of the co rrespond ing  a lkylam m onium  sa lt of (110) by abstraction  of 

the acid ic  proton by the am ine. It would seem like ly tha t th is  reaction would be 

the firs t step in any reactions between (110) and an am ine. Th is is ve rified  by 

the iso lation of the am m on ium  sa lt (119) from  the K noevenagel condensation of 

m a lonon itrile  w ith the im id ines (118a) and (118b), in w h ich the am m onia 

genera ted  by the condensa tion  reaction depro tonated (110). Imm ediate 

depro tona tion  of the re la ted  com pound, (174), w ith a lka li has also been 

re p o rte d .149

Because of the poor so lub ility  of (110) in com m on so lvents, the 

am m onium  salt (119) w as used in its place fo r the reactions w ith various 

am ines in a varie ty of so lvents. The results of these experim ents w ill be 

d iscussed in the next section .



(118a) (118b)
Et02C CN 

(174)

NC' CN 

(119)

2.D.2.1 Reaction of Benzylamine with (119)
A solution of the ammonium salt (119) in 1,4-dioxan was treated with 

benzylamine and heated under reflux for four hours. During the course of the 
reaction the formation of a new product, which precipitated from solution as an 
orange solid, was observed by TLC and was isolated by filtration. It was found 
to be insoluble in most organic solvents and was recrystallised from a 
DMF/ethanol mixture.

The TH NMR spectrum showed four unsymmmetrical aromatic multiplets 
at 8.29, 8.11, 7.62 and 7.36 ppm whose integrations were in the ratio 1:1:2:5 
respectively. The five proton aromatic multiplet at 7.36 ppm was assigned to 
the benzyl aromatic protons. Also present were two broad singlets at 10.29 
and 9.25 ppm whose integrations were in the ratio 1:2 respectively which were 
assigned as NH and NH2 protons and a two proton singlet at 4.67 ppm was 
assigned to the methylene protons of the benzyl group. The unsymmetrical 
nature of the aromatic multiplets, and the presence of two NH absorptions in 
the ratio 1:2, suggested that, of the products postulated in the introduction, the 
product was probably the amidine (175) or either of the two benzoazepines 
(176) or (177). The absence of a dicyanomethyl signal in the proton NMR

2.D.2 Reactions of Amines with the Ammonium Salt (119)

1 *
NC. .C = NR RHN NC. ,CN

(175) 

where R=CH2Ph

(176) (177)



spectrum eliminated the possibility of an addition reaction at the 2 ,2- 
dicyanovinylidene C] carbon as in Scheme 2.33. The 13C NMR spectrum 
further supported the hypothesis that the structure was unsymmetrical and 
showed the correct number of different carbon absorptions for the structures 
postulated. A total of 19 different carbon absorptions were observed of which 
10 were aromatic. Four of these were attributed to the benzyl group, three of 
which were assigned conclusively with the aid of a C-H correlation spectrum, 
and the remaining six aromatic absorptions to the isoindolin-1,3-diylidene ring. 
Only three cyano carbon absorptions were observed, at 114.66, 115.35 and 
116.80 ppm. Since a 1,6-addition elimination reaction would have given a 
product having a total of 18 different carbons, see Scheme 2.34, this possibility 
was disregarded. The carbon absorption at 44.9 ppm was assigned to the 
methylene carbon of the benzyl group and the carbon at 57.25 ppm, by 
comparison with the carbon NMR spectrum of (110) and various derivatives of 
bis[2 ,2-dicyano-1-(phenylamino)vinyl]benzene (178),159 was assigned as the

(178)

C2 carbon of the 2 ,2-dicyanovinylidene group, which is common to all three 
possible structures. The IR spectrum showed two NH stretching bands at 3382 
and 3321 cm*1. Since the NH stretching bands were sharp, and the 
characteristically very broad band of an imino NH stretch was absent, this 
suggested that either isomer (175) or (176) was the most probable structure. 
However on the basis of this information alone it was not possible to determine 
which structure was correct and further evidence was needed, either an X-ray 
crystal structure of the product, which was not possible due to the inability to 
grow adequate crystals, or a crystal structure of a compound which was 
structurally very similar and whose spectral data would also be very similar, 
and which by comparison would allow the true structure to be assigned.

Recrystallisation of the solid obtained on evaporating the filtrate, gave 
the benzylammonium salt (179). The structure of (179) was assigned on the
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basis of 1H, 13C NMR and IR spectral data and was confirmed by X-ray 

structural analysis.

The lH  NMR spectrum of (179) showed a broad singlet overlapping a 
symmetrical aromatic multiplet at 8.52 ppm, giving a total integration of five 
protons, and a symmetrical two proton aromatic multiplet at 7.65 ppm. The 
addition of deuterium oxide D2O to the lH  NMR spectrum sample resulted in 
the disappearance of the broad singlet, leaving a two proton aromatic multiplet 
at 8.52 ppm, and verifying the presence of the three exchangeable protons of 
the benzylammonium cation. The symmetrical aromatic peaks at 8.52 and 7.65 
corresponded to the aromatic protons of the anion of (110). The five aromatic 
protons of the benzylammonium cation were observed as a multiplet at 7.45 
ppm and the two methylene protons occurred as a singlet at 4.5 ppm.

(179)

The symmetrical nature of the molecule was also apparent from the ]3C NMR 
spectrum which showed a total of seven different aromatic peaks between 123 
and 138 ppm and two cyano peaks at 116.24 and 117.19 ppm. The C i and C2 
absorptions of the 2,2-dicyanovinylidene group were observed at 171.97 and 
53.89 ppm respectively and the methylene carbon absorption at 42.28 ppm. 
The C-H correlation spectrum showed that the three aromatic carbon 
absorptions at ~ 128 ppm corresponded to the benzylammonium group and the 
absorptions at 122.8 and 131.3 corresponded to the anion of (110), as did the 
quaternary aromatic absorption at 137.38 by comparison with the carbon NMR 
spectra of the ammonium salt (119) and the tétraméthylammonium salt (155). 
Comparison of the UV/visible spectrum of (179) with that of (119), and (155), 
showed that they had identical ^ max values, see Figure 2.3. The strong 
similarities in the lH, ]3C NMR and UV/visible spectra suggested that the 
orange solid was the benzylammonium salt.

In order to confirm the structure of (179) an X-ray crystal structure 
analysis was carried out. Compound (179) gave orange cubic crystals on
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recrystallisation from acetonitrile. The crystal structure data showed that (179) 
was monoclinic with space group P48 symmetry. The crystal structure is 
shown in Figure 2.4(a) and (b) and the corresponding bond lengths and bond 
angles are given in Tables 2.1 and 2.2 respectively.

Figure 2.3 UV/Visible spectra o f (a) (179) and (b) (119)
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Table 2 1  B ond te m th s  rA l
N(1 )-C(8) 1.347(10)
N(1)-C(1) 1.388(10)
N(2)-C(10) 1.113(12)
N(3)-C(11 ) 1.150(11)
N(4)-C(13) 1.169(12)
N(5)-C(14) 1.132(11)
N(6)-C(21 ) 1.487(5)
C(1 )-C(9) 1.374(10)
C(1)-C(2) 1.519(11)
C(2)-C(3) 1.350(12)
C(2)-C(7) 1.395(5)
C(3)-C(4) 1.363(13)
C(4)-C(5) 1.381(6)
C(5)-C(6) 1.423(14)
C(6)-C(7) 1.413(12)
C(7)-C(8) 1.440(12)
C(8 )-C(12) 1.384(11)
C(9)-C(11 ) 1.369(11)
C(9)-C(10 ) 1.418(12)
C(12)-C(13) 1.428(12)
C(12)-C(14) 1.475(10)
C(15)-C(16) 1.35(2)
C(15)-C(20) 1.39(2)
C(15)-C(21 ) 1.494(6)
C(16)-C(17) 1.49(2)
C(17)-C(18) 1.55(2)
C(18)-C(19) 1.16(2)
C(19)-C(20) 1.25(2)
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The crystal structure confirmed conclusively that the compound isolated 
from the filtrate was in fact the corresponding benzylammonium salt (179).

2.D.2.2 Reaction of n-Propylamine with (119)
Treatment of (119) with n-propylamine under the same conditions as 

used for the benzylamine reaction, with heating under reflux being maintained 
for 22 hours, gave a similar result. The new product which was observed by 
TLC precipitated from solution. The lH  NMR spectrum was consistent with that 
of the benzylamino derivative, in that the same unsymmetrical character was 
observed in the aromatic peaks. Three aromatic multiplets integrated in the 
ratio 1:1:2 as before and two different NH proton peaks, with an integration 
ratio of 1:2, were also present. The main difference, on comparing the two 
proton NMR spectra, was the expected difference in the /V-substituent of the 
amine used. The /V-propyl group gave the expected splitting pattern, a triplet, 
multipiet and triplet with J= 7.4 Hz, and an integration ratio of 2:2:3. By the 
same reasoning arrived at for the benzylamino adduct discussed previously, 
three possible structures were postulated for the product, (180), (181) and
(182). The 13C NMR spectrum was also consistent with these findings and 
showed the correct number of different peaks for the postulated structures.

NH2 

C = NR

Nü CN 

(180) 
where R= Propyl

The unsymmetrical structure of the product was verified by the observation of 
six different aromatic absorptions between 123 and 138 ppm and three cyano 
absorptions at 115.15, 115.95, and 117.18 ppm. The three propyl carbons 
were observed at 11.65, 21.09 and 44.2 ppm. The carbon observed at 56.96 
ppm was assigned as the C2 carbon of the 2 ,2-dicyanovinylidene group by 
comparison with the findings for the benzylamine derivative. All the carbon 
absorptions observed occurred at chemical shifts very similar to those found for 
the corresponding carbons of the benzylamino derivative, (see Table 2.7 in 
Discussion Section, pg 129). This showed that the propyl and benzyl 

derivatives had essentially the same basic structure. The IR spectrum showed
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the presence of three sharp NH stretching bands at 3350, 3278 and 3205 cm-1. 
The absence of a broad imino NH stretch again suggested (179) and (180) 
were the most probable structures. The UV/visible spectra of both derivatives 
were also found to be essentially the same, Figure 2.5, and this further 
confirmed the same type of structure for both derivatives.

Figure 2.5 UV/Visible spectra of (a) Propylamino derivative (180) and 
(b) Benzylamino derivative (175)

The ] H, and 13C NMR spectra of the solid isolated from the filtrate of the 
propylamine reaction with (119) were consistent with the assigned structure
(183). The !h  NMR spectrum showed a symmetrical two proton multiplet at 
8.07 ppm and another symmetrical aromatic multiplet overlapping with a broad 
singlet at 7.59-7.62 ppm integrating for a total of five protons. These 
corresponded to the aromatic protons of the anion of (110) and the NH3 
protons of the propylammonium cation. The propyl protons gave a splitting
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pattern consistent with that expected and integrated for a total of seven 
protons. The 13C NMR spectrum, (see Table 2.8, discussion section pg 131), 
showed three aromatic carbon absorptions, two cyano absorptions, and two 
absorptions corresponding to the and C2 carbons of the 2,2- 
dicyanovinylidene group as expected for the symmetrical structure of the anion 
of (110). The remaining three carbon absorptions corresponded to the N- 
propyl group. Since the 1H, and 13C NMR, and UV/visible spectra were 
essentially identical to those of the benzylammonium salt, except for the 
differences due to the different N-alkyl substituents, it was concluded that 
assigned structure (183) was correct.

2.D.2.3 Reaction of Isopropylamine with (119)
The reaction of isopropylamine with (119) gave results very similar to 

those for the propylamine and benzylamine reactions. The new product 
observed by TLC was again found to have unsymmetrical aromatic proton NMR 
absorptions in the ratio 1:1:2 and two types of NH protons integrating in the 
ratio 1:2. The other protons observed corresponded to the isopropyl group and 
were found as a multiplet at 3.94 ppm and a doublet at 1.26 ppm in a ratio of 
1:6. Three possible structures were postulated as before, (184)-(186). The 13C 
NMR spectrum showed the correct number of carbons for the structures 
postulated, with six different aromatic carbon absorptions, three cyano 
absorptions and the C2 carbon absorption of the 2,2-dicyanovinylidene group, 
as well as the remaining carbon absorptions, being observed at very similar

NC^ XN

NC CN 

(183)

1 c 
NC. X  = NR RHN NC. .CN

(184) 

where R= Isopropyl

(185) (186)
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chemical shifts to those found for the corresponding benzylamino and 
propylamino derivatives, (see Table 2.7). The main difference, on comparing 
the carbon NMR spectra, was the observation of the different number of carbon 
absorptions corresponding to the different N-alkyl groups. The equivalent 
methyl carbon absorptions for the isopropyl group were found at 21.6 ppm and 
the remaining CH carbon absorption was found at 43.6 ppm. The IR spectrum 
showed the presence of three sharp NH stretching bands at 3424, 3341 and 
3233 cm-1 as before. The UV/visible spectrum was identical to that of the 
propylamino derivative and it was concluded that the reaction of 
isopropylamine with (119) gave a product with a correspondingly analogous 
structure.

Once again the product isolated from the filtrate was identified as the 
corresponding salt, the isopropylammonium salt (187), on comparison of the ]H 
and 13c NMR spectra, and the UV/visible spectra, with those of the 
benzylammonium salt. Two symmetrical aromatic multiplets were observed as 
before with a broad three proton singlet, corresponding to the NH protons of 
the isopropylammonium cation, infringing on the multiplet at 7.62 ppm. The

(187)

isopropyl protons were observed as a one proton multiplet at 3.26 ppm and a 
six proton doublet, J= 6.4 Hz, at 1.13 ppm. Also present was a broad one 
proton OH singlet at 4.36 ppm, a two proton quartet at 3.41 ppm, J= 6.8 Hz, 
and a three proton triplet, J= 6.8 Hz, at 1.03 ppm which corresponded to 
ethanol, present as a solvent of crystallisation. The disappearance of the 
broad five proton multiplet at 7.62 ppm, giving instead a two proton multiplet, 
and the broad singlet at 4.36 ppm on addition of deuterium oxide to the NMR 
sample confirmed the presence of exchangeable NH and OH protons. The l 3C 
NMR spectrum was also very similar to those of the previous alkylammonium 
salts, (see Table 2.8). The symmetrical structure of the salt was apparent from 
the presence of three aromatic absorptions, two cyano absorptions, and the C  ̂
and C2 carbon absorptions of the 2,2-dicyanovinylidene group, all occuring at 
chemical shifts similar to those of the other salts and the anion of (110). The 
main difference was the observation of carbons corresponding to the isopropyl
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group and the ethanol, which gave a total of four carbons between 19 and 54 
ppm. The UV/visible spectrum was also identical to those of the previous 
alkylammonium salts and thus on the basis of the strong similarities of all the 
spectral properties it was concluded that the assigned structure (187) was 
correct.

2.D.2.4 Reaction of n-Butylamine with (119)
Treatment of (119) with n-butylamine under reflux for six hours in 

ethanol gave an orange precipitate in high yield. The precipitate was assigned 
as one of the three possible structures (188)-(190) on the basis of the strong 
similarities in the 1H, 13C NMR and IR spectra, and by comparison of its 
UV/visible spectrum, with those of the previous alkylamino derivatives. The 
unsymmetrical aromatic multiplets were observed as before in the ratio 1:1:2 as 
were the two NH absorptions, in the ratio 1:2, at 10.8 and 8.7 ppm respectively. 
The remaining absorptions in the proton NMR spectrum corresponded to the n- 
butyl group, observed as a series of multiplets between 3.3 and 0.9 ppm and 
which gave a total integration for nine protons.

NH2 

C = NR

n u  CN 

R= n-butyl 

(189)(188)

The 13c NMR spectrum was very similar to those of the previous N-alkyl 
derivatives (see Table 2.7 ) the main difference being the number of carbon 
absorptions observed for the different N-alkyl group. The butyl group appeared 
as four peaks between 13.4 and 42.3 ppm. The IR spectrum showed two NH 
stretches at 3326 and 3270 cm_i and comparison of the UV/visible spectrum of 
the n-butylamino derivative with that of the isopropylamino derivative showed 
they had identical Xmax values again demonstrating that the n-butylamino 
derivative of (110) had essentially a structure analogous to those of the other 
amino derivatives.

Comparison of the 1H, 13C NMR and UV/visible spectra with those of the 
other alkylammonium salts showed that the product obtained from the filtrate 
was the butylammonium salt (191). Two symmetrical aromatic multiplets, in the
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ratio 2:2, were observed at 8.07 and 7.62 ppm with a broad three proton singlet 
at 7.58 ppm, corresponding to the NH protons of the butylammonium cation, 
infringing on the multiplet at 7.62 ppm. The butyl group gave the anticipated 
splitting pattern and integrated for a total of nine protons. The carbon NMR 
spectrum showed three aromatic absorptions, two cyano absorptions, the 
and C2 carbon absorptions of the 2,2-dicyanovinylidene group all occurlng at 
chemical shifts similar to those of the other salts, (see Table 2.8). Also present 
were four carbons between 13.5 and 38.6 ppm corresponding to the butyl 
group.

2.D.2.5 Reaction of Cyclohexyiamine with (119)
Treatment of cyclohexyiamine with (119) in pyridine under reflux for 11 

hours gave a new product which was isolated by precipitation from water. This 
product exhibited similar unsymmetrical character in its ÏH NMR spectrum and 
showed the presence of two NH absorptions in the ratio of 1:2 as before with 
the main difference being the observation of a total of eleven protons as six 
multiplets corresponding to the cyclohexyl group. The 13C NMR spectrum was 
essentially the same (see Table 2.7 ), as the other alkylamino derivatives the 
only difference being the observation of four carbon absorptions between 24 
and 51 ppm corresponding to the cyclohexyl group. The UV/visible spectrum 
was identical to the previous alkylamino derivatives and on the basis of the 
previous findings it was concluded that the cyclohexylamino derivative also had 
the same structure, either (192), (193) or (194), as the other derivatives.

N C . ,C N

NC CN 

(191)

1 *
N C . X  = NR RHN NC. X N

(192)
R= Cyclohexyl 

(193) (194)
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While no salts were obtained from this reaction, as had been obtained with the 
other amines, one unusual product which was recovered while investigating 
this reaction was the /V-isopropylldenecyclohexylamnnonium salt (195).

Salt (195) was obtained as an orange cubic crystalline solid by 
recrystallisation, from acetone, of a red oil obtained when cyclohexylamine and 
the ammonium salt (119) were stirred together at room temperature in acetone 
and the acetone evaporated off. The IR, 1H and 13C NMR spectra and 
elemental analysis were in agreement with the assigned structure.

(195)

The 1H NMR spectrum showed the characteristic symmetrical peaks for 
the four aromatic protons of the anion of (110) at 8.0 and 7.6 ppm, and a broad 
NH proton absorption at 12.2 ppm corresponding to the protonated imino 
nitrogen. Apart from the cyclohexylamino proton absorptions which integrated 
for a total of 11 protons, two additional three proton absorptions corresponding 
to the isopropylidene methyl protons were observed at 2.34 and 2.32 ppm. 
The 13C NMR spectrum showed a total of fourteen different absorptions, three 
aromatics at 122.9, 131.4 and 137.4 ppm, two cyano at 116.3 and 117.3 ppm, 
the 2,2-dicyanovinylidene C] carbon absorption at 178.9 ppm and a carbon 
absorption at 53.9 ppm corresponding to the 2,2-dicyanovinylidene C2 carbon, 
all of which corresponded to the anion of (110) (see Table 2.8). Six alkyl 
carbon absorptions were observed between 20.9 and 56.4 ppm. These 
corresponded to four cyclohexyl carbons and two methyl carbons of the 
isopropylidene group. The carbon absorption at 172.0 ppm corresponded to 
the imino carbon. The structure was conclusively confirmed by X-ray 
crystallography.

The single crystals required for the X-ray analysis were obtained by 
recrystallisation from acetone. The crystal structure analysis data showed that 
the salt was triclinic with space group P-1 symmetry. The crystal structure is 
shown in Figure 2.6 and the relevant bond lengths and bond angles are given 
in Tables 2.3 and 2.4.
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Figure 2.6 SCHAKAL drawing of the crystal structure o f salt (195)
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The formation of (195) may be explained by the condensation reaction 
of the cyclohexylamine with acetone, giving /V-isopropylidenecyclohexylamine 
(196), Scheme 2.37, which is subsequently protonated to give the 
corresponding iminium salt (195).

