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ABSTRACT 

SYNTHETIC MACROCYCLIC IONOPHORES 

14-Crown-4 d e r i v a t i v e s b e a r i n g e i t h e r one o r two o x y m e t h y l , b e n z y l -
o x y m e t h y l , m e t h o x y c a r b o n y l m e t h y l o r c a r b a m o y l m e t h y l s u b s t i t u e n t s have 
been p r e p a r e d i n an a t t e m p t t o o b t a i n s e l e c t i v e i o n o p h o r e s f o r l i t h i u m 
i o n s . C o mplexation has been m o n i t o r e d by IR, 1 3C NMR, F a s t Atom 
Bombardment Mass S p e c t r o m e t r y , and s o l v e n t p o l y m e r i c membranes have been 
f a b r i c a t e d and e v a l u a t e d u s i n g t h e f i x e d i n t e r f e r e n c e method. 

Improved l i t h i u m s e l e c t i v i t i e s o f t h e d i s u b s t i t u t e d 14-crown-4 
l i g a n d s compared t o t h e m o n o s u b s t i t u t e d analogues i n t h e p o t e n t i o m e t r i c 
e x p e r i m e n t s , b e a r s o u t t h e premise t h a t t h e r e i s a need t o suppress 
c o m p e t i t i v e 2:1 complex f o r m a t i o n w i t h sodium. The most e n c o u r a g i n g 
l i t h i u m s e l e c t i v i t y was o b s e r v e d w i t h an e l e c t r o d e based on trans-
( 2 S , 3 S ) ( - ) - 2 , 3 - bis(N,N'- d i b u t y l c a r b a m o y l m e t h y l ) - 1 , 4 , 8 , 1 1 - t e t r a o x a c y c l o -
t e t r a d e c a n e which v i n d i c a t e s t h e c h o i c e o f a x i a l amide donors t o enhance 
t h e L i / N a s e l e c t i v i t y o f t h e 14-crown-4 s k e l e t o n . 

T r i a z a c y c l o n o n a n e , t r i a z a c y c l o d o d e c a n e and t e t r a a z a c y c l o d o d e c a n e 
amide f u n c t i o n a l i s e d l i g a n d s were p r e p a r e d i n o r d e r t o i n v e s t i g a t e t h e 
e f f e c t o f donor number, m a c r o c y c l i c r i n g s i z e and c h e l a t e r i n g s i z e on 
s t a b i l i t y and s e l e c t i v i t y o f c o m p l e x a t i o n w i t h a l k a l i and a l k a l i n e e a r t h 
m e t a l c a t i o n s . C o m p l e x a t i o n has been m o n i t o r e d by IR, 1 3C NMR, F a s t 
Atom Bombardment Mass S p e c t r o m e t r y and p H - m e t r i c t i t r a t i o n e x p e r i m e n t s . 
The most s t a b l e complex was formed between c a l c i u m and N,N'-dimethyl-
1 , 4 , 7 , 1 0 - t e t r a a c e t a m i d o - 1 , 4 , 7 , 1 0 - t e t r a a z a c y c l o d o d e c a n e , f o r whi c h l o g 
K(CaL) = 6 . 8 1 (H2O). Once a g a i n , measurable l o g K v a l u e s > 3.9 i n 
aqueous media f o r l i t h i u m , sodium and c a l c i u m c o m p l e x a t i o n v i n d i c a t e t h e 
c h o i c e o f amide donors t o ensure s t r o n g c o o r d i n a t i o n w i t h s m a l l c a t i o n s 
o f h i g h charge d e n s i t y r a t i o . 

P a t r i c k Edmund N i c h o l s o n ( J u l y 1989) 
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CHAPTER ONE 

THERMODYNAMIC AND KINETIC ASPECTS OF 
CATION AND LIGAND INTERACTIONS 



1.1 THERMODYNAMICS AND KINETICS OF COMPLEXATION 

1.1.1 Valinomycin - A Naturally Occurring Ionophore 

I n t h e l a t e 1 9 6 0 ' s \ i t was e s t a b l i s h e d t h a t t h e r e was a c l a s s o f 
n e u t r a l , n a t u r a l l y o c c u r r i n g a n t i b i o t i c s which show marked e f f e c t s on 
a l k a l i m e t a l c a t i o n t r a n s p o r t i n r e s p i r i n g c e l l f r a g m e n t s o f v a r i o u s 
k i n d s , and on t h e c a t i o n p e r m e a b i l i t y o f n a t u r a l and a r t i f i c i a l 
membranes. 