(196)

Scheme 2.37 

Table 2.3 showing bondlengths for (195)

C(1)-C(6) 1.384(5) C(13)-N(14) 1.141(4)

| C(1)-C(2) 1.400(4) C(15)-C(16) 1.421(5)

C(1)-C(7) 1.473(4) C(15)-C(18) 1.424(5)

I C(2)-C(3) 1.383(4) C(16)-N(17) 1.147(4)

C(2)-C(9) 1.474(4) C(18)-N(19) 1.146(4)
j

I C(3)-C(4) 1.381(5) C(20)-N(26) 1.478(4)

j  C(5)-C(4) 1.378(5) C(20)-C(21) 1.514(4)

C(5)-C(6) 1.386(5) C(20)-C(25) 1.515(4)

! C(7)-N(8) 1.370(4) C(21 )-C(22) 1.513(5)

| C(7)-C(15) 1.374(4) C(22)-C(23) 1.510(5)

j N(8)-C(9) 1.361(4) C(23)-C(24) 1.517(5)

I C(9)-C(10) 1.383(4) C(24)-C(25) 1.528(5)

I  C(10)-C(11) 1.421(5) N(26)-C(27) 1.278(4)

C(10)-C(13) 1.426(5) C(27)-C(29) 1.476(5)

C(11)-N(12)
;

1.150(4) C(27)-C(28) 1.477(5)

2.D.2.6 Reaction of n-Octylamine and n-Decylamine with (119)
Results similar to those for the other amines were observed on treating 

(119) with n-octylamine or with n-decylamine. The new product in each of 

these reactions precipitated from solution. The 1H and 13C NMR spectra of



each indicated unsymmetrical structures consistent with previous findings. The 
n-octylamino product showed two broad NH singlets at 10.7 and 8.5 ppm in the 
ratio 1:2 as before as well as unsymmetrical aromatic multiplets integrating in

Table 2.4 showing bondangles for (195)

C(6)-C(1)-C(2) 120.5(3) i N(12)-C(11)-C(10) 177.1(3)
C(6)-C(1)-C(7) 133.9(3) N(14)-C(13)-C(10) 178.6(3)
C(2)-C(1)-C(7) 105.6(3) C(7)-C(15)-C(16) 122.5(3)
C(3)-C(2)-C(1 ) 120.8(3) C(7)-C(15)-C(18) 120.4(3)
C(3)-C(2)-C(9) 133.4(3) C(16)-C(15)-C(18) 117.0(3)
C(1)-C(2)-C(9) 105.8(3) N(17)-C(16)-C(15) 179.6(4)
C(4)-C(3)-C(2) 118.0(3) N(19)-C(18)-C(15) 179.7(3)
C(5)-C(4)-C(3) 121.5(3) N(26)-C(20)-C(21) 109.1(3)
C(4)-C(5)-C(6) 120.9(3) N(26)-C(20)-C(21) 110.5(2)
C(1)-C(6)-C(5) 118.3(3) C(21 )-C(20)-C(25) 111.4(3)
N(8)-C(7)-C(1) 110.6(3) C(22)-C(21)-C(20) 110.4(3)
N(8)-C(7)-C(15) 122.2(3) C(23)-C(22)-C(21) 111.2(3)
C(15)-C(7)-C(1 ) 127.2(3) C(22)-C(23)-C(24) 112.3(3)
C(9)-N(8)-C(7) 107.2(2) C(23)-C(24)-C(25) 111.8(3)
N(8)-C(9)-C(10) 122.3(3) C(20)-C(25)-C(24) 109.8(3)
N(8)-C(9)-C(2) 110.7(2) C(27)-N(26)-C(20) 127.4(3)
C(10)-C(9)-C(2) 126.9(3) N(26)-C(27)-C(29) 119.7(3) |
C(9)-C(10)-C(11 ) 123.3(3) N(26)-C(27)-C(28) 122.0(3) I
C(9)-C(10)-C(13) 121.4(3) C(29)-C(27)-C(28) 118.3(3)
C(11 )-C( 10)-C( 13) 115.3(3)

!
i

the ratio 1:1:2. The remaining protons corresponded to the n-octyl protons and 
these integrated for total of seventeen protons. The 13C NMR spectrum was 
very similar to those of the previous A/-alkyl derivatives (see Table 2.7) with the 
main difference being for the carbons of the A/-alkyl group. Eight carbons 
corresponding to the n-octyl group were observed between 14 and 42 ppm.

The aromatic proton absorptions of the n-decylamino derivative were 
unsymmetrical as before, with two broad NH peaks, in the ratio 1:2, being 
observed at 10.8 and 8.6 ppm. The other protons present occurred between 
3.29 and 0.79 ppm and these integrated in total for 21 protons, corresponding
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to the n-decyl protons. The 13C NMR spectrum was very similar to those of the 
previous A/-alkyl derivatives (see Table 2.7) with the expected difference of ten 
carbon absorptions being observed between 14 and 42 ppm, corresponding to 
the n-decyl carbons. Both the n-octyl and n-decyl derivatives had essentially 
identical UV/visible spectra. Unfortunately a crystal structure of neither of 
these products could be obtained. Once again on the basis of the strong 
similarities in the spectral data between all the A/-alkyl derivatives it was 
concluded that the products obtained from the reaction of n-octyl and n-decyl 
amine with (119) were either the amidines (197) and (198) or the 
benzoazepines (199) and (200) or (201) and (202).

:= N R

NC CN

(197) R= n-octyl

(198) R= n-decyl

RHN

(199) R= n-octyl

(200) R= n-decyl

(201) R= n-octyl

(202) R= n-decyl

While both the filtrates from the n-octylamine reaction and the n- 
decylamine reaction gave black oils on evaporating off the solvents, only the n- 
decylammonium salt was obtained, by precipitation of a chloroform solution of 
the oil with light petroleum. Attempts to isolate the n-octylammonium salt in a 
similar manner were unsuccessful. The ïH NMR spectrum of the n- 
decylammonium salt again showed two symmetrical aromatic multiplets at 8.08 
ppm, integrating for two protons, and another at 7.6 ppm which overlapped with 
a broad singlet which together gave a total integration for five protons. The 
remaining protons were observed as four multiplets at 2.7, 1.48, 1.18 and 0.8 
ppm, in the ratio 2:2:14:3, corresponding to the n-decyl protons. The 13C NMR 
spectrum showed the same symmetrical character of the salt as before, with 
three aromatic carbon absorptions, two cyano absorptions, and two 
absorptions corresponding to the 2,2-dicyanovinylidene C i and C2 carbons 
being observed which corresponded to the anion of (110), (see Table 2.8). 
The remaining ten carbons between 14 and 48 ppm corresponded to the decyl 
group. On the basis of the strong similarities in the spectral data with the 
conclusively identified benzylammonium salt it was concluded that the solid 

isolated was the n-decylammonium salt.
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Since it had not been possible to obtain crystals of adequate quality for 
X-ray crystal structure determination of the possible amidine/benzoazepine 
products obtained from reaction of (119) with the primary amines just 
described, it was decided to investigate the reaction the reaction of a 
secondary amine with (119). The use of a secondary amine might also be 
expected to yield products with fewer possible tautomers.

2.D.2.7 Reaction of /V,/'£Dibutylamine with (119)
Treatment of the ammonium salt (119) with the secondary amine N,N- 

dibutylamine under reflux in ethanol for six hours gave almost complete 
conversion to a new product. This new product was isolated as a red solid by 
evaporation of the ethanol and recrystallisation from acetonitrile gave red 

needles. The identity of this new product was determined by 1H, 13C NMR and 
IR spectral data and its structure was confirmed conclusively by X-ray crystal 
structure analysis.

The NMR spectrum showed many similarities to those of the primary 
amine products mentioned already. Three unsymmetrical aromatic multiplets 
were observed at 8.3, 8.2 and 7.7 ppm respectively in the ratio 1:1:2 as before. 
Two broad NH peaks were also observed at 9.6 and 9.0 ppm and integrated in 
the ratio 1:1. The remaining protons integrated for a total of eighteen protons 
and these occurred as four multiplets between 3.6 and 0.9 ppm and 
corresponded to the A/,A/-dibutyl group. The 13C NMR spectrum also showed 
many similarities to those of the primary amine products (see Table 2.7), with 
the main difference being the number of different carbon absorptions 
corresponding to the A/-alkyl substituents. Thus four carbon absorptions were 
observed between 13 and 29 ppm, corresponding to the butyl carbons. Six 
aromatic carbon absorptions were observed as before between 123 and 138 
ppm as were three cyano absorptions at 116.8, 118.2 and 118.5 ppm. The C2 
carbon absorption of the 2,2-dicyanovinylidene group was also found at 50.8 
ppm. The IR spectrum showed a NH stretch at 3340 cm-1 and the UV/visible 
spectrum showed Vnax at 482, 460 and 336 nm, slightly shorter wavelengths 
than those of the previous addition products. On the basis of the spectral 
information two possible structures, (203) and (204), were postulated. 
Fortunately this compound yielded crystals of sufficient quality for X-ray 
structural analysis to allow the exact structural assignment be made.

Crystals of good quality for X-ray structural determination of the 
A/,A/-dibutylamine adduct of (110) were obtained as scarlet needles by 

recrystallisation from dimethylformamide. The single crystal X-ray structure
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conclusively identified the product to be 2-cyano-/V?,/V?-dibutyl-2-(3- 
dicyanomethyleneisoindolin-1-diylidene)acetamidine (203). The structure is 
triclinic, with P-1 symmetry and is shown in Figure 2.7.

The relevant bond lengths and bond angles are shown in Tables 2.5 and 2.6. 
The crystal structure shows that the molecule is essentially planar except for 
the 2-cyano-A/,,/Vi-dibutylacetamidino group which is twisted out of the plane 
due to the steric bulk of the /V,/V-dibutylamino group.

2.D.3 Discussion
At the outset of these reactions we were interested in seeing how and 

where an amine would react with compound (110). On the basis of the strong 
similarities found in the proton and carbon NMR data of the products from the 
reaction of (119) with primary amines and those for (203), it was concluded that 
the products of the addition reactions of the primary amines were also 
amidines, Scheme 2.38. The unsymmetrical character of the aromatic 

multiplets, in the ratio 1:1:2, was common to all the amidines. Two NH proton 
peaks in the ratio 1:2 in the 1H NMR spectrum, showing the presence of an NH 
and an NH2 group, were found in the primary amine derivatives, confirming that 
these amidines exist in the tautomeric form (173b) (Scheme 2.36). The 
A/,A/-dibutyl derivative (203) exhibited two one proton NH absorptions and can 
only exist in one form as expected. The common carbon absorptions of the 
13C NMR spectra of all the amidines, with the A/-alkyl peaks omitted, are shown 
in Table 2.7. It is clear from the table that essentially the same carbon skeleton 
is common to all structures. The slight variations in the chemical shifts for 
some of the absorptions for (203) can be attributed to reduced conjugation in 
the system due to the greater steric bulk of the A/,/V-dibutylacetamidino group 
compared with the other amidines, as also evident from the UV/visible spectra.

N(butyl)2 

NCV X  = NH

(203) (204)
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Figure 2.7 SCHAKAL drawing of the crystal structure of (203)
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Table 2.5 showing the bondlengths for (203)

Table 2,5 Band lengths fA j  I

N(1)-C(8) 1.347(10)

N(1)-C(1) 1.388(10)
N(2)-C(10) 1.113(12)
N(3)-C(11) 1.150(11)
N(4)-C(13) 1.169(12)
N(5)-C(14) 1.132(11)
N(6)-C(21) 1.487(5)
C(1)-C(9) 1.374(10)
C(1 )-C(2) 1.519(11)
C(2)-C(3) 1.350(12)
C(2)-C(7) 1.395(5)
C(3)-C(4) 1.363(13)
C(4)-C(5) 1.381(6)
C(5)-C(6) 1.423(14)
C(6)-C(7) 1.413(12)
C(7)-C(8) 1.440(12)
C(8)-C(12) 1.384(11)
C(9)-C(11) 1.369(11)
C(9)-C(10) 1.418(12)

RNH,

(175): R= benzyl 

(180): R= propyl 

(184): R= isopropyl 

(188): R= butyl 

(192): R= cyclohexyl

(197): R= octyl

(198): R= decyl

(119)

NR2 
N C ^ J,C =N H

R2NH

NC CN 

(203): R= butyl

Scheme 2.38

NH2 

C = NR
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Table 2.6 showing the bondangles for (203)

c 9 ) **N ( 8 ) ~C (7 ) 107. 9 2)
c 18)-N(20)-C(21) 125.1 2)
c 18)-N(20)-C(25) 120.3 2)
c 21)”N(20)-C(25) 113.7 2)
c 6)-C(l)-C(2) 119.8 2)c 6)-C(l)-C(7) 134.4 2)c 2)-C(l)-C(7) 105.5 2)
c 3)“C(2)-C(1) 121. 1 2)c 3)“C(2)-C(9) 133.4 2)
c 1)~C(2)-C(9) 105.5 2)
c 2)“C(3)-C(4) 118.2 3)
c 5)-C(4)-C(3) 121.1 3)c 4)“C(5)-C(6) 121. 1 2)c 1)“C(6)-C(5) 118.7 2)N 8)-C(7)-C(15) 123.0 2)N 8)-C(7)-C(l) 109.9 2)c 15)“C(7)-C(1) 127. 1 2)N 8)-C(9)-C(10) 120.8 2)N 8)-C(9)-C(2) 111.0 2)C 10)-C(9)-C(2) 128. 1 2)c 9)-C(10)-C(13) 120.4 2)c 9)-C(10)-C(11) 122.5 2)c 13)-C(10)-C(11) 117.0 2)N 12)-C(11)_C(10) 179.5 3)
N 14)-C(13)- C ( 10) 178.3 3)C 7)-C(15)-C(16) 116.7 2)C 7)-C(15)-C(18) 123.8 2)C 16)-C(15)-C(18) 119.0 2)N 17)-C(16)-C(15) 177.0 3)N 19)-C(18)-N(20) 119.4 2)N 19)—C (18)-C(15) 117.7 2)N 20)-C(18)-C(15) 122.8 2)N 20)-C(21)“C(22) 113.6 2)C 23)-C(22)-C(21) 111.7 2)C 22)-C ( 23) -C( 24) 113.7 3)N 20)-C ( 25) -C( 26) 113.2 2)
C 25)-C(26) —C ( 27) 113.0 2)
C 28) -C(27)-C(26) 115.2 3)
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able ¿J  inm 

ComDOund

n opecira ui 

(175) (180)

y u i u y a i  n.

(184) (188) (192) (197) (198) (203)

N-Substituent Benzyl Propyl Isopropyl B u t yl Cvclohexyl Octyl Decyl Dibutyl

C2 of 2,2- 57.25 56.96 56.36 56.9 56.8 56.9 57.0 50.8

dicyanovinyl- 

idene qroup

114.66, 115.15 114.8 115.1 115.2 114.9 115.1 116.8

Cyano C 115.35, 115.95 115.3 115.9 115.8 115.7 115.9 118.2

116.8 117.18 116.7 117.1 117.2 116.9 117.1 118.5

123.12 123.25 122.6 123.2 123.2 122.9 123.2 122.7

123.44 123.61 123.0 123.5 123.5 123.3 123.5 122.9

Aromatic C 131.03 131.21 130.6 131.1 131.2 130.8 131.1 131.0

131.46 131.66 131.1 131.5 131.6 131.2 131.5 131.1

135.0 134.97 134.3 134.9 134.9 134.7 134.9 137.7

137.97 137.98 137.4 137.9 137.9 137.7 137.9 137.8

127.05

Benzyl 127.19

Aromatic Cs 128.01

135.54

71.37 71.95 71.5 71.9 71.9 71.59 71.8 73.2

Other 159.56 159.1 157.4 158.9 157.7 158.7 158.9 159.2

non-alkyl C 167.26 166.79 166.1 166.7 166.7 166.5 166.7 165.4

170.1 170.25 169.8 170.1 170.3 169.9 170.2 171.5

*: in DMSO-dg and referenced to 39.49 ppm.



Comparison of the UV/visible spectrum of (203) with the spectra of the 
other acetamidines synthesised from primary amines, showed that there was a 
10 nm hypsochromic shift for the UV/visible spectrum of (203), whose A,max in 

DMF occurs at 482 and 460 nm compared with 492 and 460 nm for the adducts 
of the primary amines. This suggests that there is less deviation from planarity 
for the acetamidines derived from the primary amines due to their lesser steric 

bulk.
The recovery of the alkylammonium salts, Scheme 2.39, and the 

/V-isopropylidenecyclohexylammonium salt (195) from the reaction of the 
alkylamines with (119) is not surprising in light of the acidic nature of (110).

These salts were also identified by comparison of their spectral data with 
those of the conclusively identified benzylammonium salt (179). They all 
showed the same symmetrical character in the aromatic multiplets of their 
proton NMR spectra, with a three proton NH singlet, corresponding to the alkyl 
ammonium group, infringing on one of the aromatic multiplets. Comparison of 
the carbon NMR spectra, Table 2.8, with the absorptions corresponding to the 
different alkyl groups omitted, showed the same symmetrical character for all 
the salts and that the absorptions all occurred at very similar chemical shift 
values.

The reactions of the amines with (119) are summarised in Table 2.9 and 
are thought to involve an initial proton exchange between the ammonium cation 
and the alkylamine releasing ammonia and forming the alkylammonium salt. It 
is the alkylammonium salt which then reacts to give the amidine product. This 
was verified by taking the n-propylammonium salt (183) and heating it under 
reflux in 1,4-dioxan to give the corresponding amidine (180).

(179): R= benzyl 

(183): R= propyl

(195)

(187): R= isopropyl 

(191): R= butyl

Scheme 2.39
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Table 2.8 13C NMR spectra* of the anion of the alkylammonium salts of 2,2'- 

(isoindolin-1,3-diylidene)bispropanedinitrile (110).

Salt Arom atic C C-i of 2,2- 
d icyanoviny l- 
idene group

C2 of 2,2- 
d icyanoviny l- 
idene group

Cyano C

Benzyl
Ammonium
(179)

122.83, 131.27, 
137.38

171.97 53.89 116.24,
117.19

Propyl
ammonium
(183)

122.9,
137.5

131.3, 172.1 54.0 116.4,
117.3

Isopropyl
ammonium
(187)

122.93,
137.48

131.37, 172.07 56.08 116.35,
117.3

Butyl
ammonium

(191)

122.9,
137.5

131.4, 172.1 54.1 116.3,
117.3

Isopropylid
ene-
cyclohexyl
ammonium
(195)

122.9,
137.4

131.4, 172.0 53.9 116.3,
117.3

Decyl
ammonium

123.5,
138.3

131.3, 172.5 54.8 116.7,
117.4

*: all spectra were measured in DMSO-d6 except for the n-decylammonium salt 
which was determined in acetone-d6.

Why nucleophilic attack does not occur at the 1-position of the 
isoindolin-1,3-diylidene ring may somehow be resonance related. By analogy 
with the nitrogen in an amide group, the lone pair on the nitrogen in the
2-position of the isoindolin-1,3-diylidene ring can delocalise into the adjacent 
2,2-dicyanovinylidene groups, thus making the adjacent carbons in the 1- and
3-positions less prone to nucleophilic attack due to the greater stability granted 
by the resonance structures.



Table 2.9 Summary of the reactions of various amines with (119)

benzylamine 1,4-dioxan 46 I 28

n-propylamine 1,4-dioxan 65 | 8
isopropylamine 1,4-dioxan 47 ] 25
n-butylamine ethanol 77 ] 17
A/,/V-dibutylamine ethanol 94 | -
cyclohexylamine pyridine 64 ! -
n-octylamine 1,4-dioxan 27 ! -

\ n-decylamine ethanol 30 I -

Formation of the amidines from the corresponding alkylammonium salts 
probably involves an equilibrium between the alkylammonium salt of (110) and 
the neutral components (Scheme 2.40), maintaining a small concentration of 
the free amine. 1,2-Addition of the amine across a cyano group of (110) can 
then occur.

NC CN

NHRR'

Scheme 2.40

The X-ray crystal structure of (203) shows that addition of the 
A/,/V-dibutylamine occurs at the cyano group farthest from the aromatic ring, 
giving the Z-isomer, and that there is significant twisting of the N,N- 
dibutylacetamidino group out of the plane of the molecule due to the steric bulk 
of A/,A/-dibutyl group. Were addition to occur at the cyano group adjacent to 
the benzene ring, this would result in greater steric strain in the system due to 
unfavourable interaction between the A/,A/-dibutylacetamidino group and the 
peri hydrogen of the aromatic ring.
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As mentioned previously the greater steric bulk of the 
/V,A/-dibutylacetamidino group of (203) is apparent from comparison of its 
UV/visible spectrum with those of the primary amine derivatives in that its Vnax 
occurs at a shorter wavelength due to reduced conjugation. Interestingly the 
primary amine derivatives all exhibit essentially the same solution-phase 
UV/visible spectrum yet show various shades of orange and even a yellow in 
their solid state. It has been reported152 that some pigments can crystallise in 
different phases and these can have different colour properties. For example, 
pigment (205) exists in two phases, a and (3, which give a yellow and scarlet 
pigment respectively and the phase obtained is dependent on the solvent used 
in their synthesis. Standard solvents give the yellow pigment and solvents like 
DMF give the scarlet pigment. Thus these morphological effects on pigment 
shade and colour may explain why (203) occurs as a scarlet red crystalline 
solid with A.max values at shorter wavelengths, 482 and 460 nm, compared to 
the varying orange powders found for the primary amine derivatives, all with 

Vnax values at 492 and 460 nm.

The UV/visible spectra of (206), with various substituents, have ^ max values at 
495 and 498 nm in DMF and these occur at values similar to those for the 
primary amine derivatives and this further supports the assigned amidine 
structures.

2.D.4 C onclus ions
It is apparent from the reactions carried out on (110), via its ammonium 

salt (119), that it is not prone to nucleophilic attack at the sp2-hybridised 
carbon adjacent to the nitrogen as is the carbonyl carbon of phthalimide. Thus 
it seems that similarities in the reactivity of carbonyl compounds and their 
alkylidenemalononitrile analogues does not hold for phthalimide and (110) and 
unfortunately did not provide a route to the /V-alkyl derivatives of (110). The 
amidines in Scheme 2.38, which have not been reported before, show poor

(205) (206)
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solubility in nearly all organic solvents and may be of use as pigments. Further 
studies with a greater range of nucleophiles may yield further related 
isoindoline pigments with a greater variety of shades and good pigment 
properties.
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Chapter



3.0 Cyclic Voltammetric Analysis

3.1 In troduction
Cyclic Linear Sweep Voltammetry (CV) is a popular technique for 

characterising the electrochemical properties of new species and has proven 
useful for determining the electron affinity and electron donating ability of 
compounds. This method is well reported181 and has allowed the electron 
acceptor ability of novel acceptor groups to be compared with those already 
known and gives a good indication as to the potential C-T forming abilities of 
new acceptor groups. In this chapter, the results of the electrochemical studies 
on the acceptor molecules (110) and (151) shall be reported.

In a typical CV experiment,182 the applied potential at the working 
electrode, measured with respect to a reference electrode, is varied linearly 
with time at a controlled sweep rate and the resulting current is measured. 
Typical sweep rates range from 0.04 to about 1,000 V/sec. It is customary to 
record the current as a function of potential, which is equivalent to recording 
the current versus time. A typical CV is shown in Figure 3.1.

(1 1 0 ) (151)

0

E
p.o

Figure 3.1 Typical Cyclic Voltammogram for a freely diffusing species.
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During the forward sweep of a species O for reduction to a species R, 
the scan is begun well positive of the formal potential E0' for the process, 
position (A), and no current flows at this initial potential. As the electrode 
potential approaches E0', a current begins to flow, (B), and as the potential 
becomes more negative the current continues to grow, (C), as the surface 
concentration of the neutral species at the working electrode drops. As the 
potential moves past E0' the surface concentration drops to near zero, mass 
transfer of the neutral species to the surface reaches a maximum, (D), and then 
declines as the depletion effect sets in and the current decays, (E). By 
reversing the potential at (F) and sweeping in a positive direction, the large 
concentration of oxidisable anion radical R, in the vicinity of the electrode, 
generates a reversal current which gives a curve having a shape much like that 
of the forward sweep.

In a cyclic voltammogram the parameters of most importance are: the 
peak potentials Ep C and Ep a (c = cathodic and a = anodic), their difference 
AEp_ and the peak currents ip C and ip a. These parameters give important 
information as to the reversibility of the electrochemical system. If an 
electrochemical system follows the Nernst equation (equation 5), or an 
equation derived from it, the system is said to be reversible or Nernstian.

E = E° + RT/nF lnC0/CR equation 5

where E is the applied potential, E0' is the formal potential, R is the Gas 
Constant, T is the absolute Temperature, F is the Faraday Constant, n is the 
number of electrons per molecule of oxidised or reduced species, C0 is the 
concentration of oxidised species in mol/cm3, and Cr is the concentration of 
reduced species in mol/cm3.

For an electrochemically reversible system the difference in the peak 
potentials, AEp, at 25°C is 0.059/n V. For a chemically reversible system the 

ratio of the peak currents ip ^ / ip ^  's ur,ity since both the oxidised and reduced 
species are chemically stable. A cause of non-reversibility, which can occur for 
organic species, is if a chemical reaction occurs at the electrode resulting in the 
generation of a new organic entity leading to the initial product of electron 
transfer being lost.
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Figures 3.2 and 3.3 show the cyclic voltammograms of (110) and (151) 
respectively, measured in dimethylformamide at room temperature, where the 
supporting electrolyte was lithium perchlorate. A hanging mercury drop 
electrode was used as the working electrode and a Ag/AgCI electrode as the 
reference electrode. Dimethylformamide was used as the solvent as this was 
the only solvent in which (110) was sufficiently soluble. It is apparent from both 
CVs that neither species was reversible, under the chemical conditions used 
and at the timescale employed, suggesting that the reduction products formed 
were chemically unstable.

In the CV of (110) (Figure 3.2), the potential was scanned between -0.2 
and -2.0 V at a sweep rate of 0.1 V/s. The resulting voltammogram showed the 
formation of a reduction peak at Ep = -1.09 V and there was evidence of a 
subsequent reduction product past -2.0 V as observed by the continued 
increase in the current. In an effort to see if the reduction wave at -1.09 V was 
reversible, the potential range between -0.4 to -1.3 V was scanned with varying 
sweep rates. Figures 3.4 to 3.6 show the CVs for (110) measured at 
decreasing sweep rates, from 0.5 V/s to 0.01 V/s, and it is evident from these 
that the species in solution was irreversible.

We have found, by UV/visible studies, that (110), due to its acidity, 
exists as its anionic form in DMF (see Chapter 2 Section 2.C). This suggests 
that the species which is being reduced in solution is the anion of (110) and not 
the neutral acceptor. It has been reported that the electrochemical studies of 
phthalimide have been complicated due to the acidic NH proton but in spite of 
its acidity the anion radical of phthalimide was observable183 by cyclic 
voltammetry in DMF and the first reduction peak (Ep= -1.49 V ys SCE) was 
reversible at a sweep rate of 20 V/s. At slower sweep rates self-protonation 
occured giving products which gave anomalous currents. See Scheme 4.01.

3.2 Electrochemical Studies of (110) and (151)

O w n-

O o o

Scheme 4.01

We have found that the anion of (110) shows irreversible electrochemical 
behaviour, even at millisecond timescales. The irreversibility of (110) most 
likely results from the formation of an unstable reduction product, the identity of



-• •»«
( (V)

Figure 3.2 Cyclic Voltammogram of (110) in 0.1 M lithium perchlorate in 
Dimethylformamide at a hanging mercury-drop electrode, scan rate 0.1 V/s.
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Figure 3.3 Cyclic Voltammogram of (151) in 0.1 M lithium perchlorate in 

Dimethylformamide at a hanging mercury-drop electrode, scan rate 0.1 V/s.
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Figure 3.4 Cyclic Voltammogram of (110) in 0.1 M lithium perchlorate in 
Dimethylformamide at a hanging mercury-drop electrode, scan rate 0.5 V/s.
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Figure 3.5 Cyclic Voltammogram of (110) in 0.1 M lithium perchlorate in 

Dimethylformamide at a hanging mercury-drop electrode, scan rate 0.1 V/s.
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Figure 3.6 Cyclic Voltammogram of (110) in 0.1 M lithium perchlorate in 
Dimethylformamide at a hanging mercury-drop electrode, scan rate 0.01 V/s.
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Figure 3.7 Cyclic Voltammogram o f (151) in 0.1 M lithium perchlorate in 

Dimethylformamide at a hanging mercury-drop electrode, scan rate 5.0 V/s.
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which is unknown. Such a product may possibly result from an analogous 
reaction to that for phthalimide in Scheme 4.01, giving the 1,3-disubstituted 
isoindole (207) which in turn could lose hydrogen cyanide giving the 
isoindolenine (208). Scheme 4.02. Since the half wave potential E1/2 for (110), 
or its anion, cannot be determined, because of the non-reversibility of the 
reduction wave, it is not possible to compare its acceptor ability accurately with 
that of TCNQ (1), which has E1/2(1) = -0.12, E1/2(2) = -0.72 V in DMF, or its 
isoelectronic equivalent benzo-TCNQ (112), E1/2(1) = -0.30, E1/2(2) = -0.73 V in 
DMF.
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Scheme 4.02



While the deprotonation associated with the formation of the anion of 
(110) is not possible for (151), its CV also showed non-reversibilty on reduction 
(Figure 3.3). Two reduction waves were observed at -1.35 and -1.62 V. In an 
effort to determine whether the second reduction wave was associated with 
(151) itself or with the formation of a new species on reduction of (151), the 
sweep rate was increased from 0.1 V/s to 5.0 V/s. Increasing the sweep rate in 
cyclic voltammetry decreases the amount of time taken for each scan, thus 
reducing the likelihood that the product of electron transfer will undergo a 
following chemical reaction. Figure 3.7 shows that on increasing the sweep 
rate only a single redox couple is observed at approximately -1.400 V, 
corresponding to reduction of (151). That a single redox couple is observed 
suggests that the kinetics of the chemical reaction that follows electron transfer 
are relatively slow, and that by employing a relatively fast sweep rate, 5 V/s, 
this chemical reaction can be out run. Under the circumstances, an electron 
can be injected into (151) and removed before significant chemical 
decomposition has occurred. When Figures 3.3 and 3.7 are compared, there 
are two significant differences in the voltammetric responses observed for the 
reduction of (151). First, in the higher sweep rate experiment (Figure 3.7) a 
significant oxidation response is observed corresponding to the re-oxidation of 
electrochemically reduced (151). Second, there is a difference of 
approximately 50 mV in the half-wave potential for the irreversible redox 
reaction of Figure 3.3 compared to the formal potential of the quasi-reversible 
response illustrated in Figure 3.7. This difference is expected since the 
position of the irreversible wave is controlled in part by the rate constant of the 
following chemical reaction. Moreover, because of the higher currents that are 
observed in Figure 3.7, there will be a larger iR drop, where i is the total current 
flow and R is the resistance of the electrolytic solution, which tend to shift the 
formal potential of the voltammetric response shown in Figure 3.3 in a negative 
potential direction.

As a result of the non-reversibility of (151) it was not possible to 
compare the reduction peak potential at Ep = -1.35 V with the half wave 
potentials of (1) and (112). However, the reduction peak potential does give 
some indication of the electron acceptor ability of (151) and the stability of the 
anion radical formed. The reduction peak potential observed suggests that 
(151) is not a strong acceptor and its irreversibility shows that the anion radical 
is unstable. One explanation for the instability of the anion radical of (151), 
initially considered, was the formation of an isoindole intermediate (209) which 
might form on one electron reduction of (151). Although /V-substituted
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isoindoles are stabilised when strongly electron withdrawing groups are present 
in the C-| and C3 postions,184 the excess negative charge may reduce this 
stability.

NC CN

NC ‘ CN

NC CN

NMe

(209)

However (114), the sulphur analogue of (110), shows two reversible reduction 
waves in dichloromethane139 at E1/2(1) = -0.31, and E1/2(2) = -0.78 V, and this 
compound would be expected to form similar benzo[c]thiophene radical anion 
intermediates. This suggests that either the isoindole derivative is less stable 
than its sulphur analogue or that some other chemical reaction is taking place 
at the electrode.

Conclusions
Due to the limitations in the use of dimethylformamide as the solvent for 

the electrochemical studies of (110), it cannot be conclusively stated how the 
acceptor ability of (110) compares to that of (1) or the iso-electronic (112). The 
electrochemical studies of (151), however, show that the radical anion 
intermediates are not stable and are not electrochemically reversible. Although 
the half-wave potentials cannot be calculated, comparison of the first reduction 
potential Ep with the half-wave reduction potentials of (112) shows that (151) is 
not as good an acceptor as (112). This suggests that in order for (151), and 
possibly (110), to form C-T complexes, more strongly donating donor groups 
may be necessary. Since the reduction potential obtained for (110) is less than 
that of (151), and is most likely due to the reduction of the anion of (110), it is

N C. X N

NC CN 

(114)
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possible that the electron affinity of the neutral acceptor may be greater than 

that of (151).
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Chapter 4
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4.0 Charge-Transfer S tudies of 2,2’-(lso indo lin -1 ,3-d iy lidene) 

b isp ropaned in itrile  (110) and 2,2’-(2-M ethyliso indolin-1 ,3-d iy lidene) 
b isp ropaned in itrile  (151)

4.1 In troduction
As stated previously in Chapter 1, (Section 1.A ), when an electron 

donor D and an electron acceptor A interact, their physical properties are 
perturbed and new properties arise which can be attributed to the formation of 
a charge-transfer complex. These new properties are responsible for the 
observation of new bands in the UV/visible spectrum which are not attributable 
to either the donor D or the acceptor A. UV/visible spectroscopy provides one 
of the most widely used methods for the study of both strong and weak C-T 
complexes and it also provides a reliable means of determining the 
thermodynamic properties of these complexes.185 However weak electron- 
donor-acceptor interactions give complexes which last sufficiently long for 
intermolecular C-T to occur but are sometimes unstable and cannot be isolated 
as a solid complex. As a result their concentrations are less than the donor 
and acceptor concentrations and thus it may be difficult to observe their C-T 
bands in solution by UV/visible spectroscopy.

In an effort to see which donors might potentially form stable C-T 
complexes with the acceptors (110) and (151), UV/visible studies were carried 
out with a range of donors, (2a) and (210)-(212), and the spectrum of the 
solution of the complex recorded to determine whether C-T was taking place. 
The method employed involved adding a sufficient quantity of the acceptor to a

Me Me Me. .Me 
N N

.N.
Me Me

(210) TMDA (211) DMA (2a) TTF (212) AN

fixed volume of a suitable solvent in a quartz cell and then recording the 
spectrum. The donor was then added to this solution in known quantities and 
the spectrum recorded again. A spectrum of the donor in the same solvent was 
also recorded and the formation of the new C-T band could then be seen on 
comparison of the spectra. Fortunately (110) was sufficiently soluble in 

dichloromethane and tetrahydrofuran to permit the measurement of its

147



UV/visible spectrum, which allowed for the determination of the C-T complexing 
ability of the neutral compound. The C-T complex was subsequently isolated 
by mixing together concentrated solutions of the donor and the acceptor in an 
appropriate solvent, filtering it off if it formed on standing, or else by 
evaporating off the solvent and recrystallising the complex from an alternative 
solvent.

In this chapter the UV/visible studies for the acceptors (110) and (151) 
with a variety of donors are reported along with the C-T complexes isolated, 
and the X-ray crystal structure of the C-T complex of (110) with N,N,N',N'- 
tetramethyl-/>phenylenediamine (TMDA).

4.2 Charge-Transfer Complex of (110) with A/,A/,/V',/V-Tetramethyl-p- 
phenylenediamine (TMDA)

Because of the acidity of the NH group in (110) it was of interest to see 
whether (110) would form a C-T complex or a salt with the strong donor 
/V,A/,A/',/V-tetramethyl-p-phenylenediamine (TMDA; 210). On adding TMDA to 
(110) in dichloromethane, and measuring the UV/visible spectrum, a new broad 
intense band was observed at 500-680 nm with ^ max = 642 nm, attributed to 
the formation of a C-T band, (Figure 4.01).

On combining a concentrated solution of (110) in tetrahydrofuran with a 
two molar equivalent solution of TMDA in acetonitrile a black/dark green 
solution formed immediately and green/black needles precipitated. Elemental 
analysis showed that a 1:1 C-T complex had been formed. The X-ray crystal 
structure permitted determination of the stacking pattern found in the complex.

4.2.1 X-ray Crystal Structure of the 1:1 C-T complex of (110)-TMDA
Crystals of the 1:1 complex of (110)-TMDA (Figure 4.02), suitable for 

X-ray crystallography, were obtained from acetonitrile as black/dark green 
needles. The 1:1 complex crystallised in a monoclinic crystal system in the 
P121/n space group. The relevant bond lengths and bond angles are given in 
Table 4.01.

The crystal packing diagram (Figure 4.03) shows the infinite one­
dimensional alternate or mixed stacking of the donor (TMDA) and the acceptor 
(110) in the complex. The highly planar nature of (110), an important 
prerequisite for the synthesis of electrically conducting C-T complexes, can be 
seen in Figure 4.04. To calculate the distance between the two components 
within a stack of the C-T complex the mean plane of the nitrile component of 
(110) was calculated and the orthogonal distance of any atom on the adjacent
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Figure 4.01 UV/visible spectra of TMDA (210), (110) and the Charge-Transfer 
complex (110)-TMDA.
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N 3

Figure 4.02 SCHAKAL drawing of the crystal structure o f the 1:1 complex of 

(110)-TMDA.
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Figure 4.03 SCHAKAL illustration of the alternate or mixed stacking 
the crystal structure of the 1:1 complex o f (110)-TMDA.
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Figure 4.04 A lte rn a tive  p e rp e c tive  o f th e  SCHAKAL illu s tra tio n  o f th e  

m o tif fo u n d  in  the  c ry s ta l s tru c tu re  o f the  1: 1 com p lex o f (110)-TMDA.



Table 4.01 showing the bond lengths and bond angles for (110)-TMDA

Bond lengths (A) Bond angles (deg)
N(1A)-C(1A) 1.355(5) C(1A)-N(1A)-C(7A) 121.2(4)
N(1A)-C(7A) 1.455(6) C(1A)-N(1A)-C(8A) 122.1(4)
N(1A)-C(8A) 1.454(6) C(7A)-N(1 A)-C(8A) 116.7(4)
N(2A)-C(4A) 1.337(5) C(4A)-N(2A)-C(9A) 122.2(4)
N(2A)-C(9A) 1.444(6) C(4A)-N(2A)-C(10A) 121.7(4)
N(2A)-C(10A) 1.472(6) C(9A)-N(2A)-C(10A) 116.2(4)
C(1A)-C(2A) 1.411(5) N(1A)-C(1 A)-C(2A) 121.3(4)
C(1A)-C(6A) 1.411(5) N (1 A)-C( 1 A)-C (6A) 121.2(3)
C(2A)-C(3A) 1.362(6) C(2A)-C(1 A)-C(6A) 117.5(4)
C(3A)-C(4A) 1.418(6) C(3A)-C(2A)-C(1 A) 120.8(4)
C(4A)-C(5A) 1.416(5) C(2A)-C(3A)-C(4A) 122.0(4)
C(5A)-C(6A) 1.351(6) N (2A)-C(4A)-C (5A) 121.2(4)
N(1)-C(7) 1.344(5) N(2A)-C(4A)-C(3A) 122.4(4)
N(1)-C(8) 1.346(5) C(5A)-C(4A)-C(3A) 116.4(4)
N(2)-C(10) 1.150(6) C(6A)-C(5A)-C(4A) 121.8(4)
N(3)-C(11) 1.142(6) C(5A)-C(6A)-C(1A) 121.5(4)
N(4)-C(13) 1.143(6) C(7)-N(1)-C(8) 108.1(3)
N(5)-C(14) 1.132(5) C(6)-C(1)-C(2) 119.4(5)
C(1)-C(6) 1.374(6) C(1)-C(2)-C(3) 120.7(5)
C(1)-C(2) 1.375(7) C(4)-C(3)-C(2) 120.8(5)
C(2)-C(3) 1.383(7) C(3)-C(4)-C(5) 118.4(5)
C(3)-C(4) 1.381(7) C(4)-C(5)-C(6) 120.7(4)
C(4)-C(5) 1.385(6) C(4)-C(5)-C(8) 133.6(4)
C(5)-C(6) 1.399(5) C(6)-C(5)-C(8) 105.8(4)
C(5)-C(8) 1.467(5) C(1)-C(6)-C(5) 120.0(4)
C(6)-C(7) 1.467(5) C(1)-C(6)-C(7) 135.0(4)
C(7)-C(12) 1.375(5) C(5)-C(6)-C(7) 105.0(3)
C(8)-C(9) 1.378(5) N(1)-C(7)-C(12) 121.6(4)
C(9)-C(10) 1.417(7) N(1)-C(7)-C(6) 110.8(3)
C(9)-C(11) 1.428(6) C(12)-C(7)-C(6) 127.6(4)
C(12)-C(14) 1.425(6) N(1)-C(8)-C(9) 121.0(4)

C(12)-C(13) 1.434(6) N(1)-C(8)-C(5) 110.2(3)
C(9)-C(8)-C(5) 128.7(4)
C(8)-C(9)-C(10) 119.8(4)
C(8)-C(9)-C(11) 123.6(4)
C(10)-C(9)-C(11) 116.5(4)
N(2)-C(10)-C(9) 179.3(5)
N(3)-C(11)-C(9) 179.4(5)
C(7)-C(12)-C(14) 125.0(4)
C(7)-C(12)-C(13) 120.3(4)
C(14)-C(12)-C(13) 114.7(4)
N(4)-C(13)-C(12) 178.0(5)
N(5)-C(14)-C(12) 178.2(6)

donor molecule was then determined. These distances are shown in Table 
4.02. It can be seen that the nearest mean plane contact distance between the 
donor and acceptor is 3.41 A and the farthest is 3.60 A, similar to the 
interplanar distances (-3.5 A) found in other mixed stack complexes186 and are
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Table 4.02 Mean plane contact distances between the (110) and TMDA

Donor Atoms Mean plane 
orthogonal distance 

(A)

C1a 3.5400
C2a 3.4335
C3a 3.4128
C4a 3.5012
C5a 3.5770
C6a 3.5988
N1 a 3.6027
N2a 3.5168

greater than those for segregated stack complexes (-3.2 Â). Figure 4.04 also 
shows the two-dimensional alternating stacking structure of the complex and in 
addition it can be seen that the donor and acceptor components of the stacks 
are tilted out of the plane normal to the stacking direction. The sheet-like 
nature of the donors and acceptors in the alternate stacks is also seen in 
Figure 4.03. This mixed stacking motif of the complex is the most common 
arrangement 187 and is consistent with complexes composed of strong donors, 
such as TMDA and TTF, and weak electron acceptors, such as (110) and the 
extended furanoquinoid TCNQ analogue (213).102

The other structural feature of interest from the X-ray crystal analysis is 
the relative orientations of the component molecules to each other. This can 
be seen in Figure 4.05, which gives a side view of the D-A pair, and Figure 
4.06, which shows the relative overlap of the two component molecules by 
projection of the mean plane of the donor onto that of the acceptor. Both these 
figures show that there is half a ring displacement of the aromatic rings of each 
component. Such a half ring displacement was postulated by Mulliken 12(a) to 
yield maximised C-T interactions in k -k complexes, by allowing maximum 
overlap of the filled donor orbital and the empty acceptor orbital. While similar
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Figure 4.05 Side view of the relative orientation of the donor molecule 

acceptor molecule in (110)-TMDA.