The most w i d e l y s t u d i e d member o f t h i s f a m i l y i s v a l i n o m y c i n ( 1 ) 
( F i g u r e 1.1) whic h has an e x t r e m e l y h i g h p r e f e r e n c e f o r p o t a s s i u m o v e r 
sodium i o n s . 

I n t h e p o t a s s i u m complex, t h e p o t a s s i u m i o n i s l o c a t e d i n t h e 
c e n t r e o f t h e 36-membered r i n g . The l a t t e r i s f o l d e d i n t o s i x /?-turns, 
w h i c h a r e s t a b i l i s e d by f o u r i n t r a m o l e c u l a r NH- -0=C hydrogen bonds t h a t 
a r e o f t h e common ( 4 -» 1) t y p e ( F i g u r e 1.2). 

A l l c a r b o n y l oxygens i n v o l v e d i n hydrogen b o n d i n g b e l o n g t o t h e 
amide groups and i t i s t h e s i x e s t e r c a r b o n y l s t h a t c o o r d i n a t e t o t h e 
p o t a s s i u m i o n w i t h an a l m o s t p e r f e c t o c t a h e d r a l geometry. 

I n i t s uncomplexed f o r m , v a l i n o m y c i n a d o p t s an e l l i p s o i d shape as 
2 

d e t e r m i n e d by x - r a y d i f f r a c t i o n s t u d i e s . I t i s s t a b i l i s e d by t h e same 
(4 -* 1) amide hydrogen bonds as fo u n d i n i t s complexed f o r m , b u t a l s o by 
two hydrogen bonds o f t h e r a r e (5 -» 1) t y p e ( F i g u r e 1.2) whic h i n v o l v e 

H3CV /CH3 HaC\ /C 
CH CH 

H 3 CH 3 

(0- CH- CONH- A- C00CH- CONH- CH- CO) 

H3C CH3 

( 1 ) 

Figure 1.1 Structure of Valinomycin (1). 
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e s t e r c a r b o n y l s . 

-^-C-O-NH^-C-OJH^-NH^-^-O-CR H-C-NH ( a ) 

-^-C-O^-^-NH-CH-^-O^H^-NH^-^-O-CR H-C-NH b) 

\ I 
Figure 1.2 (a) (4 -» I) Hydrogen Bond in Valinomycin, 

N H - - 0 = C (Amide); (b) (5 -» 1) Hydrogen Bond in 
Valinomycin, NH-• 0=C (Ester). 

The (5 -+ 1) hydrogen bonds a r e l a r g e l y r e s p o n s i b l e f o r t h e o v a l 
shape o f uncomplexed v a l i n o m y c i n . Moreover, t h e y d i r e c t two o f t h e 
e s t e r c a r b o n y l s t o w a r d t h e s u r f a c e o f t h e m o l e c u l e . These a r e t h o u g h t 
t o i n i t i a t e complex f o r m a t i o n p r i o r t o t h e placement o f t h e p o t a s s i u m 
i o n i n t h e l i g a n d c a v i t y . I t has been proposed t h a t t h e f o r m a t i o n o f an 
i n i t i a l l o o s e complex w i t h t h e p o t a s s i u m i o n i s f o l l o w e d by c l e a v a g e o f 
b o t h (5 -• 1) hydrogen bonds, i n o r d e r t o e n a b l e a l l e s t e r c a r b o n y l s t o 
i n t e r a c t w i t h t h e c e n t r a l c a t i o n . 

The h i g h s e l e c t i v i t y t h a t v a l i n o m y c i n d i s p l a y s f o r p o t a s s i u m o v e r 
sodium i s t h o u g h t t o be l a r g e l y based on d i f f e r e n c e s i n t h e i r r e s p e c t i v e 
c a t i o n i c r a d i i . Whereas t h e p o t a s s i u m i o n i s o f optimum s i z e t o f i l l 
t h e l i g a n d c a v i t y , t h e sodium i o n i s t o o s m a l l t o f u l l y i n t e r a c t w i t h 
a l l e s t e r c a r b o n y l s and cannot be complexed w i t h o u t an e n e r g e t i c a l l y 
u n f a v o u r a b l e b r e a k i n g o f t h e i n t r a m o l e c u l a r (1 •+ 4) hydrogen bonds. 