Figure 4.06 Orthogonal view, showing how the donor molecule and the 

acceptor overlap in (110)-TMDA.
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half ring displacements can be seen in the 1:1 complexes of pyromellitic 
dianhydride-benz[a]anthracene (214) and naphthalene-dg-tetrachlorophthalic 

anhydride (215),188 it has been suggested187(a) that Mulliken did not take into 
account dispersion forces, which tend to be largest in orientations bringing 
maximum polarisabilities into play and which are associated with short 
interplanar spacings. Mulliken later conceded that electrostatic forces may be 
responsible, and sometimes predominantly, for the stability of weak n-n 

complexes, but he stated that dispersion-force contribution to the stability was 
only important in the vapour state since their effects were approximately 
cancelled in the formation of complexes in solution.12(b) Similar findings to 
Mullikens were also reported by Wallwork189 who, on investigating the structure 
and relative disposition of components in C-T complexes, claimed that where 
C-T forces might be expected to be more significant in determining the structure 
(e.g. from low ionisation potential of the donor) the relative orientation and 
positions of the component donor and acceptor are found to be such as to allow 
the maximum overlap between their Ti-molecular orbitals. However it seems 

that since short interplanar separations are not in evidence in the (110)-TMDA 
complex, as compared with the interplanar spacing of 3.27 and 3.24 A for the 
1:1 and 2:1 complexes of TCNQ with TMDA, and since there seems to be no 
particular overlap of the polarisable groups, (the carbon to carbon double bond 
of the acceptor and the nitrogens of the donor), this may suggest that C-T 
interaction contributes to the relative orientation of TMDA and (110) which may 
result from maximum donor-acceptor orbital overlap.

We also compared (110)-TMDA with the 2:1 and a 1:1 complexes of 
TCNQ with TMDA. The X-ray crystal structures of both the 1:1 complex 16 and 
the 2:1 complex17 show segregated stacking of the TMDA and the TCNQ 
molecules with interplanar spacing of 3.27 and 3.24 A respectively, suggesting 
a stronger C-T interaction than that found in (110)-TMDA. Comparison of the 
bond lengths of the aromatic ring system for the TMDA molecule in the complex
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with (110), with those for the 1:1 and 2:1 complexes for TMDA with TCNQ, 
(Table 4.03), shows similar values and on examining the bond lengths it is 
evident that the TMDA molecule has pseudo-quinonoidal character, structure 
(216), confirming that C-T has taken place between TMDA and (110).

1.416 1-411

1.418 1.411

(216)

Table 4.03 Comparison of the bondlengths found in TMDA in the neutral form 
and in C-T complexes with TCNQ and (110)

Bond lengths (Â)

Bond 2:1
TCNQ-TMDA

1:1
TCNQ-TMDA

1:1
(110)-TMDA

TMDA190

C1A-C2A 1.418 1.416 1.411 1.402

C1A-C6A 1.411 1.400

C2A-C3A 1.367 1.374 1.362 1.398

C5A-C6A 1.357 1.382

C3A-C4A - - 1.418 1.392

C4A-C5A 1.416 1.394

C4A-N2A 1.373 1.365 1.337 1.420

C1A-N1A 1.355 1.407

N1A-C8A 1.458 1.474 1.454 1.412

N2A-N10A 1.472 1.445

Further evidence for the occurrence of C-T is also apparent from the marked 
low wavenumber shift of the nitrile stretching vibration, 2198 cm '1 for the 
complex, compared with 2227 cm'1 for neutral (110). Such shifts are indicative 
of C-T in which the coupling of conduction electrons and intramolecular 
phonons affect the vibrational modes of the complex components and result in 

a shifting of f req uenc ies .191
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4.3 Attempted C-T Complex formation of (110) with other donors
It seemed likely that the structurally similar, yet slightly poorer donor 

relative to TMDA, /V,/V-dimethylaniline (DMA; 211) would give analogous 
results with (110). However, when DMA was added to a solution of (110) it did 
not show the formation of a new C-T band but instead showed the formation of 
the anion of (110), corresponding to the dimethylanilinium salt of (110), (Figure 
4.07). This was confirmed by comparing its spectrum with that of the 
ammonium salt (119) (Figure 4.08) which was shown to be identical to the UV 
spectra of the alkylammonium salts reported in Chapter 2, Section D. Mixing 
solutions of the DMA and (110) in THF did not show any darkening of the 
resulting solution, usually an indication that C-T has taken place.

The use of a strong donor which would not deprotonate (110) was then 
investigated. The addition of increasing amounts of the strongly electron- 
donating compound TTF to a fixed concentration of (110) in acetonitrile 
resulted in the formation of a C-T band with X.max = 460 nm (Figure 4.09). On 
adding a solution of (110) in tetrahydrofuran to a concentrated one molar 
equivalent solution of TTF in acetonitrile, an immediate colour change in the 
solutions, from light yellow to green, was observed. Attempts to isolate 
sufficient quantities of the dark green flake crystals, observed on evaporating 
off the solvent mixture, failed on attempting to recrystallise the complex from a 
variety of solvents and thus it was not possible to determine the ratio of donor 
to acceptor in the complex formed.

In order to determine whether complex formation with weaker donor 
systems was possible, spectroscopic studies on the addition of anthracene 
(AN) to a solution of (110) in tetrahydrofuran were carried out. Figure 4.10 
shows the effect of adding increasing amounts of AN to the acceptor. The 
formation of a new C-T band at 450-520 nm, as two broad peaks, was 
observed. Although these bands are similar to those observed at 466 and 496 
nm on the dropwise addition of water to a solution of (110) in THF (Figure 
4.11), the considerably broadened nature of the bands due to the addition of 
AN and the different A.max values suggest that C-T occurs. The bands due to 
the addition of water were identical to those of anion of (110) (see Figure 4.08) 
and these disappeared on addition of a drop of concentrated hydrochloric acid 
to the aqueous THF solution, confirming their assignment as being due to the 
anion of (110). It seems likely that due to the acidic nature of (110) and the 
amphoteric nature of water that the anion is formed on addition of water. The 
possibility of the formation of the anion of (110) on addition of AN is unlikely.

159



I m i r u r i t n t  0 * t » ,

Figure 4.07 UV/visible spectra of DMA (211), (110) and the (110)-DMA salt.
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Figure 4.08 UV/visible spectra o f Dimethylammonium salt o f (110) and the 
ammonium salt (119)
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Figure 4.09 UV/visible spectra o f TTF (2a), (110) and the Charge-Transfer 

complex (110)-TTF.
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Figure 4.10 UV/visible spectra of AN (212), (110) and the Charge-Transfer 

complex (110)-AN.
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Figure 4.11 UV/visible spectrum of (110) showing the formation o f bands due 
to the anion on drop-wise addition of water to (110)

Mixing equimolar THF solutions of (110) and AN gave a resulting dark 
orange/red coloured solution which was in strong contrast with the pale yellow 
solution of (110) and the colourless solution of AN. On concentration of the 
solution and storing under argon, the resulting claret coloured solution yielded 
large black/metallic purple needles of the C-T complex. It was found that on 
filtering in air these needles were unstable, readily changing from purple to 
yellow. On filtering under argon the complex remained stable and this 
suggested that the C-T complex formed was susceptible to gradual oxidation 
from atmospheric oxygen.

Charge-Transfer Complexes of (151) with various donors.

The C-T complex forming ability of (151) was also investigated in a 
sim ilar manner. Figure 4.12 shows the effects of adding increasing amounts of 
TMDA to a solution of (151) in acetonitrile. The UV/visible absorption spectrum 
shows the formation of a C-T band which tails out to 700 nm. This band can be 
attributed to the formation of a C-T complex between (151) and TMDA. By 
combining two concentrated solutions of (151) and TMDA in tetrahydrofuran a 
dark green solution was obtained. The tetrahydrofuran was removed and the 
green solid obtained was recrystallised from acetonitrile giving a 2:1 complex of
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(151)-TMDA based on its elemental analysis. A shift in the cyano peak in the 
IR spectrum was also observed for the complex, with the cyano stretching band 
occurring at 2221 cm-1 compared with 2224 cm '1 for the neutral acceptor. 
While these results showed that (151) was capable of forming a C-T complex, 
the small bathochromic shift to longer wavelengths suggested that the degree 
of transfer was not as great as for the corresponding complex of (110), in which 
there was a shift of 29 cm '1. This suggests that (151) is not as strong an 
acceptor as (110). Unfortunately attempts to obtain crystals of sufficient quality 
for X-ray crystallography were not successful.

It was hoped that a C-T complex with DMA might be obtained for (151) 
as it did not have the same complication of an acidic NH as (110). However 
the addition of increasing quantities of DMA to a solution of (151) in acetonitrile 
showed no formation of a C-T band (Figure 4.13). The combination of (151) 
and DMA in equimolar quantities in THF showed no colour change for the 
resulting solution and it was concluded that no C-T had taken place.

When the more strongly electron-donating compound, TTF, was added 
to a solution of (151) in acetonitrile the formation of a C-T band was observed 
with Xmax = 452 nm and this was attributed to the formation of a C-T complex 
between (151) and TTF (Figure 4.14). Dark green plates of the complex of 
(151)-TTF were obtained from the dark green solution which formed when two 
concentrated solutions of (151) and TTF were mixed. The ratio of the 
components in the complex was determined by elemental analysis as 1:1. A 
shift in the cyano stretching frequency peak in the IR spectrum was also 
observed, with the cyano peak occurring at 2213 cm'1 compared with 
2224 cm“1 observed for the neutral acceptor, suggesting that the degree of C-T 
from TTF to (151) is slightly greater than for TMDA.

The ability of (151) to form a C-T complex with the weak donor, 
anthracene, was also investigated. The UV/visible spectrum recorded after the 
addition of AN to a solution of (151) (Figure 4.15) showed that the weaker 
donor was not capable of forming a C-T complex with (151) and no complex 
was formed on mixing equimolar solutions of the donor and acceptor together.
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Figure 4.12 UV/visible spectra of TMDA, (151) and the Charge-Transfer

complex (151)-TMDA.
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Figure 4.13 UV/visible spectra o f DMA, (151) and the DMA/(151) mixture.
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Figure 4.14 UV/visible spectra o f TTF, (151) and the Charge-Transfer complex

(151)-TTF.
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Figure 4.15 UV/visible spectra of AN, (151) and the AN/(151) mixture.
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4.5 D is c u s s io n

It is c lear from  the UV/visib le spectra l data, and from the com plexes 

iso lated, that both (110) and (151) are capab le  o f form ing C-T com plexes w ith a 

varie ty  of donors. These results are sum m arised  in Table 4.1. It is apparent 

from  th is da ta  tha t w h ile  it was d ifficu lt to de term ine the electron accepting 

ab ility  of (110) and (151) by e lectrochem ica l m ethods, it appears that (110) is a 

be tte r accep tor than its N-m ethyl ana logue. Th is  is suggested from the greater 

sh ift in the n itrile  s tre tch ing  frequenc ies  fo r the  cyano groups in (110)-TM DA 

com pared w ith  those fo r (151)-TM D A and (151 )-T T F  and from the ab ility  of 

(110) to form  a C-T com plex w ith  a w eak donor such as anthracene. This is not 

too surp ris ing  in tha t the m ethyl group m ay reduce the electron a ffin ity  of (151), 

and in add ition it may also reduce the degree of in te rm olecu lar in teraction 

w h ich  in tu rn  in fluences the degree of ove rlap  required fo r strong C-T 

in te raction . However, s ince no X-ray crysta l s truc tu re  was obtained fo r any of 

the com plexes of (151) and since the cyc lic  vo ltam m etry  studies of the previous 

chap te r w ere inconclus ive , th is rem ains to be verified .

The para lle l, face-to -face  close crysta l packing  of the essentia lly  p lanar 

T M D A  and (110) m olecu les in m ixed stacks con firm ed that (110) was capable 

of form ing a C -T com plex. Such m ixed s tack ing  system s have been found to 

be poor e lectrica l cond uc to rs .192 The m ixed-stacking  arrangem ent of the 

donors and the accep to rs  and the g rea te r in te rp lana r spacings also show, by 

com parison of (1 1 0 )-TM D A  with the 1:1 and 2:1 com plexes of TC N Q  with 

TM DA, that (110) is not as strong an accep to r as TC NQ .

NC CN

N(Me)2

(217)

W hy DM A shou ld  form  a sa lt w ith  (110) and TM DA should form a 

com plex is d ifficu lt to exp la in , especia lly  w hen TM D A  is a stronger base than 

DMA. It is known tha t som e e lectron donor-accep to r system s not only 

im m edia te ly form C-T com plexes but these can more slow ly form new species 

by irrevers ib le  chem ica l reac tion .188 O ne such exam ple is the form ation of 

/V ,A /-d im ethyl-4-tricyanoanilm e (217), fo rm ed by the reaction of N,N- 

d im ethy lan iline  w ith  te tracyanoethy lene . Th is  re ac tion 193 was studied
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Table 4.1 Charge-Transfer complexes of (110) and (151) with various donors

A c c e p to r D o n o r C-T C o m p le x m p , °C C -T  A.m ax 
(s o lv e n t) /n m

( 1 1 0 )
Me2N - ^ Q ^ —NMe2 b lack/dark 

green needles
154-155 624 (d ich loro- 

m ethane)

( 1 1 0 )
<JO)-NMe2 none- form s a 

salt

(1 1 0 )

c ^ g green pow der 450 (C H 3CN)

( 1 1 0 )
v io le t needles unstab le 450-520 (THF)

(151)
M92N— —NMe2 green needles 198 465 (C H 3CN)

(151)
<̂ 0 ) - N M e 2 none

(151)

Q -ç > green plates 190 (d) 452 (C H 3CN)

(151)
none

spectropho tom etrica lly  by UV /vis ib le  spectroscopy and was found to occur v ia  

a  1 :1 Tt-complex betw een the reactants. The U V /v is ib le  spectra l s tud ies of 

(110) and DM A do not show  any C-T band and thus it appears tha t the 

d im e thy lan ilin ium  sa lt o f (110) is form ed im m edia te ly. O ne potentia l 

exp lana tion  fo r the sa lt fo rm ation  is that, if DMA d id  form  a C-T com plex it may 

not be as stab le  as tha t form ed by TM DA since the cation radica l form ed by 

DM A w ould  have a less de loca lised  charge. As s ta ted  in the in troduction , the 

absorp tion  bands of w eak C-T com plexes are d ifficu lt to observe since the ir 

concen tra tions are less than  those of the donor and the accep tor and thus th is
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m ay explain w hy no C -T  is observed .185 As a result there m ay be a greater 

gain in stability if DM A reacts w ith (110) and form s the  ionic salt.

4 .6 C o n c lu s io n s

A t the ou tse t o f th is w ork our goal w as to synthesise (110) and som e N- 
substitu ted derivatives and to investigate the ir ab ility  to form  C-T com plexes. 

W hile  we have found d ifficu lty in synthesis ing a range o f A/-substituted 

deriva tives o f (110) w e  have been able to  de term ine th a t (110) and its A/-methyl 

deriva tive  (151) can form  C-T com plexes. W h ile  the  e lectrochem ical stud ies did 

not g ive conclusive results and consequently  did not allow  fo r an accurate 

com parison o f the e lectron affin ity o f (110) and (151) w ith benzo-TCN Q  and 

TC NQ  it did suggest tha t these new acceptors w ould  form  com plexes with 

strong donors. This indeed has been found to be the case. However, while we 

have concluded tha t under the conditions o f the e lectrochem ica l stud ies it was 

m ost likely the anion o f (1 1 0 ) w h ich w as being reduced, the ability o f the neutral 

com pound to form  C -T  com plexes w as unsure. It can be seen from  the C-T 

stud ies tha t (110) is capable o f form ing C -T  com plexes, even w ith the weak 

donor anthracene and in addition can form  a s tronger com plex than (151) with 

TM DA. S ingle crysta l conductiv ity  m easurem ents have yet to be carried out on 

the  1:1 com plex o f (110)-TM D A but s ince the com plex is m ade up o f mixed 

stacks and such stacking arrangem ents are poorly conducting, it would be 

predicted tha t at best th is  com plex would be sem iconducting .
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C h a p te r  5 

E X P E R IM E N T A L

173



Introductory Remarks

N uclear M agnetic Resonance (NMR) spec tra  w ere recorded on a Bruker 

AC  400 instrum ent opera ting  at 400 MHz fo r 1H NM R and 100 M Hz fo r 13C NMR. 

All spec tra  were recorded using deu tera ted d im e thy lsu lphox ide  (DMSO-de) as 

so lven t unless otherw ise stated (s = s ing le t, d = doub le t, t = trip le t, q = quartet, 

qn = qu intet, m = m ultip let, brm = broad m u ltip le t, and brs = broad s ing le t ). 

C hem ica l sh ifts are g iven in parts per m illion (ppm ) and coupling constants (J) are 

g iven in Hertz (Hz).

Infra-red (IR) spectra  were recorded on a Perk in-E lm er 983G IR 

spec tropho tom ete r or a N icolet 205 FT-IR  fo r K B r pe lle ts unless o therw ise stated.

U ltravio le t (UV) spectra  w ere recorded on a H ew le tt-P ackard  8452A diode 

array UV-V is spectropho tom eter. The units fo r e are dm 3m o l'1c n r 1. Spectrograde 

d im ethy lfo rm am ide  (DM F) was used as the so lven t un less o therw ise stated.

M elting point de te rm ina tions were recorded  using a G riffin  m elting point 

appara tus  and are uncorrected. E lem ental ana lyses  were carried out by the 

M icroana ly tica l Labora to ry  at U n iversity C o llege Dublin.

Thin layer ch rom otography (TLC) was ca rried  out using s ilica  gel TLC 

p la tes conta in ing a fluo rescen t ind ica to r (R iedel de Haen, 5q cards SiF, layer 

th ickness 0.2 mm).

Mass Spectra w ere recorded on a VG 12 250 M ass spectrom eter
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A tte m p te d  K n o e ve n a g e l R e a c tio n s  o f  M a lo n o n itr ile  w ith  A/-M ethyl- 

p h th a lim id e  

U s in g  s o d iu m  as th e  base  and  to lu e n e  as s o lv e n t

M alononitrile  (0.33 g, 0.0049 m oles) was added to  sodium  (0.11 g, 0.0049 

m oles) in dry to luene and left stirring on a boiling w ater-bath  fo r 1.5 hours and then 

s tirred overn ight at room  tem pera ture  giving a cream y-w hite  suspension. N- 
M ethylph tha lim ide (117) (0.50 g, 0.0031 m oles) w as added and the reaction 

m ixture  heated under reflux. A fte r three hours a ye llow  "gum " form ed on the sides 

o f the reaction flask. Heating at reflux w as continued fo r a further 4 hours. The 

reaction m ixture was added to  water, acidified and extracted w ith ethyl acetate and 

the  com bined extracts dried over m agnesium  sulphate. This gave a green/brown 

solid (0.6 g) on evaporating the ethyl acetate. TLC  o f th is  solid showed it to be a 

com plex m ixture o f products and A/-m ethylphthalim ide.

One product was iso lated by dissolving the im pure solid in tetrahydrofuran. 

On adding light petro leum  a solid precip itated w h ich form ed a brown oil on 

standing. The oil and the  ye llow  supernatant w ere separated. TLC showed the oil 

to  be a com plex m ixture o f products and the supernatant showed one m ajor and 

tw o m inor products. The so lvent was rem oved from  the supernatant to give a 

solid. This solid w as purified by adding it to hot to luene, in which it was m ainly 

inso lub le  and filtering hot. TLC  showed th is rem oved the m inor im purities. The 

inso lub le  solid w as then recrysta llised from  w a te r to g ive 2-am ino-1-propene-1,1 ,3- 

tricarbon itrile  (0.043 g); mp 170-171 °C (lit.,194 171-173 °C); v max: 3345, 3233, 

3205, 2920, 2265, 2223, 2205, 1657, 1554, 1447, 1383 and 909 cm -1; 

8h (acetone-dg): 7.12 (brs, 2H, NH) and 3.70 ppm  (s, 2H, CH); 5q (acetone-dg): 

23.25 (C H 2 ), 54.13 (=C (C N )2 ), 114.17, 114.61, 115.23 (CN) and 118.38 ppm 

(=C N H 2). IR and NM R spectra were in good agreem ent with those found in the 

lite ra tu re .144

U s in g  s o d iu m  h y d r id e  as th e  base  and  d ry  te tra h y d ro fu ra n  as s o lv e n t

Dry light petro leum  (40-60)(10 cm 3) w as added to sodium  hydride (60% 

suspension  in oil; 0.99 g, 0.025 m oles), the suspension swirled and the solvent/oil 

so lution rem oved w ith a Pasteur p ipette once the  m ixture had settled. A  solution 

o f A /-m ethylphthalim ide (2.00 g, 0.012 m oles) in dry te trahydrofuran (60 cm 3) was 

added. M alononitrile  (1.64 g, 0.025 m oles) in dry te trahydrofuran (50 cm 3) was
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added dropw ise to the /V -m ethylphthalim ide/sod ium  hydride suspension. The 

reaction  m ixture was s tirred  for 15 hours. An o range  oil was obta ined on 

evapora ting  off the te trahydro furan. T ritu ra tion of the oil w ith ethyl acetate, 

fo llow ed  by filtra tion, gave the sodium  salt of o -(2 ,2 -d icyan oe theny l-1 -olate-)-/V- 

m ethy lbenzam ide (125) as an off-white solid (3.10 g); mp 230-234 °C.; v max: 

3399, 3075, 2989, 2947, 2221, 2199, 2189, 2164, 2158, 1656, 1628, 1596, 1441, 

1412, 1369, 1312, 1162, 984, 951, 919, 841, 773, 743, 696 and 621 cm '1; 5H: 8.08 

(brm , 1H, NH), 7 .60-7.27 (m, 4H, arom atic H), 2.69 ppm  (d, J 4 .9 , 3H, N H C H 3); 5q: 

26 .2  (m ethyl am ino C), 48.8 (=C (C N )2), 120.9 and 122.0  (CN), 127.4, 127.8, 

128.2, 129.0, 135.1 and 141.4 (arom atic C), 168.4 (C =C (C N )2) and 189.4 ppm 

(carboxam ide C). The sa lt cou ld  not be recrysta llised  due to its inso lub ility  in 

nearly  all o rgan ic so lvents tried  and its ready so lub ility  in w ater. It was found to be 

so lub le  in boiling ethanol and m ethanol but the  resu lting  so lu tion showed 

add itiona l products by TLC.

On d isso lv ing the sa lt in w ater (150 cm ) and ac id ify ing  w ith 10% v/v 

hyd roch lo ric  acid an off-w h ite  so lid  precip ita ted from  so lu tion. Th is was filte red 

g iv ing  a grey solid (0.22 g) and th is was recrysta llised  from  ethanol to give the 

m ethylam m onium  salt of o-(2 ,2-d icyanoethenyl-1 -o la te-)-A /-m ethylbenzam ide 

(126) as grey crystals (0.09 g), mp 163-164 °C ; v max: 3309, 3129, 2991, 2871, 

2757, 2207, 2193, 2165, 1709, 1632, 1596, 1492, 1406, 1360, 1331, 1266, 1169, 

963, 919, 842, 782, 751, 728 and 702 c m '1; 5H: 8.06 (m, 1 H, NH), 7 .55-7.27 (m 

w ith  broad shoulder, 7H, N H 3 and arom atic H), 2 .68 (d, J  4.9, 3H, N H CH 3) and 

2 .34  ppm (s, 3H, Me); (m ethano l-d4): 7 .56-7.45 (m, 4H, a rom atic  H), 2.88 (s, 

3H, N H C H 3) and 2.52 ppm (s, 3H, m ethylam m onium  H); 8C (m e th a n o l-d ^ : 25.4 

(m ethyl am m onium  C), 26.9 (m ethyl am ino C), 52.6 (=C (C N )2), 120.6 and 122.2 
(CN), 128.8, 129.1, 130.2, 131.0, 135.9 and 141.0 (a rom atic  C), 171.7 (C =C (C N )2) 

and 193.7 ppm (carboxam ide C). (Found: C, 60.31; H, 4.95; N, 21.75%

C 13H 14N4O 2 requires: C, 60 .45 ; H, 5.46; N, 21.69% ).

The aqueous filtra te  rem ain ing on filtering off the m ethylam m onium  salt was 

ex trac ted  w ith ethyl ace ta te  and the extract d ried  ove r m agnesium  sulphate. 

E vapora tion  of the ethyl ace ta te  gave a red oil. TLC  of the oil showed it to be a 

com plex m ixture of products. A ttem pts were m ade to iso la te  these products by 

co lum n chrom atography but w ithout success.

The ethyl acetate filtra te  rem aining from the  tritu ra tion  of the sodium  salt 

w as evapora ted  off g iv ing an oil. A small quantity  of a w h ite  crysta lline  solid was
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iso la ted  on heating the oil in e thano l. This was iden tified  as /V-methylphthalim ide 

(TLC, IR and mp).

U s in g  s o d iu m  h y d r id e  as base , te tra h y d ro fu ra n  as  s o lv e n t and  hea tin g  u nd e r 

re flu x

Dry light petro leum  (40-60) (10 cm 3) was added to sodium  hydride (60% 

suspension  in oil; 0.99 g, 0.025 m oles), the suspens ion  sw irled  and the so lvent/o il 

so lu tion  rem oved with a Pasteur p ipe tte  once the  m ixture had settled. A  solution 

of A /-m ethylphthalim ide (2.00 g, 0 .012 m oles) in dry te trahydro fu ran  (70 cm3) was 

added. M alonon itrile  (1.64 g, 0 .025 moles) in dry te trahyd ro fu ran  (50 cm3) was 

added dropw ise to the A /-m ethylphtha lim ide/sod ium  hydride suspension. The 

reaction  m ixture was heated under reflux for th ree  hours. A white solid (1.07 g) 

p rec ip ita ted  on cooling and was filte red  off. Th is w as found to be identical to the 

sod ium  salt (125) (TLC, IR, 1H NMR). On ac id ifica tion  with 10% dilute 

hyd roch lo ric  acid an o ff-w h ite  so lid  p rec ip ita ted . Th is  was identified as the 

m ethylam m onium  salt (126) (IR, m elting point and NM R).

A red oil was ob ta ined from  the te trahyd ro fu ran  filtra te remaining after 

filte ring  off the white so lid , by evapora ting  off the te trahydro fu ran . This oil was 

d isso lved  in ethyl acetate and on ac id ifica tion  w ith 10%  dilu te hydroch loric acid
o

(40 cm ), a white so lid  p rec ip ita ted . On try ing  to recrysta llise  th is solid (0.92 g) 

from  ethyl aceta te  an inso lub le  so lid  was iso la ted  on filte ring  hot. This was found 

to be the m ethylam m onium  salt of o -(2 ,2 -d icyanoe theny l-1 -olate-)-/V- 

m ethy lbenzam ide (126) as grey crysta ls  (0.29 g) (TLC, IR, 1H and 13C NMR, mp).

On evaporating the ethyl aceta te  filtra te  w h ich w as rem aining after filte ring 

o ff the m ethylam m onium  o-(2 ,2-d icyanoethenyl-1 -o la te-)-A /-m ethy lbenzam ide salt 

(126) hot, an orange crys ta lline  so lid  (0.124 g) was obtained. This was 

recrys ta llised  tw ice from to luene  to give 3 -(d icyanom ethy lidene)ph tha lide  (127) as 

a w h ite  so lid  (0.043 g); mp 155 °C (lit.,142 157.5 °C); v max: 2238, 1835, 1617, 

1590, 1472, 1380, 1308, 1279, 1215, 1181, 1145, 1099, 1022, 972, 877, 792, 781, 

788 and 701 c m '1; 5h (acetone-dg): 8 .44 (d, 1H, a rom atic), 8.24 (d, 1H, arom atic), 

8 .18 (m, 1H, arom atic) and 8.11 ppm  (m,1H, a rom atic); 8q (acetone- d6): 65.15 

(=C (C N )2), 110.4 and 111.9(C N), 125.9. 126.3, 127.8, 134.9, 136.5 and 137.4 

(a rom atic  C), 162.4 (C =C (C N )2) and 170 4 ppm  (C = 0 ). This structural assignm ent
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U s in g  p y r id in e  as  base , d ic h lo ro m e th a n e  as s o lv e n t and  t ita n iu m  

te tra c h lo r id e

T itan ium  te trach lo ride  (2.94 g; 50%  so lu tion, 0 .0078 moles) was added to a 

so lu tion  of A /-m ethylphthalim ide (0.50 g, 0.0031 m oles) in dry d ich lo rom ethane 

(40 cm 3) and stirred at 20 °C fo r 30 m inutes under argon. Dry pyrid ine (1.23 g, 

0 .0155 m oles) and m a lonon itrile  (1.52 g, 0 .0078 m oles) in d ich lo rom ethane 

(10 cm ) w as added dropw ise. The pale ye llow  so lu tion  was le ft s tirring fo r 11 

hours. The so lu tion  was added to w a te r (100 cm 3), extracted w ith ethyl acetate 

and dried over m agnesium  sulphate , giving a pale ye llow  solid (0.57 g) on 

evapora ting  off the so lvent. This was recrys ta llised  from ethanol to give 

A /-m ethylphthalim ide as a w h ite  so lid  (IR and m elting point).

U s in g  p y r id in e  as base  and  s o lv e n t  and  t ita n iu m  te tra c h lo r id e

T itan ium  te trach lo ride  (5.80 g; 50%  so lu tion, 0 .0155 moles) was added to a
3

so lu tion  of A /-m ethylphthalim ide (1.00 g, 0.0062 m oles) in dry pyrid ine (30 cm ) 

under n itrogen. M a lonon itrile  (1.16 g, 0.176 m oles) in pyrid ine (20 cm ) was 

added to the warm ed suspension  and heated under reflux for 14 hours. The dark 

red so lu tion  was filte red  hot to rem ove a sm all quan tity  of white so lid  and the 

filtra te  concen tra ted  to a fifth of its volum e, y ie ld ing  a crysta lline  so lid  on cooling. 

Th is  c rys ta lline  so lid  was found to be highly hygroscop ic  on filte ring  and passed 

th rough the filte r paper into the filtrate. On adding w a te r to the filtrate, an off-white 

so lid  p rec ip ita ted  which was filte red  off and w ashed w ith d ilu te hydroch loric  acid 

(10% ) and water. On recrys ta llis ing  from ethanol, the off-white  crysta lline  solid 

(0.62 g) was found to be /V-m ethylphthalim ide (IR, m elting point and TLC).

S y n th e s is  o f 1 ,3 -D iim in o is o in d o lin e  (118a)

Dry light petro leum  (40-60)(10 cm 3) was added to sodium  hydride (80%  d ispersion

in oil ; 0.54 g, 0.025 m oles), the suspension sw irled and the so lvent/o il so lution 
^ 3

rem oved w ith a Pasteur p ipette  once the m ixture had settled. M ethanol (10 cm )

w as added gradua lly  w ith care and the resulting sodium  m ethoxide suspension

was made on comparing these IR, 1H and 13C NMR spectra and mp values with
those of the known compound.142
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added to a solution of ph tha ion itrile  (5.00 g, 0.03 m oles) in m ethanol (110 cm 3). 

A m m on ia  was then bubbled th rough the s tirred so lu tion  fo r one hour. The reaction 

m ixture was heated under reflux fo r 3 hours w ith con tinued  bubb ling  of am m onia 

th ro ugh  the solution. The hot so lu tion  was filte red  to rem ove a ve ry  sm all am ount 

o f g rey so lid . The so lvent was rem oved by rotary evapora tion  g iv ing a green 

v iscous  oil which y ie lded a ye llow  so lid  on scra tch ing  w ith a g lass rod. 

R ecrysta llisa tion  from  m ethanol/ d ie thyl e ther (70:30) us ing deco lou ris ing  charcoal 

y ie lded  brigh t ye llow  crysta ls of 1,3 -d iim ino iso indo line  (118a) (2.17 g, 49% ), 

m .p .(m ethano l) 195-196 °C ( lit.,148 196 °C ); v max: 3281, 3255, 2984 (broad, 

C =N H ), 1693, 1530, 1468, 1312, 1276, 1177, 1158, 1136, 1081, 1015, 950, 891, 

776, 745, 708 and 695 c m '1; X.max (C H 3O H): 344 (e =  1 893, b r sh), 316 (3 595), 

260 (16 113) and 232 (16 796); 5H: 8.8 (brs, 2H, NH), 7 .85 (m, 2H, arom atic), 7.55 

(m, 2H, arom atic), and 3.85 ppm (brs, 1H, NH); 8c  (m e thano l-d4): 119.98 and 

129.94 (arom atic C), 134.36 (quaternary arom atic  C) and 169.75 ppm  (C=NH).

S y n th e s is  o f 3 -P h e n y lim in o -1 - im in o is o in d o lin e  (118b)

Dry light petro leum  (40-60)(10 cm 3) w as added to sod ium  hydride (80%  dispersion 

in oil ; 1.68 g, 0.031 m oles), the suspension  sw irled  and the so lvent/o il solution 

rem oved w ith a Pasteur p ipette  once the m ixture had se ttled . M ethanol (40 cm 3) 

w as added gradually  w ith care and the resulting sod ium  m ethoxide suspension 

added to a so lu tion of ph tha lon itrile  (20.02 g, 0.156 m oles) in m ethanol (350 cm3). 

A n iline  (14.57 g, 0.156 m oles) w as added and the m ixture  w as heated under reflux 

fo r tw o and a half hours and then filte red  hot to rem ove a very sm all am ount of 

navy-b lue  so lid  (ph tha locyan ines). Rem oval of the so lven t y ie lded  a crude ye llow  

so lid  (20.50 g). This was recrys ta llised  tw ice from  e thano l to g ive 3-phenylim ino-

1 -im ino iso indo line  (118b) as a m icrocrysta lline  so lid  (18.5 g, 54 %), 

m .p. 203 °C (d), ( lit.,156 203 °C); v max: 3031, 1692, 1604, 1594, 1530, 1432, 1332, 

1290, 1215, 1128, 1100, 999, 908, 780, 743, 720, 697 and 644 cm-1; Xmax 

(C H 3O H ): 372 (e =  4 585), overlapp ing  w ith 348 (4 713), 314 (4 538) and 232 (12 

866); SH: 8.72 (brs, 1 H, NH), 8.51 (brs, 1 H, NH) and 6.99 - 7 .94 ppm (m, 9H, 

a rom atic ); Sc : 119.78, 120.78, 121.47, 123.19, 123.71, 128.15, 129.12, 130.11, 

130.93, 135.21, 140.56, and 150.39 (arom atic C), 165.10 and 171.58 ppm (C=N); 

m /z 221 (M+. 100%), 205 (15), 194 (2 1 ), 129 (2 2 ), 102  (23), 93 (33), 77 (67) and 

65 (20).
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Ammonium salt of 2,2'-(isoindolin-1,3-diylidene)bispropanedinitrile (119)

M e th o d  (a): U s in g  1 ,3 -D iim in o is o in d o lin e  (118a)

M alonon itrile  (9.53 g, 0 .144 m oles, 20%  excess) w as added dropw ise to a stirring 

so lu tion  of 1 ,3 -d iim ino iso indo line  (118a) (10.09 g, 0.06 moles) in

d im ethy lfo rm am ide (100 cm ) at room tem pera tu re . The co lou r of the solution 

changed im m edia te ly  from  a light g reen /ye llow  co lou r to dark red, accom panied by 

the  d istinct sm ell of am m onia. A dd ition  of ch lo ro fo rm  caused a red solid to 

p recip ita te . F iltra tion fo llow ed by recrys ta llisa tion  from  m ethanol gave the 

am m onium  sa lt of 2 ,2 '- ( is o in d o lin -1 ,3 -d iy lidene )b isp ropaned in itr ile  (119), as dark 

red crysta ls ( 12.22  g, 78% ). The sa lt underw ent a gradual co lou r change from red 

to ligh t brown at 180-200 °C, and decom posed at 348-349 °C ; v max: 3181, 3091, 

2211, 1612, 1577, 1501, 1450, 1432, 1307, 1259, 1195, 1164, 1096, 920, 770, 

749 and 704 c n v 1 ; Xmax (C H 3CN ): 496 (e= 25 905), 466 (27 120), 360 (9 612), 

344 (12 259) and 240 nm (9 331) ; 5h (pyrid ine -d5) : 9.29 (brs, 4H, NH), 8.35 (m, 

2H, arom atic), and 7.3 ppm (m, 2H, arom atic); 5|_|; 8.05 (m, 2H, arom atic), 7.58 (m, 

2 H, arom atic) and 7.07 ppm  (1 :1:1  t, J 5 0 , 4H, NH); 5C: 54.63 (C =C (C N )2), 116.27 

and 117.14 (CN), 123.25 and 131.04 (arom atic  C), 138.0 (quaternary arom atic 

C), 172.02 ppm (C =C (C N )2 ). (Found: C, 64.53; H, 3.04; N, 32.4% . C-|4H8N6 
requires: C, 64.61; H, 3 .07; N, 32.3% ).

M e th o d  (b ): U s in g  3 -P h e n y lim in o -1 - im in o is o in d o lin e  (118b)

M a lonon itrile  (9.42 g, 0 .143 m oles, 10% excess) was added dropw ise to a stirring 

so lu tion  of 3-phenylim ino-1 -im ino iso indo line  (118b) (15.00 g, 0.068 moles) in 

d im ethy lfo rm am ide (130 cm ) at room tem pera ture . The co lour of the solution 

changed im m ed ia te ly  from  a ye llow  co lou r to dark red, accom panied by the distinct 

sm ell of am m onia. A dd ition  of ch loro form  caused a red solid to precip itate. 

F iltra tion fo llow ed by recrys ta llisa tion  from  m ethanol gave the am m onium  salt of 

2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (119) as dark red crysta ls 

(15.63 g, 89% ). Th is gave identica l mp, IR, and NM R spectra  as m ethod (a).
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2 ,2 '- ( ls o in d o lin -1 ,3 -d iy l id e n e )b is p ro p a n e d in itr ile  (110)

M e th o d  (a): P y ro ly s is  o f (119)

The am m onium  salt (119) ( 1.00 g, 0 .0385 moles) was p laced in a 250 cm 3 round- 

bottom ed flask  and heated at ca 180-200 °C on a sandbath  under a n itrogen 

a tm osphere  fo r 5 hours. During th is  tim e the com pound changed from  a dark red 

to a  dull o range/b row n so lid  (0.70 g, 75% ). R ecrysta llisa tion  from 

d im ethy lfo rm am ide /e thano l 20:80 gave sh iny orange needles of 2 ,2 ’-(iso indo lin -

1.3 -d iy lidene )b isp ropaned in itr ile  (110), m.p. 349 -350  °C (d.) ( lit.,151 350 °C) ; 

v max: 3243, 3189, 2818, 3004, 2240, 2227, 1865, 1701, 1685, 1664, 1612, 1470, 

1449, 1414, 1398, 1321, 1244, 1207, 1170, 1158, 1102, 1014, 916, 793, 752, 691 

and 652 c m '1; Xmax (C H 3CN): 408 (e= 65 884), 386 (71 823), 366 sh (56 400), 

282 (42 838), 274 (41 846), 242 (35 223) and 194 nm (53 261) ; 5H: 8.19 and 7.79 

(m, 4H, arom atic) ,and 4.85 ppm (brs, 1 H, NH) ; 5q: 56 .54  (=C (C N )2), 114.65 and 

115.66 (CN), 132.83 and 123.84 (arom atic  carbons), 134.9 (a rom atic  C) and 

166.27 ppm (C =C (C N )2 ); m/z 243 (M+, 100%), 216 (9), 189 (18), 153 (9), 129 (8), 

99 (13), 73 (18), 55 (19), 39 (39) and 28 (94). (Found: C, 69.24; H, 2 .16; N, 

29.1% . C 14H 5N 5 requires: C, 69.13; H, 2.08; N, 29.1% ).

M e th o d  (b ): A c id if ic a t io n  o f (119)

To a so lu tion  of (119) (3.27 g, 0 .0125 moles) in m ethanol (70 cm 3) was added
o

1 % v/v HCI (100 cm ) causing a fine ye llow  solid  to p rec ip ita te . Th is was filte red 

and the so lid  w ashed severa l tim es w ith w ater and dried  to g ive 2 ,2 '-(iso indo lin -

1.3 -d iy liden e )b isp ropa ned in itr ile  (110) (2.27 g, 76% ). Th is gave the sam e IR, UV, 

NM R spectra l data as before  and the sam e m elting point. It cou ld  be used in th is 

sta te  o r recrysta llised  from  d im ethy lfo rm am ide /m ethano l 20:80.