I n p a r a l l e l t o t h e r e a l i s a t i o n o f t h e o u t s t a n d i n g p r o p e r t i e s o f 
n e u t r a l a n t i b i o t i c s as s e l e c t i v e c a t i o n c a r r i e r s , C h a r l e s Pederson 
r e p o r t e d , i n 1967, t h e s y n t h e s i s o f o v e r t h i r t y c y c l i c p o l y e t h e r s , 
n o t i c i n g t h e i r u n u s u a l a f f i n i t y f o r a l k a l i m e t a l s and t h e i r c a t i o n 
s e l e c t i v i t y c h a r a c t e r i s t i c s . T h i s has s u b s e q u e n t l y prompted t h e 
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s y n t h e s i s o f numerous a c y c l i c and c y c l i c l i g a n d s i n an a t t e m p t t o mimic, 
and improve, s e l e c t i v i t y and c a r r i e r p r o p e r t i e s d i s p l a y e d by n a t u r a l 
i o n o p h o r e s , and d e v e l o p a deeper u n d e r s t a n d i n g o f t h e thermodynamics and 
k i n e t i c s o f c o m p l e x a t i o n . 

1.1.2 Thermodynamics and Kinetics of Complexation 

I f t h e c o m p l e x a t i o n o f l i g a n d L, w i t h d i f f e r e n t c a t i o n s (M|, M^, 
Mg) i s c h a r a c t e r i s e d by s i m i l a r o r i d e n t i c a l thermodynamic and k i n e t i c 
p a r a m e t e r s , L j u s t d i s t i n g u i s h e s one M* i o n f r o m a n o t h e r one 
(DISTINCTION). However, i f t h e a s s o c i a t i o n shows s e l e c t i v i t y f o r a 
g i v e n c a t i o n , M|, l e a d i n g t o t h e p r e f e r r e d f o r m a t i o n o f LM|, a s p e c i f i c 
complex i s formed (SELECTION). 

The c o r r e s p o n d i n g s e l e c t i v i t y may be s t a t i c (thermodynamic, r e l a t e d 
t o t h e f r e e e n e r g i e s o f t h e f r e e and a s s o c i a t e d s t a t e s and hence t o t h e 
s t a b i l i t y c o n s t a n t ) , o r dynamic ( k i n e t i c , r e l a t e d t o t h e energy b a r r i e r 
l e a d i n g t o t h e f o r m a t i o n o f t h e t r a n s i t i o n s t a t e , t o t h e r a t e s o f 
complex f o r m a t i o n and o f t h e complex d i s s o c i a t i o n ) , o r b o t h . 

C l e a r l y , d e s i g n o f a s y n t h e t i c l i g a n d t h a t w i l l f o r m a s t a b l e , 
s e l e c t i v e complex w i t h c a t i o n M|, i s based on a t h o r o u g h u n d e r s t a n d i n g 
o f t h e thermodynamics and k i n e t i c s o f c o m p l e x a t i o n as g l e a n e d f r o m 
t h e o r e t i c a l and, as much as p o s s i b l e , f r o m e x p e r i m e n t a l d a t a . Hence i t 
i s t h o u g h t a p p r o p r i a t e t o d i s c u s s t h e many f a c t o r s t h a t c o n t r i b u t e t o 
t h e s t a b i l i t y and dynamics o f c o m p l e x a t i o n f o r n e u t r a l l i g a n d s w i t h 
a l k a l i and a l k a l i n e e a r t h m e t a l c a t i o n s . 
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1.1.3 The Thermodynamics of Complexation 

A l k a l i and a l k a l i n e e a r t h m e t a l c a t i o n s e x h i b i t h i g h charge d e n s i t y 
r a t i o s and low p o l a r i s a b i l i t y , and can be c l a s s i f i e d as ' h a r d 1 c a t i o n s . 
I n t e r a c t i o n s between t h e s e c a t i o n s and l i g a n d donor atoms can be t h o u g h t 
o f as m a i n l y e l e c t r o s t a t i c i n n a t u r e ( i o n d i p o l e , i o n - i n d u c e d d i p o l e ) , 
i n c o n t r a s t t o bonds w i t h v a r y i n g c o v a l e n t c h a r a c t e r formed w i t h ' s o f t ' 
c a t i o n s such as c e r t a i n t r a n s i t i o n m e t a l s . 