2 - (3 - lm in o is o in d o lin -1 -d iy l id e n e )b is p ro p a n e d in itr i le  (143)

Dry light petro leum  (40-60)(10 cm 3) w as added to sod ium  hydride (80%  d ispersion 

in oil ; 1.96 g, 0.06 m oles), the suspension  sw irled  and the so lven t/o il so lution 

rem oved w ith  a Pasteur p ipette  once the m ixture had settled. M ethanol (15 cm ) 

was added gradua lly  w ith care and the resu lting sod ium  m ethoxide suspension 

added to a so lu tion  of ph tha lon itrile  (144) (3.05 g, 0 .02 m oles) in m ethanol 

(60 cm 3). M a lonon itrile  (1.98 g, 0.03 m oles) was then added, the pale ye llow
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co loured solution changed to a ruby red colour. The reaction m ixture was stirred 

a t 30 °C fo r three hours during which a pow dery ye llow  solid precip itated. The 

solid w as filtered o ff under vacuum  and recrysta llised three tim es from  acetic acid 

to  yie ld 2 -(3 -im ino-iso indo lin -1-d iy lidene)b ispropanedin itrile  (143) (2.70 g, 58%), 

mp 210 °C (d) ; v max: 3401, 2990 (broad, C =N H ). 2222, 1688, 1610, 1591, 1519, 

1469, 1309, 1262, 1205, 774, and 704 c m '1; SH: 9.95 (brs, 1H, C=NH)), 8.05 (m, 

2H, arom atic), 7.7 (m, 2H, arom atic), and 3.37 ppm (brs, 1H, N-H); 8q: 59.14 

(=C (C N )2), 114.84 and 115.63 (CN), 122.91, 123.22, 131.90, 132, 137 and 171.9 

ppm  (arom atic C), 134.18 (C=NH), 175.81 ppm (C =C (C N )2 ). (Found: C, 67.84; H, 

3.11; N, 28.87% . requires: C, 68.03; H, 3.11; N, 28.85% ).

S o d iu m  s a lt  o f  2,2,-( ls o in d o lin -1 ,3 -d iy lid e n e )p ro p a n e d in itr ile  (146)

Dry light petro leum  (40-60)(10 cm 3) was added to  sodium  hydride (80%  dispersion 

in oil ; 0.026 g, 0.0009 moles), the suspension sw irled and the so lvent/o il solution 

rem oved w ith a Pasteur pipette once the m ixture had settled. M ethanol (4 cm ) 

was added gradually w ith care and the resulting sodium  m ethoxide suspension 

w as added to a suspension o f 2 -(3 -im ino-iso indo lin -1 -d iy lidene)b ispropanedin itrile  

(143) (0.015 g, 0.0007 m oles) in m ethanol (20 cm 3). M alononitrile  (0.081 g, 

0 .0012 m oles, 58% excess) was added and the suspension heated under reflux 

fo r one and a ha lf hours. The orange solution w as then evaporated to  dryness to 

give an orange solid. On recrysta llis ing from  ethyl acetate 2-(3-im ino-iso indo lin -1- 

d iy lidene)b ispropaned in itrile  (143) (0.04 g) was isolated (verified by IR and melting 

point) by filtering the ethyl acetate suspension hot. The sodium  salt o f 2,2'- 

(lso indo lin -1 ,3-d iy lidene)b isp ropaned in itrile  (146) was iso lated from  the filtra te as 

an orange pow der (0.091 g, 44% ), mp > 360 °C; v max: 2218, 1676, 1598, 1583, 

1493, 1461, 1386, 1309, 1264, 1196, 1164, 1155, 1096, 920, 771, 751, and 706 

c m '1; 8h (acetone-dg): 8.21 (m, 2H, arom atic) and 7.61 ppm (m, 2H, arom atic); 

8C (acetone-d6): 55.1 (C=C(CN )2), 116.99 and 118.29 (CN), 122.89, 131.34 and 

139.26 (arom atic C), and 173.12 ppm (C =C (C N )2).
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M e th o d  (a): U s in g  b e n z o y l c h lo r id e  a nd  a q u e o u s  s o d iu m  h y d ro x id e

B enzoyl ch lo ride  (2 cm 3, 0 .017 m oles, 8 equ iva len ts) was added in 0.5 cm 3 
portions w ith con tinuous shaking to a suspension  of ( 1 1 0 ) (1.00 g, 0.0021 moles) 

in a  5%  aqueous sodium  hydroxide so lu tion. Shaking was continued until the 

benzoyl ch lo ride  odour d isappeared. A dd itiona l sodium  hydroxide solution
Q

(~3 cm ) was added to make the suspens ion  a lka line . It was then filte red  and the 

so lid  w ashed w ith  co ld  w ater. R ecrysta llisa tion  from  ethanol gave a ye llow  powder 

(0.36 g, 66%), the sod ium  salt of (110), mp >350 °C ; v max: 2227, 2217, 1677, 

1598, 1583, 1497, 1463, 1387, 1310, 1265, 1198, 1096, 920, 771, 751 and 706 

cm '1 ; 5h : 7 .94  (m, 2H, arom atic) and 7.49 ppm (m, 2H, arom atic); 5q: 53.79 

(=C (C N )2), 116.13 and 117.09 (CN), 122.72, 131.18 and 137.28 (arom atic C) and 

171.88 ppm (C =C (C N )2).

M e th o d  (b ): U s in g  b e n z o y l c h lo r id e  a nd  p y r id in e

B enzoyl ch lo ride  (0.59 g, 0 .0042 m oles) was added dropw ise from  a dropping 

funne l to a so lu tion  of 2 ,2 '-(iso indo lin -1 ,3 -d iy lidene )b isp ropaned in itr ile  (110) 

(1.0 g, 0.0041 m oles) in pyrid ine  on an ice bath and the reaction m ixture was left 

s tirring  for 2.5 hours. A fu rthe r 3 cm 3 of benzoyl ch lo ride  was added at 0-5 °C and 

the m ixture w as s tirred  ove rn igh t in the ice-bath . No new products were observed 

on fo llow ing  the  reaction by TLC  using ethyl ace ta te /ligh t petro leum  (80:20) as the 

m obile  phase. The reaction m ixture was then heated at 70 °C for 2 hours w ithout 

any observab le  change on TLC. On pouring into cold w a te r (100 cm 3) and adding 

d ilu te  HCI (10%  v/v) a ye llow  prec ip ita te  w as ob ta ined and filte red off. This did not 

d isso lve  in e thanol and the IR and m elting point of the dried  solid was found to be 

iden tica l to tha t of 2 ,2 '-(iso indo lin -1 ,3 -d iy lidene )b isp ropaned in itr ile  (110).

M e th o d  (c ): R e a c tio n  o f th e  s o d iu m  s a lt  o f 2 ,2 '- ( is o in d o lin -1 ,3 -

d iy lid e n e )b is p ro p a n e d in it r i le  (110) w ith  b e n z o y l c h lo r id e

Dry light petro leum  (40-60)(10  cm 3) was added to sodium  hydride (80% 

suspension  in oil; 0 .07 g, 0 .0023 m oles), the suspension sw irled  and the 

so lven t/o il so lu tion  rem oved w ith a Pasteur p ipette  once the m ixture had settled.

Attempted Benzoylation of 2,2'-(isoindolm-1,3-diylidene)bispropanedinitrile
(110)
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A so lu tion  of 2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (1.0 g, 0.0021 

m oles) in dry te trahyd ro fu ran  (50 cm3) was added g radua lly  to give the sodium  

sa lt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (146). Benzoyl ch loride 

(0.29 g, 0.0021 m oles) was added dropw ise to the stirring sod ium  salt so lution and 

w as a llow ed to stir fo r 6 hours. No new products w ere observed on TLC using 

both ethyl ace ta te /ligh t petro leum  (80:20) and e thano l/e thy l ace ta te  (50:50) as the 

m obile  phase.

T h is  reaction  was repea ted using a 25%  excess of benzoyl ch lo ride  fo llowed by 

heating und e r reflux for 5.5 hours. Again no change w as observed on TLC using 

the sam e so lvent system s.

A tte m p te d  re a c tio n  o f th e  A m m o n iu m  s a lt  o f 2 ,2 '- ( ls o in d o lin -1 ,3 -  

d iy lid e n e )b is p ro p a n e d in it r i le  (119) w ith  F o rm a lin

The am m onium  salt of 2 ,2 '-(iso in d o lin -1 ,3 -d iy lidene )b isp ropaned in itr ile  (119) 

(0.40 g, 0 .0015  m oles) and form alin  (36%  so lu tion  in water, 0.5 cm 3, 0.05 moles)
3

in w a te r (50 cm ) were heated under reflux fo r seven hours. The w ater was 

evapora ted  off and the ye llow  solid obta ined was dried  (0.27g). IR and m elting 

po in t da ta  were identica l w ith those  of 2 ,2 '-(iso indo lin -1 ,3-

d iy lidene )b isp ropane d in itr ile  (1 1 0 ).

M e th y la t io n  o f 2 ,2 '- ( is o in d o lin -1 ,3 -d iy l id e n e )b is p ro p a n e d in itr ile  (110) 

A tte m p te d  m e th y la t io n  u s in g  m e th y lio d id e

Dry light petro leum  (40-60)(10  cm 3) was added to sodium  hydride (80% 

suspens ion  in oil; 0 .058 g, 0.00193 m oles), the suspens ion  sw irled and the 

so lven t/o il so lu tion  rem oved w ith a Pasteur p ipette  once the m ixture had settled. 

A so lu tion  of 2 ,2 '-( iso in d o lin -1 ,3 -d iy lidene )b isp ropaned in itr ile  (110) (0.51 g,
o

0.00196 m oles) in dry te trahydro fu ran  (100 cm ) w as added gradua lly  to control 

the evo lu tion  of hydrogen. M ethyliod ide (1.11 g, 0 .0078 m oles, 300%  excess) in 

d ry te trahyd ro fu ran  (30 cm 3) was in troduced from  a dropp ing  funnel into the 

reaction m ixture. The reaction m ixture was s tirred  fo r 4 hours and progress 

fo llow ed by TLC  using 80:20 ethyl ace ta te /ligh t petro leum  as m obile phase. No 

new products  were apparent. The reaction m ixture was poured into iced w ater 

and a ye llow  so lid  p rec ip ita ted . This was iden tified  as the sodium  sa lt of 2,2'-
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( iso in d o lin -1 ,3 -d iy lidene )b isp ropaned in itr ile  (146) on the basis of IR and melting 

point.

M é th y la tio n  u s in g  D im e th y l S u lp h a te

Dry light petro leum  (40-60)(10 cm 3) w as added to sod ium  hydride (80%  dispersion

in oil, 0.118 g, 0.0039 m oles), the suspension  sw irled  and the so lvent/o il solution

rem oved with a Pasteur p ipette  once the m ixture had settled. A  so lu tion of the

am m onium  salt of 2 ,2 '-( iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (119) (1.02 g,

0 .0039 moles) in dry te trahyd ro fu ran  (100 cm 3) w as then  added, fo llowed by

d im ethyl su lphate (0.51 g, 0 .004 m oles) and the reaction  m ixture heated to reflux

fo r 7 hours. The reaction was fo llow ed by TLC  using 80:20 ethyl aceta te /ligh t

petro leum  as the m obile phase. The fo rm ation  of one principa l fast eluting

com pound, and a num ber of m ore slow ly e lu ting  m inor products near the base

line, was observed. The princ ipa l p roduct w as iso la ted  by column

chrom atography using te trahyd ro fu ran  as m obile  phase. This y ie lded a

ye llow /b row n crys ta lline  solid, 2 ,2 '-(2 -m e thy liso indo lin -1 ,3-

d iy lidene)b isp ropaned in itrile  (151) (0.085 g, 8%) from  ace ton itrile , mp 263-264 °C;

v max: 3122, 2225, 1599, 1560, 1 470, 1445, 1320, 1225, 1109, 1073, 778 and 690

c m '1; S|_| (chloroform -d-|): 8.67 and 7.19 (m, 4H, a rom atic) and 4.17 ppm (s, 3H, 
13

Me). A C NMR carried out in deu tera ted  d im ethyl su lphoxide , w hich required 

heating to get the so lid  into so lu tion , show ed a very la rge  num ber of peaks. A  

TLC  of th is sam ple show ed the fo rm ation  of add itiona l products, suggesting the 

com pound had undergone fu rthe r reaction w ith the so lvent.

M é th y la tio n  u s in g  th e  té tra m é th y la m m o n iu m  (T M A ) s a lt  o f 2 ,2 '-(2- 

m e th y lis o in d o lin -1 ,3 -d iy lid e n e )b is p ro p a n e d in it r i le  (155) 

P re p a ra tio n  o f th e  T M A  s a lt  (155)

The am m onium  salt (2.01 g, 0 .0077  m oles) was d isso lved  in m ethanol (150 cm3) 

w ith heating. Té tram éthy lam m onium  ch loride  (0.96 g, 0 .0088 moles) d issolved in 

w a te r (20 cm ) was added and the reaction m ixture le ft s tirring overn ight and 

o range needles were filte red  (0.62 g). Further so lid  w as ob ta ined from the filtrate 

by p rec ip ita tion  using w ater. Th is  was vacuum  filte red  and dried (1.21 g). 

R ecrysta llisa tion tw ice from  ethano l gave red need les of the TM A salt (155) (1.8 g, 

60% ), mp 251-252 °C ; v max: 3029, 2205. 1653, 1598, 1577, 1496, 1309, 1256,
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1098, 947, 917, 778, 767, 745, 711 and 703 c n r 1 ; ^ max (C H 3CN): 496 (e= 83 

340), 466 (87 132), 342 (40 692) and 238 nm (84 840) ; 5H (acetone-d6): 8 .14 and 

7 .56 (m, 4H, arom atic) and 3.41 ppm (s, 12H, Me) ; 5C: 54.059 (=C (C N )2), 54.43 

(t, J  15, Me), 116.32 and 117.2 (CN), 122.9 and 131.4 (arom atic C), 137.33 

(qua te rnary  C) and 171.87 ppm (C =C (C N )2). (Found: C, 68.39; H, 4.89; N,

26.52% . C 18H 16N 6 requires: C, 68.34; H .5.10; N, 26.56% ).

(a) H e a ting  th e  d ry  T M A  s a lt  u n d e r v a c u u m

The TM A sa lt (155) (0.2 g, 0 .0003 moles) w as heated under a vacuum  of 0.5 

m m Hg. As the sa lt started to m elt a bright ye llow  so lid  began to sublim e on the 

edges of the flask  and the cold finger. Heating was m ain ta ined at 180 °C fo r 12 

hours during which the starting m ateria l changed from  being dark red crysta ls to  a 

b lack solid. A sm all quan tity  (~2-3 cm 3) of c lear liquid w h ich sm elled  of am ine was 

co llec ted  in the liqu id  n itrogen trap. The ye llow  so lid  was retrieved from the co ld- 

fin g e r by d isso lv ing  it in acetone and evapora ting  to g ive a ye llow  so lid  m ixture 

(0 .017 g) which m anifested itse lf as two com pounds w ith alm ost identica l Rf 

va lues  on TLC  in a va rie ty  of so lvent system s. A TLC  of the b lack solid using 

80:20 ethyl ace ta te /ligh t petro leum  as m obile phase show ed it was com posed of 

b lack  base line  m ateria l and som e starting m ateria l. A 1H, 13C NMR and an IR 

spectrum  of the ye llow  m ixture were recorded. v max: 3120, 3075, 2915, 2849, 

2215, 1618, 1558, 1470, 1446, 1318, 1227, 1098, 1158, 785, 697 and 675 cm -1; 

5h (ch lo ro form -d-i): 8 .67 (m, 2H, arom atic), 8.60 (m, 2H, arom atic), 7.86 (m, 2H, 

arom atic), 7.78 (m, 2H, arom atic), 5.25 (s, 1 H), 4.18 (s, 3H, Me), and 3.81 ppm (s, 

4H ); (ch lo ro fo rm -d -|): many peaks observed, princ ipa l peaks at ; 31.89 and 

36.77 (Me), 74.48 (C =C (C N )2), 111.0-116.0 (5 CN peaks), 123.76-134.31 

(9 a rom atic  C) and 153.0-159.0 (3 peaks).

(b) H e a tin g  th e  TM A  s a lt  (155) in  1 ,2 -D ic h lo ro b e n z e n e

T he TM A salt (155) (0.90 g, 0 .0028 moles) in 1 ,2 -d ich lo robenzene (20 cm 3) was 

heated to reflux for 150 hours during which the reaction m ixture changed co lour 

from  a red to a b lack so lu tion . The reaction was fo llow ed by TLC using 30:70 

ethyl ace ta te /ligh t petro leum  as m obile phase and th is  show ed the production of 

one new product. The b lack crysta lline  solid (0.71 g) w hich crysta llised  out on 

coo ling  was filte red  w ashed th ree  tim es w ith d iethyl e ther and dried. Th is was
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then recrys ta llised  three tim es from  ace ton itrile  to g ive 2 ,2 '- (2 -m ethyliso indo lin -

1,3 -d iy lidene )b isp ropaned in itr ile  (151) (0.364 g). The 1,2-d ich lo robenzene was 

rem oved from  the filtra te  by vacuum  d is tilla tion  to g ive a golden so lid  w ith the 

sam e Rf va lue and IR as 2 ,2 '-(2 -m e th y liso in d o lin -1 ,3 -d iy lidene)b isp ropaned in itrile . 

Th is w as recrysta llised  three tim es to g ive  2 ,2 '-(2 -m e thy liso indo lin -1 ,3- 

d iy lidene )b isp ropaned in itrile  (151) (0.034 g). T he  to ta l y ie ld  was 0.398g (54%), 

mp 264 °C ; v max: 3121, 2224, 1598, 1557, 1471, 1446, 1318, 1225, 1109, 785 

and 690 cm -1 ; Xmax (C H 3CN): 416 (e= 25 247), 394 (25 017), 294, 280 and 244 

nm (10 868) ; 5h (ace tone-d6): 8.65 (m, 2H, a rom atic), 7 .98 (m, 2H, arom atic) and 

4.10 ppm (s, 3H, Me); 5q (acetone d6): 37.49 (Me), 61.9  (C =C (C N )2), 113.76 and 

114.52 (CN), 125.7, 132.1 and 135.3 (arom atic  C) and 160.92 ppm (C=C(CN )2). 

(Found: C, 69.91; H, 2.87; N, 27.10% . C 15H7N 5 requ ires: C, 70.03; H, 2.74; N, 

27.22% ).

A tte m p te d  B e n z y la tio n  o f 2 ,2 '- ( is o in d o lin -1 ,3 -d iy lid e n e )b is p ro p a n e d in itr ile  

(110) 

B e n z y lp y r id in iu m  s a lt o f 2 ,2 '- ( is o in d o lin -1 ,3 -d iy lid e n e )b is p ro p a n e d in itr ile  

(163)

Dry light petro leum  (40-60)(10 cm 3) w as added to sod ium  hydride (60%  dispersion 

in o il; 0 .307 g, 0.0076 m oles), the suspension  sw irled  and the so lvent/o il solution 

rem oved w ith a Pasteur p ipette once the m ixture had settled. A so lu tion of 2,2'- 

( iso indo lin -1 ,3 -d iy lide ne )b isp ro paned in itr ile  (110) (2.2 g, 0.0076 moles) in dry 

te trahyd ro fu ran  (80 cm 3) was added g radua lly  to g ive the sodium  salt of 2 ,2 '- 

( iso indo lin -1 ,3 -d iy lide ne )b isp ro paned in itr ile  (146). The te trahyd ro fu ran  was then 

evapora ted  off and the sodium  salt was red isso lved  in m ethanol (50 cm ). 

B enzy lpyrid in ium  ch lo ride  was then prepared by heating pyrid ine  (0.61 g, 0.0077 

m oles) w ith benzy lch lo ride  (0.97 g, 0 .0076 m oles) on a heating mantle for 20 

m inutes. The resu lting c lear p ink so lu tion  so lid ified  on coo ling. The solution of 

the sodium  salt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (110) was 

added to the benzyl pyrid in ium  ch loride  and heated under reflux fo r 30 minutes. 