A pure e l e c t r o s t a t i c model has some advantages i n t h e d i s c u s s i o n o f 
t h e c o m p l e x a t i o n p r o c e s s , s i n c e i t a l l o w s s e p a r a t e e v a l u a t i o n o f t h e 
v a r i o u s e f f e c t s i n f l u e n c i n g t h e thermodynamics o f t h e c a t i o n l i g a n d 
i n t e r a c t i o n . The c o m p l e x a t i o n process may be r e p r e s e n t e d : 

M + ( s ) * L ( s ) * M L ( s ) 

where: M + = m e t a l c a t i o n 
L = l i g a n d 
s = s o l v e n t 

The e q u i l i b r i u m ( s t a b i l i t y ) c o n s t a n t (K ) can t h e n be w r i t t e n : 

K s = [ML] ( 1 . 2 ) 

m [ L ] 
where ML = complex c o n c e n t r a t i o n a t e q u i l i b r i u m 

= f r e e c a t i o n c o n c e n t r a t i o n a t e q u i l i b r i u m and 
L] = f r e e l i g a n d c o n c e n t r a t i o n a t e q u i l i b r i u m 

The f r e e energy change (AG) f o r c o m p l e x a t i o n i s r e l a t e d t o t h e s t a b i l i t y 
c o n s t a n t ( E q u a t i o n 1.3) and t h e f r e e energy change (AG) may be d i v i d e d 
i n t o e n t h a l p y (AH) and e n t r o p y (AS) changes t h a t o c c u r ( E q u a t i o n 1.4). 

AG = -RT I n K g ( 1 . 3 ) 
AG = AH - TAS ( 1 . 4 ) 

Ex a m i n a t i o n o f E q u a t i o n s 1.1 and 1.2 shows t h a t a n e g a t i v e AG v a l u e 
d e l i n e a t e s a f a v o u r a b l e f r e e energy change f o r c o m p l e x a t i o n i n t h a t t h e 



equi l ibr ium f o r Equation 1.1 w i l l be to the r i g h t . 

On examination of Equation 1.4 i t is seen that f o r complexation to 

be favoured there are four p o s s i b i l i t i e s : 

(a) AH < 0 (Dominant), TAS > 0 

(b) AH < 0 (Dominant), TAS < 0 

(c) AH < 0, TAS > 0 (Dominant) 

(d) AH > 0, TAS > 0 (Dominant) 

1.1.4 Contributions to Complexation Enthalpy 

1.1.4.1 Variations i n the Nature and Energy of Cation-Solvent and 

Cat ion-Ligand Interact ions. 

In the complexation process, some or a l l of the solvent molecules 

comprising the cations f i r s t solvat ion sphere are replaced by basic 

ligand donor s i t e s . Thus, there i s a balance between the unfavourable 

endothermic desolvation of the ca t ion , and the favourable exothermic 

solvat ion of that cation by the l igand. 

LIGAND SOLVENT AH KJ mol" 1 REF 

18-C-6 K + MeOH -53 14 4 
18- C- 6 K + H20 -26 00 5 
18-C-6 Na+ MeOH -31 38 4 
18-C-6 Na+ H20 - 9 41 5 

Table 1.1 Enthalpy Changes for Complexation of 18-crown-6 with 
Sodium and Potassium Ions measured Calorimetrically in 
Methanol and Mater at 25°C. 

Obviously the nature of the solvent great ly influences the 

resultant enthalpy change. In solvents of high d i e l e c t r i c constant 

and/or high donor number, more energy w i l l be required f o r desolvation 
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than in solvents of low d i e l e c t r i c constant and/or low donor number. 