The benzy lpyrid in ium  sa lt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lidene )b isp ropaned in itr ile  (163) 

was obta ined as brigh t orange needles (1.95 g) on leaving to cool. The filtrate 

w as evapora ted  to dryness, red isso lved in bo iling  ethyl acetate and insoluble 

sod ium  ch loride  filte red  off. The ethyl aceta te  was rem oved, both batches of the 

sa lt w ere com bined and recrysta llised  from  e thano l to g ive the benzylpyrid in ium
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salt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lid ene )b isp ro pane d in itr ile  (163) as fine orange 

needles (1.52 g, 48% ); mp 174-175 °C; v max: 3130, 3086, 3062, 2199, 1633, 

1613, 1598, 1578, 1488, 1378, 1364, 1313, 1268, 1254, 1158, 1094, 1027, 947, 

917, 817, 775, 703, 684 and 617 c m '1; §H; 9.2 (d, J  5 .91, 2H, pyrid in ium  CH), 8.6 
(t, J  7.88, 1H, pyrid in ium  CH), 8.2 (t, J 7 .1 4 ,  2H, pyrid in ium  CH), 8.08 (m, 2H, 

arom atic), 7 .62 (m, 2H, a rom atic), 7.51 (m, 2H, a rom atic), 7.42 (m, 3H, arom atic) 

and 5.84 ppm (s, 2 H, benzyl C H 2); 8C: 54.04 (=C (C N )2), 63.4 (benzyl CH 2), 116.3 

and 117.3 (CN), 122.9 (a rom atic  C), 128.5, 128.8, 129.2 and 129.4 (arom atic C), 

131.4 (arom atic C), 134.2 and 137.4 (qua te rnary a rom atic  C), 144.8 and 146.0 

(pyrid in ium  CH) and 171.9 ppm (C =C (C N )2). These  ass ignm ents were made w ith 

the aid of C-H corre la tion  spec tra  and by com parison  w ith benzylpyrid in ium  

p e rch lo ra te .176 (Found: C, 74 .2 ; H, 3 .85; N, 20 .61%  C26H i6N6.1/2H20 requires 

C, 74.18; H, 3.95;N, 19.96% ).

A tte m p te d  fo rm a t io n  o f 2 ,2 '- (2 -b e n z y lis o in d o lin -1 ,3 -

d iy lid e n e )b is p ro p a n e d in it r i le  (164)

The benzy lpyrid in ium  salt of 2 ,2 '- ( is o in d o lin -1 ,3 -d iy tidene)b isp ropaned in itrile  (163) 

(0.5 g, 0.0012 m oles) in 1,2 -d ich lo robenzene  (12 cm 3) was heated under reflux for 

s ixteen hours, during w h ich the so lu tion  changed from  a brigh t orange co lour to a 

b lack so lution. The reaction was m onitored by TLC  using ethyl acetate/light 

petro leum  (40-60 °C) 80:20 as the m obile phase. A ve ry  sm all am ount of a faster 

e lu ting  product was observed. Th is could not be iso la ted  due to the sm all 

concen tra tions invo lved. A non-e lu ting  b lack carbon ife rous com pound was 

ob ta ined on filte ring . Th is was inso lub le  in a range of so lvents  tried. Evaporating 

off the 1 ,2-d ich lo robenzene y ie lded  starting m ateria l (0.031 g).
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S y n th e s is  o f the  a m id in o  d e r iv a tiv e s  o f 2 ,2 '- ( is o in d o lin -1 ,3 -  

d iy iid e n e )b is p ro p a n e d in it r i le  (110)

The  sam e genera l procedure was carried out for the syn theses of all the am id ines 

but w ith vary ing  reaction so lvents  and reaction tim es. The synthesis of 2-cyano- 

/V2-b e n zy l-2 - (3-d icyan om e th y lene iso indo l-1 -d iy lidene  )acetam id ine  is g iven as a 

typ ica l experim enta l procedure w ith any dev ia tions or d iffe rences sta ted in the 

subsequen t procedures.

2 -C yano-W 2-b e n z y l-2 -(3 -d ic y a n o m e th y le n e is o in d o l-1 -d iy lid e n e )a c e ta m id in e

(175)

T he  am m onium  salt of 2 ,2 '-(iso indorm -1 ,3 -d iy lidene)b isp ropaned in itr ile  (110) 

(0.50 g, 0 .0019 moles) and benzyl am ine (0.21 g, 0 .0019 moles) in 1,4-dioxan 

(30 cm 3) w ere heated to reflux for four hours during  w hich an orange so lid  

p rec ip ita ted . This was then filte red  off from the so lu tion  and a second batch of 

so lid  p recip ita ted, which was also filte red  off. These batches were com bined, 

d ried  under vacuum  and recrys ta llised  from  d im ethy lfo rm am ide /e thano l (10:90) to 

y ie ld  2-cyano-A/2-benzy l-2 -(3 -d icyanom ethy lene iso indo l-1  -d iy lidene )acetam id ine 

(175) (0.31 g, 46 %), mp 300-301 °C (d); v max: 3382, 3321, 2927, 2216, 2204, 

1636, 1611, 1568, 1519, 1464, 1312, 1260, 1090, 879, 799, 734, 695 and 605 

cm -1 ; A.max: 492 nm (e= 34 070), 464 (31 756) and 344 nm (10 552); SH: 10.29 

(brs, 1 H, NH), 9.25 (brs, 2 H, N H 2), 8.29 (m, 1 H, is o in d o lin -1 ,3 -d iy lidene arom atic 

H), 8.11 (m, 1 H, iso indo lin -1 ,3 -d iy lidene  arom atic H), 7 .62 (m, 2H, iso indo lin -1 ,3 - 

d iy lidene  arom atic  H), 7.36 (m, 5H, benzyl a rom atic  H) and 4.67 ppm (s, 2 H, C H 2); 

5C : 44.9 (benzyl C H 2), 57.25 (=C (C N )2), 71.37, [114.66, 115.35 and 116.8 (CN)], 

[123.12, 123.44, 127.05, 127.19, 128.01, 131.03, 131.46, 135.00, 135.54 and 

137.97 (arom atic  C)], 159.56, 167.26 and 170.10 ppm, (C=N) and (C=C(CN)-).

T a ble 5.1 show ing the corre la ting peaks from  the C-H C orre la tion s pectrum

1H NMR pea ks  (ppm ) 13C NMR p e a ks  (p p m )

4.66 44.9

7.36 127.05. 127.19, 128.01

7.62 131.03, 131.46

8.11 123.12

8.29 123.44
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(Found: C, 71.57; H, 4.14; N, 23.58% . C 21H 14N 6 requ ires: C, 71.99; H, 4.02; N, 

23.99% ).

The filtra te  was evaporated to d ryness and recrys ta llised  from acetonitrile  

to g ive an orange crysta lline solid, the benzy lam m onium  salt of 2 ,2 '-(iso indo lin -

1,3 -d iy iidene)b isp ropaned in itr ile  (179) (0.19 g, 28% ), mp 298-299 °C ; v max: 3134, 

3094, 2612, 2209, 1596, 1586, 1504, 1381, 1310, 1248, 1129, 1098, 952, 848, 

754  and 708 cm '1; \ max (CH3CN ): 496 (e =  32 597), 464 (32 393), 342 (13 124) 

and 240 nm (28 786); 5H: 8.52 (brm, 5H, iso ind o lin -1 ,3 -d iy iidene  arom atic H and 

N H 3 ), 7 .65 (m, 2H, iso indo lin -1 ,3 -d iy lidene  a rom atic  H), 7.45 (m, 5H, benzyl 

a rom atic  H) and 4.5 ppm (s, 2 H, C H 2); on add ition  o f D 2 O to the NM R sample the 

m u ltip le t at 8.52 ppm was no longer b road  and in teg ra ted  fo r 2 pro tons; 5q: 42.28 

(benzyl C H 2), 53.89 (=C (C N )2), 116.24 and 117.19 (CN), 122.83, 128.45, 128.57, 

128.76, 131.27, 133.83 and 137.38 (a rom atic  C) and 171.97 (C =C (C N )2).

T a ble 5.2 show ing the corre lating peaks from  the C-H C orre la tion  s pectrum

1H NM R pea ks  (ppm ) 13C NM R p e a k s  (p p m )

4.50 42.28

7.45 128.45, 128.57, 128.76

7.65 131.27

8.52 122.83

(Found: C, 72.15; H, 4.12; N, 24.52% . C 21H 14N 6 requ ires: C, 71.99; H, 4.02; N, 

23.99% ).

2 -C yano-A /2-p ro p y l-2 - (3 -d ic y a n o m e th y le n e is o in d o lin -1 -d iy lid e n e )a c e ta m id in e

(180)

n-P ropylam ine (0.35 g, 0.0059 m oles) was added to a so lu tion  of the ammonium 

sa lt of 2 ,2 '-(iso indo lin -1,3 -d iy lidene )b isp ropaned in itr ite  (119) (1.50 g, 0.0058 

m oles) in 1 ,4-d ioxan and heated under reflux fo r 22 hours. Th is  gave 2 -cyano-N2- 
p ropy l-2 (3 -d icyanom ethy lene iso indo lin -1 -d iy iidene )ace tam id ine  (180) as an 

o range so lid  (1.13 g, 65% ), mp 298-299 °C, g radua lly  darkens above 200 °C; 

v max: 3350, 3278, 3205, 2965, 2875, 2215, 1672, 1621, 1535, 1481, 1380, 1312, 

1259, 1092, 914, 773, 734, 697 and 632 c n r 1: ^ max: 492 (e= 37 159), 460 (33 

467) and 346 nm (13 664); SH: 10.69 (brs, 1H, NH), 8.61 (brs, 2H, NH 2), 8.03 (m,
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1H, arom atic), 7.90 (m, 1 H, arom atic), 7.51 (m, 2H, arom atic), 3.21 (t, J 7 .4 , 2H, N- 

C H 2), 1.65 (m, 2 H, C H 2) and 0.92 ppm (t, J 7.4, 3H, Me); 5C: 11.65 (Me), 21.09 

(C H 2), 44.20 (N -C H 2 ), 56.96 (=C(CN) 2), 71.95, [115.15, 115.95 and 117.18] (CN), 

[123.25, 123.61, 131.21, 131.66, 134.97 and 137.98] (arom atic  C), 159.10, 166.79 

and 170.25 ppm (C=N) and (C =C (C N )-). (Found: C, 67.00; H, 4.7; N, 27.91% . 

C i7H 14N6 requ ires: C, 67.54; H, 4 .67; N, 27.79% ).

The n-propylam m onium  sa lt of 2 ,2 '-(iso indo lin -1 ,3 -d iy iidene )b isp ropaned in itr ile , 

(183) was ob ta ined  from  the filtra te  in 8% yie ld; mp 298 °C (d), gradually  darkens 

from  180 °C ; v max: 3210, 3169, 2968, 2208, 1584, 1478, 1309, 1251, 1092, 950, 

917, 766 and 701 c m '1; Xmax (C H 3CN): 496 (e= 32 458), 464 (32 200), 342 (13 

536) and 240 nm (28 747); 5|_|: 8.07 (m, 2H, arom atic), 7 .62-7.59 [m, (arom atic H) 

overlapp ing  brs (NH3), 5H], 2.72 (t, J 7 .6 , 2 H, N -C H 2), 1.53 (m, 2H, CH 2) and 0.93 

ppm (t, J  7.4, 3H, M e); 5C: 10.8, 20.5 and 40.5 (CH), 54.0 (=C(CN) 2), 116.4 and

117.3 (CN), 122.9, 131.3 and 137.5 (arom atic C) and 172.1 ppm (C =C (C N )2). 

(Found: C, 67.4; H, 4.63; N, 27.86% . C 17H 14N6 requ ires: C, 67.54; H, 4.67; N, 

27.79% ).

A lte rn a tiv e  s y n th e s is  o f 2 -C yano-A /2-p ro p y l-2 - (3 -d ic y a n o m e th y le n e is o in d o lin -  

1 -d iy lid e n e )a c e ta m id in e  (180)

The n-propylam m onium  salt of 2 ,2 '-( iso in d o lin -1 ,3 -d iy lidene)b isp ropaned in itrile  

(183) (0.35 g, 0 .0012 m oles) in 1,4-dioxan was heated under reflux fo r twelve 

hours. An orange so lid  p rec ip ita ted  and w as filte red  off to give 2-cyano-A/2-propyl-

2 -(3 -d icyanom ethy lene iso indo lin -1  -d iy lidene)ace tam id ine  (180) (0.13 g, 36% ). 

Th is gave the sam e IR and m elting point as before.

The filtra te  was evapora ted  to dryness and the orange solid obta ined was 

recrys ta llised  from  ethyl aceta te  to give the n-propylam m onium  salt of 2 ,2 '- 

( iso in d o lin -1 ,3 -d iy liden e )b isp ropa ned in itr ile  (183) (0.22 g, 62% ). This also gave 

the sam e m elting point and IR spectrum  as before.
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Isopropylam ine (0.27 g, 0 .0046 m oles) was added to a so lu tion  of the am monium 

salt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (119) (1.00 g, 0.0038 

m oles) in 1,4-d ioxan (40 cm ) and heated to reflux fo r 24 hours. The so lvent was 

evapora ted  to d ryness and the orange so lid  ob ta ined  was recrysta llised  from 

ace ton itrile  to y ie ld  2-cyano-A/2-isop ropy l-2 -(3 -d icyanom ethy lene iso indo l-1 - 

d iy lidene )ace tam id ine  (184) (0.55 g, 47% ); mp 272 °C; v max: 3424, 3341, 3233, 

2975, 2931, 2205, 1659, 1619, 1530, 1482, 1449, 1398, 1309, 1263, 1127, 1092, 

910, 769, 732 and 679 c m '1; Xmax\ 492 (e =  35 384), 460 (31 852) and 348 nm 

(11 806); 5h : 11.26 (brs, 1H, NH), 8.42 (brs, 2H, N H 2), 8.04 and 7.91 (m, 2H, 

a rom atic  H), 7.53 (m, 2H, arom atic  H), 3.94 (brm, 1H, N-CH) and 1.26 ppm (d, J
4.9, 6H, C H 3); 5c : 21.6 (C H 3), 43.6 (N-C), 56.36 (=C (C N )2), 71.50, [114.8, 115.3 

and 116.7] (CN), [122.6, 123.0, 130.6, 131.1, 134.3 and 137.4] (arom atic C),

157.4, 166.1 and 169.8 ppm (C=N) and (C =C (C N )-). (Found; C, 67.44; H, 4.69; 

N, 27.83% . C 17H 14N6 requires: C, 67.54; H, 4 .67; N, 27.79% ).

The ace ton itrile  filtra te  from the recrys ta llisa tion  w as evapora ted  to dryness and 

the so lid  obta ined was added to bo iling  ch lo ro fo rm  and an inso lub le  solid was 

filte red  off hot. Th is so lid  was then recrys ta llised  from  ethanol to give 

isopropylam m onium  salt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (187) 

(0.29 g, 25% ); mp 180 °C; v max: 3167, 2979, 2209, 1637, 1578, 1504, 1379, 1311, 

1244, 1244, 1097, 1047, 917, 773 and 703 c m '1; Xmax (C H 3CN): 496 (e= 11 433), 

466 (11 373), 342 (4 985) and 240 nm (10 692); 5H: 8 .07 (m, 2H, arom atic), 7.62 

(brm, 5H, a rom atic  H and N H 3), 4.36 (brs, 1H, OH ) 3.41 (q, J  6.8, 2H, CH2 of 

e thano l), 3.26 (m, 1H, N-CH), 1.13 (d, J 6 .4 ,  6H, Me of isopropyl group) and 1.03 

ppm (t, J 6 .8 , 3H, Me of e thano l); on add ition of D20  to the NMR sam ple the broad 

m u ltip le t at 7.62 ppm becam e a two proton m u ltip le t and the broad peak at 4.36 

ppm  w as no longer observed; 8C: 18.56 and 20.39 (Me), 43.1 (N-C), 54.00 (CH2 of 

e thano l), 56.08 (=C (C N )2), 116.35 and 117.3 (CN), 122.93, 131.37 and 137.48 

(arom atic  C) and 172.07 ppm (C =C (C N )2). (Found: C, 65.53; H, 5 .59; N, 24.27% . 

c 17h 14n 6-c 2h 5o h  requires: C, 65.5; H, 5.78; N, 24.12% ).

2-Cyano-/V2-isopropyl-2-(3-dicyanomethyleneisoindol-1-diylidene)
acetamidine (184)
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The am m onium  salt of 2 ,2 '-( iso in d o lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (119) 

(2.00 g, 0 .0077 moles) and n -bu ty lam ine  (0.57 g, 0 .0077 m oles) were heated 

under reflux in ethanol (100 cm ) fo r six hours. On leaving to cool overn ight an 

orange solid precip ita ted. Th is w as filte red  off and dried  to y ie ld  2 -cyano-/\/2-butyl-

2 -(3 -d icyanom ethy lene iso indo lin -1 -d iy lidene )ace tam id ine  (188) (1.86 g, 77% ); 

mp 290 °C (d); v max: 3326, 3270, 2959, 2872, 2211, 1654, 1611, 1587, 1568,

1516, 1463, 131 3 ,1 252 , 1149, 1091, 910, 781, 733, 775, 765 and 630 c m '1; >.max: 

492 (e =  37 516), 460 (33 598) and 348 nm (12  642); 5H: 10.83 (brs, 1H, NH), 8.70 

(brs, 2H, NH), 8.17 (m, 1H, a rom atic), 8.03 (m, 1H, a rom atic), 7.62 (m, 2H, 

arom atic), 3.3 (m, 2 H, N -C H 2), 1.63 (m, 2 H, C H 2), 1.38 (m, 2H, C H 2) and 0.91 

ppm (t, J 7 .4 , 3H, Me); 5C: 13.4 (Me), 19.8, 29.5 and 42.3 (C H 2), 56.9 (=C (C N)2),

71.9, [115.1, 115.9 and 117.1] (CN), [123.2, 123.5, 131.1, 131.5, 134.9 and 137.9] 

(arom atic C), 158.9,166.7 and 170.1 ppm (C=N) and (C =C (C N )-). (Found; C, 

68.06; H, 5.07; N, 26.72% . C 18H 16N 6 requ ires: C, 68 .34 ; H, 5 .09; N, 26.56% ).

The filtra te  was evaporated to d ryness and recrys ta llised  from  ch loro fo rm  to yield 

the n-butylam m onium  salt of 2 ,2 '-( iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (190) 

(0.42 g, 17%) as orange p la tes; mp 289-290 °C (d); v max: 3220, 3176, 2963, 

2936, 2207, 1597, 1478, 1309, 1244, 1225, 1244, 1096, 910 and 778 cm -1; \ max 

(C H 3CN): 496 (e =  40 556), 464 (40 354), 342 (17 438) and 240 nm (36 670); 5H:

8.07 (m, 2H, arom atic), 7.62 (m, 2H, arom atic) ove rlapp ing  w ith 7.58 (brs, 3H, 

N H 3), 2.75 (t, J  7.4, 2H, N C H 2), 1.45 (m, 2H, C H 2), 1.28 (m, 2H, C H 2) and 0.86 

ppm (t, J 7.4, 3H, Me); Sc : 13.5 (Me), 19.1, 29.1 and 38.6 (C H 2), 54.1 (=C(CN)2),

116.3 and 117.3 (CN), 122.9, 131.4 and 137.5 (a rom atic  C) and 172.1 ppm 

(C =C (C N )2). (Found: C, 68 .25 ; H, 5.08; N, 26.82% . C 18H 16N6 requires:

C, 68.33; H, 5.09; N, 26.56% ).

2-Cyano-N2-butyl-2-(3-dicyanomethyleneisoindolin-1-diylidene)acetamidine
(188)
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C yclohexy lam ine  (0.39 g, 0 .004 m oles) was added to a so lu tion of the am m onium  

sa lt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (119) (0.51 g, 0.002 m oles) 

in pyrid ine  (4 cm 3) and the so lu tion  heated under reflux fo r e leven hours. It was 

then  poured into w a te r (200 cm ) and a ye llow  so lid  p recip ita ted. D ilu te HCI (10% , 

30 cm ) was added and the so lid  was filte red  under vacuum  and w ashed w ith 

w ater. The so lid  was recrysta llised  tw ice from ace ton itrile  to g ive 2-cyano-A/2- 

cyc lohexy l-2 -(3 -d icyanom e thy lene iso indo lin -1 -d iy lidene )ace tam id ine  (192) as fine 

need les (0.43 g, 64% ); mp 277-278 °C; v max: 3424, 3338, 3271, 3236, 2935, 

2219, 2203, 1659, 1619, 1527, 1484, 1308, 1259, 1093, 910, 795 and 725 cm"1; 

X.max : 492 (e =  34 364), 460 (29 988) and 348 nm (12  363); 5H: 11.25 (brd, 1 H, 

NH), 8.4 (brs, 2 H, N H 2), 8.09 (m, 1 H, arom atic), 7.95 (m, 1H, arom atic), 7.5 (m, 

2H, arom atic  H), 3.6 (m, 1 H, NCH), 1.95 (m, 2 H, C H 2), 1.7 (m, 2 H, C H 2), 1.55 (m,

1H, CH), 1.3 (m, 4H, C H 2) and 1.1 ppm (m, 1 H, CH); 5C: 24.2 (C H 2), 24.7 (CH2),

31 .7  (C H 2 ), 50.9 (CH), 56.8 (=C (C N )2), 71.9, [115.2, 115.8 and 117.2] (CN), 

[123.2, 123.5, 131.2, 131.6, 134.9 and 137.9] (arom atic  C), 157.7, 166.7 and

170.3 ppm (C=N) and (C=C(CN )-). (Found: C, 70.05; H, 5 .34; N, 24.71% .

C 20H 18N6 requ ires: C, 70.16; H, 5.29; N, 24.5% )

A i- ls o p ro p y lid e n e c y c lo h e x y la m m o n iu m  s a lt  o f 2 ,2 '- ( is o in d o lin -1 ,3 -  

d iy lid e n e )b is p ro p a n e d in it r i le  (195)

The  am m onium  salt of 2 ,2 '- ( is o in d o lin -1 ,3 -d iy lidene)b isp ropaned in itr ile  (119) 

(0.52 g, 0 .002 m oles) in acetone (40 cm 3) was added to a so lu tion of 

cyc lohexy lam ine  (0.20 g, 0 .002 moles) in acetone (20 cm 3). The so lu tion was 

s tirred  at room  tem pera tu re  for one and a half days, and then evapora ted  to give a 

red oil w h ich so lid ified  on coo ling. R ecrysta llisa tion  from  acetone in two batches 

y ie lded  the /V -isopropylidenecyclohexylam m onium  salt of 2 ,2 '-( iso in d o lin -1 ,3- 

d iy lid ene )b isp ropane d in itr ile  (195) as orange plates (0.47 g, 62% ); 

mp 189-190 °C (d); v max: 3086, 2941, 2863, 2207, 2218, 1689, 1498, 1453, 1313, 

1250, 1098, 920, 902, 766, 749 and 705 cm -1; Xmax (C H 3CN): 496 (e= 34 566), 

464  (34 306), 342 (14 705) and 240 nm (30 982); 5H: 12.2 (brs, 1H, NH), 8.0 (m, 

2H, arom atic), 7.6 (m, 2H, arom atic), 3.8 (brs, 1H, N-CH), 2.34 (s, 3H, Me), 2.32 

(s, 3H, Me), 1.8 (brm, 2 H, C H 2), 1.67 (brm, 2 H, C H 2), 1.53 (brm, 1 H, CH), 1.28 (m,

2-Cyano-A/2-cyclohexyl-2-(3-dicyanomethyleneisoindolin-1-diylidene)
acetamidine (192)
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4H, C H 2) and 1.05 ppm (m, 1 H, CH); 5C: 20.9, 23.7, 24.3, and 26.3 (CH2), 30.5 

(Me), 56.4 (=N +HC), 53.9 (=C (C N )2), 116.3 and 117.3 (CN), 122.9, 131.4 and

137.4 (a rom atic  C), 172.0 (C=N) and 188.9 ppm (C = C (C N )2). (Found: C, 71.92; 

H, 5 .77; N, 22.02% . C 20H22N6 requires: C, 72 .23 ; H, 5 .79; N, 21.97% ).

2 -C yano-/V 2-o c ty l-2 -(3 -d ic y a n o m e th y le n e is o m d o lin -1 -d iy lid e n e )a c e ta m id in e

(197)

n -O cty lam ine (0.51 g, 0 .0039 moles) was added to a suspens ion  of the am monium 

salt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (119) (1.0 g, 0.0038 moles) 

in 1,4-d ioxan (30 cm 3) Th is was heated under re flux  fo r fou r and a half hours and 

a brigh t o range solid  fell out of so lution on coo ling . Th is was filte red  off and 

w ashed w ith d ie thyl e ther to g ive 2-cyano-/V2-octy l-2 -(3- 

d icyanom ethy lene iso indo lin -1 -d iy lidene )ace tam id ine  (197) (0.48 g). The filtra te 

was evapora ted  to give a dark red/b lack oil. On d isso lv ing  in hot acetone, some 

d ie thyl e ther was added and a fine orange pow der (0.08 g) was filte red  off. The 

com bined orange so lids were recrysta llised  from  m ethanol to give 2-cyano-A/2- 

oc ty l-2 -(3 -d icyanom ethy lene iso indo lin -1 -d iy lidene )ace tam id ine  (197) as small 

o range needles (0.39 g, 27% ) ; mp 232-233 "C ; v max: 3438, 3345, 3238, 2940, 

2868, 2201,1659, 1623, 1528, 1489, 1310, 1268, 1093, 768, 730 and 694 cm -1 ; 

X.max: 492 (£= 38 656), 460 (34 258)and 348 nm (13 094); 5H: 10.7 (b rs ,1 H, NH),

8.5 (brs, 2H, NH), 7.95 (m ,1H, arom atic), 7 .85  (m ,1H, arom atic), 7.4 (m, 2H, 

arom atic), 3.2 (m, 2H, N C H 2), 1.6 (m, 2H, CH), 1.2 (brm , 10H, CH) and 0.8 ppm 

(m, 3H, M e): 5C: 13.7, 21.9, 26.4, 27.4, 28.3, 28.5, 31.2  and 42.4 (octyl CHs), 56.9 

(=C (C N )2), 71.59, [114.9, 115.7 and 116.9] (CN), [122.9, 123.3, 130.8, 131.2,

134.7 and 137.7] (arom atic  C), 158.7, 166.5 and 169.9 ppm (C=N) and 

(C=C(CN )-). (Found: C, 71.06; H, 6.18, N, 22 .98% . C 22H24N6 requires: C, 70.96; 

H, 6 .45; N, 22.98% ).

On evapora ting  the filtra te  again, a b lack  oil w as recovered. A ttem pts to 

p recip ita te  fu rthe r solid by the add ition of light pe tro leum  were not successfu ll as a 

tacky oil w as obta ined.
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n-D ecylam ine (1.25 g, 0 .0079 moles) w as added to a so lu tion of the 

am m onium  sa lt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (119) 

(1.03 g, 0 .0039 m oles) in e thanol (30 cm 3). T h is  w as s tirred  overn igh t and then 

heated under reflux fo r nine and a half hours. 2-Cyano-/V2-decyl-2-(3- 

d icyanom ethy lene iso indo lin -1 -d iy lidene )ace tam id ine  (198) (0.47 g, 30%)

prec ip ita ted  as a fine go lden pow der on coo ling  and was recrysta llised  from 

to luene, mp 204 °C ; v max: 3306, 2925, 2854, 2222, 2199, 1648, 1612, 1573,

1524, 1478, 1314, 1272, 1093, 770, 733 and 694 c m '1; Xmax: 492 (e= 37 776), 460 

(34 085) and 346 nm (12 516); 5H: 10.8 (brs, 1H, NH), 8.6 (brs, 2H, NH), 8.04 (m, 

1H, arom atic), 7 .92 (m, 1H, arom atic), 7.5 (m, 2H, a rom atic), 3.23 (m, 2H, NCH2),

1.6 (m, 2H, CH), 1.17 (brm, 14H, CH) and 0.79 ppm (m 3H, Me); 5C: 13.9, 22.2, 

26.5, 27.5, 28.5, 28.8, 28.9, 29.0, 31.4 and 42.5 (decylam ino CHs), 57.0 

(=C (C N )2), 71.8, [115.1, 115.9 and 117.1] (CN), [123.2, 123.5, 131.1, 131.5, 134.9 

and 137.9] (a rom atic  C), 158.9, 166.7 and 170.2 ppm  (C=N) and (C=C(CN)-). 

(Found : C, 71.95; H, 7.08; N, 21.13% . C 24H2aN6 requ ires C, 71.97; H, 7.05; N, 

20.98% )

The filtra te gave a dark red oil on evapora ting  the  so lvent. On d isso lv ing  the oil in 

hot ch loro form  and add ing light petro leum , a sm all am ount of the 

n-decylam m onium  sa lt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lidene )b isp ropaned in itr ile (0 .043  g) 

was obta ined as a ye llow  powder. R epeating th is  p rocedure  gave a tacky, o ily 

so lid  which cou ld  not be purified  further. A ttem pts to ob ta in  the pure sa lt were not 

successfu l; v max: 3165, 3025, 2928, 2851, 2212, 1641, 1578, 1481, 1377, 1309, 

1258, 1193, 1188, 1098, 917, 778 and 715 c m '1; 5H : 8.08 (m, 2H, arom atic), 7.6-

7 .4  [m, (arom atic H) ove rlapp ing  brs (NH3), 5H], 2.7 (m, 2H, N C H 2), 1.48 (m, 2H, 

C H 2), 1.18 (m, 14H, CH) and 0.8 ppm (m, 3H, M e); 5q (acetone d6): 13.8, 22.7,

26.4, 26.6, 27.4, 27.6, 28.8, 32.0, 40.7 and 48.2 (decylam ino CHs), 54.8 

(=C (C N )2), 116.7 and 117.4 (CN), 123.5, 131.3 and 138.3 (arom atic C) and 172 .5 

ppm (C =C (C N )2).

2-Cyano-/V2-decyl-2-(3-dicyanomethyleneisoindolin-1-diylidene)acetamidine
(198)
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The am m onium  salt of 2 ,2 '-(iso indo lin -1 ,3 -d iy lide ne )b isp rop aned in itr ile  (119) 

(1.6 g, 0.006 moles) and /V./V-dibutylamine (0.81 g, 0 .006 m oles) were heated 

u nd e r reflux in ethanol (50 cm ) fo r six hours. The so lu tion  was evaporated to 

d ryness and recrysta llised  from aceton itrile  to g ive 2 -cyano-A /i ,/S/i -d ibu ty l-2 -(3- 

d icyanom ethy lene iso indo l-1 -d iy lidene)ace tam id ine  (203) as red needles (2.20 g, 

94% ); mp 212-213 °C; v max: 3340, 2950, 2867, 2218, 2195, 1648, 1604, 1584, 

1561, 1478, 1370, 1314, 1258, 1234, 1116, 1087, 752, 734  and 650 cm '1; Xmax: 
482 (£= 28 580), 460 (28 150) and 336 nm (9 070); 8H: 9.6 (brs, 1H, NH), 9.0 (brs, 

1H, NH), 8.3 (m, 1H, arom atic), 8.2 (m, 1H, arom atic), 7 .7  (m, 2H, arom atic), 3.6 

(m, 4H, NC H 2), 1.7 (m, 4H, C H 2), 1.4 (m, 4H, C H 2) and 0.9 ppm (m, 6H, Me); 

5C : 13.4 (Me), 13.6, 19.2 and 28.5 (C H 2), 50.8 (=C (C N )2), 73.2, [116.8, 118.2 and 

118.5] (CN), [122.7, 122.9, 131.0, 131.1, 137.7 and 137.8] (a rom atic  C), 159.2,

165.4 and 171.5 ppm. (Found; C, 71.2; H, 6.5; N, 23.0% . C22H 24N 6 requires: C, 

70 .9 ; H, 6.49; N, 22.56% ).

C ry s ta l S tru c tu re  D e te rm in a tio n  

S tru c tu re  a n a ly s is  and  re fin e m e n t

All co llections of c rys ta llog raph ic  data were carried  out at T rin ity  College 

D ublin  except for that of the benzylam m onium  salt of (110), (179), which was 

carried  out at the U n iversity of Aberdeen, Scotland.

X-Ray d iffraction  da ta  w ere co llected using M o-K a  rad ia tion  (A. = 0.71609 

A) m onochrom atised w ith a g raph ite  plate g iving N independen t reflections, A/oof 

these  being used in the structu re  analysis. The index range is g iven for each 

crysta l. All s tructures were so lved using the Patterson heavy atom method with 

partia l structure  expansion to find all non-hydrogens using S H E LX S -86 .195 The 

a tom ic coord ina tes were re fined with full matrix least squares refinem ent using 

S H E LX L-93 .196 H ydrogen atom s were located in th e ir ca lcu la ted  positions and 

re fined w ith respect to the carbon and nitrogen atom s to w h ich  they w ere attached.

2-Cyano-/Vi ,/Vi-dibutyl-2-(3-dicyanomethyleneisoindol-1-diylidene)
acetamidine (203)
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Crystal data for Benzylammonium salt (179)

C rys ta llised  from ace ton itrile  to g ive orange cub ic  crysta ls. C rysta l d im ensions 

0 .36 X 0.42 X 0.30 mm3. M = 350.38, m onoclin ic , space group P48, 

a = 11.463(10), ¿1 = 13.094(9), c = 13.563(9) A, V = 1857(2) A3, Z  = 4, Dx =

1.254 g/cm 3. N = 2731, No = 2533, index range = 0 < h < 12, 0 < k < 15, -16 < I < 

14; R = 0.0456, wR = 0.1091.

C ry s ta l da ta  fo r  A /- ls o p ro p y lid e n e c y c lo h e x y la m m o n iu m  s a lt (195)

C rys ta llised  from acetone to g ive a lm ost cub ic  light o range crysta ls. Crystal 

d im ens ions 0.45 X 0.40 X 0.35 m m 3. M =  382.47, tric lin ic , space group P-1, a = 

9 .353(15), b = 10.492(19), c = 11.257(16) A, V =  1021.1(29) A3, Z  = 2, Dx =
1.244 g/cm 3. N = 2484, No = 1957, index range = 0 < h < 9 ,  - 1 0 < k < 1 1 , - 1 1  < l <  

11;  R =  0.0723, wR=  0 .1272.

C ry s ta l d a ta  fo r  2 -C yan o -/V r ,A/i -d ib u ty l-2 -(3 -d ic y a n o m e th y le n e is o in d o l-1 -  

d iy lid e n e )a c e ta m id in e  (203)

C rys ta llised  from  d im ethy lfo rm am ide  to g ive red co lum ns. C rysta l dim ensions

0.40 X 0.30 X 0.25 mm3. M = 372 .47 , tric lin ic , space group P-1, a = 8.889(10), 

¿3= 11.382(2), c =  11.748(3) A, V=  1036.0(3) A 3, Z = 2 ,  Dx = 1.194 g/cm3 N = 
2731, N0 = 2533, index range = 0 < h < 9 ,  -11 < k < 11, -12 < I < 11; R = 0.0479, 

wR = 0.1240.

C ry s ta l d a ta  fo r  C -T c o m p le x  (110 )-T M D A  (210)

C rys ta llised  from  ace ton itrile  to g ive dark g reen /b lack  colum ns. Crystal 

d im ensions 0.40 X 0.50 X 0.60 mm3. M = 407.48, m onoclin ic, space group 

P121 /n, a = 7 .3133(119), b = 29 .813(2), c = 10.226(2) A, V = 2123.1 (6) A3, 
Z  = 4, Dx = 1.275 g /cm 3. N = 3947, N0 = 3731, index range = -8 < h < 8 < k < 35, 

0 < I < 12; R = 0 .0607, w f l = 0 .1750.
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Cyclic Voltammetry

C yclic  vo ltam m etry  was perform ed using an EG&G model 273 
po ten tios ta t/ga lvanos ta t in te rfaced to an EG &G  m odel 174A po larograph ic  

ana lyser and an EG&G m odel 303A  Scanning M ercury Drop E lectrode (SMDE), all 

of w h ich were re layed to a personal com puter. All so lu tions were made up in 

HPLC grade d im ethy lfo rm am ide using 0.1 M lith ium  perch lo ra te  as the e lectro ly te  

and degassed fo r tw en ty m inutes using n itrogen. All po ten tia ls  are quoted w ith 

respect to BAS Ag/AgCI ge l-filled  re ference e lectrode , the potentia l of which was 

35 mV more pos itive  than tha t o f the sa tu ra ted  ca lom el e lectrode (SCE), w ith 

p la tinum  w ire  as the coun te r e lectrode.

U ltra -V io le t S tu d ie s  o f C -T  C o m p le x e s  in  S o lu t io n

C-T in te rac tions w ere in itia lly  investiga ted  using UV spectroscopy. The 

spectra  were m easured on a H ew lett Packard 8452 UV Diode Array Spectrom eter 

using s tandard  techn iques. C -T absorp tion  bands were determ ined, e ither by 

add ition  of one equ iva len t of the donor to a so lu tion  of the acceptor, o r by adding 

increasing  am ounts of the donor to a fixed concen tra tion  of the acceptor, and 

com paring  these  spectra  w ith those of the ind iv idua l donor and acceptor.

All spec tra  were de te rm ined  fo r fresh ly  p repared  so lu tions. The fo llow ing 

so lven ts  w ere  used as rece ived: ace ton itrile  (Labscan-H PLC  grade);

te trahyd ro fu ran  (Labscan-H P LC  grade dried under standard  cond itions)197; 

d ich lo rom ethane  (Labscan- HPLC grade). Investiga tions w ith com m ercia lly 

ava ilab le  don o r com pounds inc luded an th racene  (2 1 2 ), te tra th ia fu lva lene  (2a), 

/V,A/-dim ethylaniline (211), and A /,/V ,/\/',A /'-tetram ethyl-p-phenylenediam ine (210), 

and all used w ithou t fu rthe r purifica tion.

S o lu tions of /V,A/-dimethylaniline (211) and A/,A/,A/’,A /-te tram ethyl-p- 

pheny lened iam ine  (210) were degassed w ith n itrogen before  the UV spectra were 

m easured.
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Synthesis of C-T Complexes

(110)-T M D A  c o m p le x

C om pound ( 1 1 0 ) (0.278 g, 0 .0014 m oles) in te trahyd ro fu ran  (10 cm 3) was 

added to a hot so lu tion  of TM DA (0.376 g, 0 .0028 m oles, two equ iva lents) in 

ace ton itrile  (10 cm 3) g iv ing a dark red so lu tion. The so lven t was evaporated off 

and the b lack so lid  rem ain ing was recrys ta llised  from  ace ton itrile . The resulting 

dark green so lu tion  was le ft fo r 36 hours at room tem pera tu re . (110)-TM D A was 

obta ined as b lack/g reen colum ns (0.196 g); mp 154-155 °C ; v max: 2925, 2199 

(CN), 1653, 1611, 1544, 1475, 1312, 1260, 1182, 1151, 1093, 978, 943, 824, 778, 

and 708 cm -1. (Found: C, 70.69; H, 4.97; N, 24.08% . C24H21N7. requires C, 

70.74; H, 5 .19;N, 24.06% ).

(110)-T TF  C o m p le x

A so lu tion  of (110) (0.1 OOg, 0 .0004 m oles) in TH F  w as added to a boiling 

so lu tion  of T TF  (0.088 g, 0 .0004 m oles) in ace ton itrile  g iv ing  a green solution. On 

halv ing the vo lum e of so lu tion  by evapora tion  no so lid  w as obta ined. On storing 

at 0 °C fo r two days only a very sm all am ount of a dark green solid  had 

p recip ita ted. On evapora ting  off all the so lvent a da rk  green so lid  was obtained. 

A ttem pts to recrysta llise  th is  green solid  from a num ber of so lvents  were not 

successfu l.

(1 1 0 )-A n th ra c e n e  C o m p le x

C om pound (110) (0.267 g, 0.0011 moles) d isso lved  in TH F (70 cm 3) in a 

son ica to r bath, and degassed with argon, was added to a so lu tion  of anthracene 

(0.197 g, 0.0011 m oles) in THF (20 cm 3), also degassed, g iv ing a dark orange 

/red so lu tion. This was fu rthe r degassed, stoppered and le ft fo r 48 hours. Large 

purp le  crysta ls  were form ed which were found to be unstab le  when filte red in air. 

These crysta ls  were iso la ted  under argon in an glove bag but were not stable for a 

su ffic ien t period of tim e to obtain e lem enta l analysis.

(151)-T M D A  C o m p le x

C om pound (151) (0.100 g, 0 .0039 m oles) d isso lved  in TH F (25 cm3) was 

added to a so lu tion  of TM D A  (0.064 g, 0 .0039 m oles) in TH F  (10 cm 3) giving a 

dark green so lu tion. The volum e was reduced to 10 cm 3 and the flask  stoppered 

under argon. W hen no so lid  was form ed a fte r tw o days all the so lvent was
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evapora ted  off and the resu lting dark green solid  was recrysta llised  from 

ace ton itrile  giving the 2:1 com plex of (151)-TM D A as green p la tes (0.041 g); on 

heating from 100-180 °C the p la tes darkens to a red so lid  w hich m elts at 198 °C; 

v max: 3125, 2918, 2868, 2812, 2221  (CN), 1561, 1519, 1472, 1445, 1386, 1319, 

1279, 1212, 1110, 1075, 951, 816, 775, and 686 c m '1. (Found: C, 70.19; H, 4.32; 

N, 24.04% . C4oH3o N i2 - requ ires: C, 70 .78 ; H, 4 .45; N, 24.76% ).

(151)-T T F  C o m p le x

A boiling so lu tion  of (151) (0 .100 g, 0 .0039 m oles) in ace ton itrile  (15 cm3) 

w as added to a bo iling  so lu tion  of TTF  (0.079 g, 0 .0039 m oles) in acetonitrile 

(10 cm 3) g iv ing a dark g reen /b row n so lu tion . On coo ling  the 1:1 complex of 

(151)-T TF  was ob ta ined as b righ t g reen plates (0.023 g); mp 160 °C (darkens), 

190 °C (d); v max: 3075, 2975, 2933, 2868, 2213 (CNI), 1561, 1444, 1384, 1069, 

699, 766 and 670 cnrr1. (Found: C, 54.34; H, 2.37; N, 14.95% . C21H 11N5
requ ires: C, 54.64; H, 2.40: N, 15.17% ),
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