For example, i n Table 1.1 the enthalpies of complexation f o r potassium 

and sodium ions with 18-crown-6, as measured c a l o r i m e t r i c a l l y at 25°C in 
4 5 methanol and water' are l i s t e d . 

I t can be c l ea r ly seen that the higher d i e l e c t r i c constant of water 

confers a lower favourable enthalpy f o r complexation than wi th a solvent 

of lower d i e l e c t r i c constant, in t h i s case, methanol. Cations of high 
+ + 2+ 2+ charge density r a t i o ( L i , Na , Mg , Ca ) exh ib i t higher solvat ion 

energies than those of lower charge density r a t i o , and so, changes in 

solvent w i l l have more e f f e c t on the enthalpy of complexation of these 

small highly charged cations. 

Clear ly , the nature and number of donor s i tes on the l igand w i l l 

determine the degree of s t a b i l i s a t i o n conferred by that l igand in 

solvat ing the ca t ion . 

1.1.4.2 Nature of Donors 

The a l k a l i and a lka l ine earth metal cations can be c l a s s i f i e d as 

hard according to the 'hard and so f t acid-base p r i n c i p l e ' and should 

in te rac t most favourably with 'hard' donors. Donors can be represented 

in a scale of hardness (0 > N > P,S) and thus the strongest 

e l ec t ros ta t i c in teract ions are expected to ar ise from func t i ona l groups 

containing oxygen. Frensdorff , studied the e f f e c t of subs t i tu t ing 

ether donors wi th amine and thioether donors i n 18-crown-6 on the 

s t a b i l i t y of resul tant complexes with potassium in methanol (Table 1.2). 

I t can be seen that subs t i tu t ion by ei ther ni trogen or sulphur, lowers 

the s t a b i l i t y constant of resultant potassium complexes. Assignment of 

at least a proport ion of t h i s e f f e c t to enthalpic changes has been 
8-10 

possible through f u r t h e r experiments (Table 1.3) 
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POLYETHER log K 
B 

0 0 6.10 
NH 0 3.90 
NH NH 2.04 

1.15 

Table 1.2 Effect of Substituting Ether Donors with Amine 
and Thioether Donors in 18-crown-6 on Stability of 
K+ Complex in Methanol at 25°C; Reference 7. 

A glance at the data i n Table 1.3 shows tha t , subs t i tu t ion of ether 

donors by amine or th ioether donors, causes a less favourable enthalpic 

change f o r complexation, implying that the l a t t e r two donors in terac t 

less strongly wi th the potassium cation than the former. 

POLYETHER 
A B 

0 
NH 

0 
S 

AH 
KJ m o l 1 

0 
NH 

S 
s 

-54.9 
- 4.7 
-37.7 

Table 1.3 Effect of Substituting Amine and Thioether Donors 
for Oxygen Donors on the Enthalpy of Complexation 
of Potassium with 18-crown-6 measured calorimetrically 
in Methanol at 25°C (References 8-10). 

For small highly charged cations, high p o l a r i s a b i l i t y of the donor 

w i l l be important, in addi t ion to high electron density, since charge 

induced dipole interact ions vary as 1/r* while charge dipole inter-
2 

actions vary as 1/r (where r represents the cation-donor distance) . 
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Thus, f o r nitrogen and sulphur, the higher p o l a r i s a b i l i t y of these 

donors may serve to strengthen t h e i r interact ions with small highly 

charged cat ions. 

The electron density on the donor atom w i l l be largely governed by 

the dipole moment between donor and substituents in the the f r ee ligand 

ie. the higher the dipole moment, the more electron density w i l l l i e on 

that donor and hence the more favourable the in te rac t ion wi th a l k a l i and 

a lka l ine earth metals w i l l be. Some gas phase dipole moments are l i s t e d 

in Table 1.4. 

LIGAND DIPOLE 

HC0NMe2 3.82 
HC0NH2 3.73 
HCOoMe 1.77 
HOMe 1.71 
HC02H 1.40 

Table 1.4 Some Gas Phase Dipole Moments for Oxygen Based 
Functional Groups. 

I t can be seen that amide groups should, by v i r t u e of t h e i r high dipole 

moment, serve as e f f i c i e n t donor s i t e s . Indeed, these donors feature 

prominently i n natural ionophores f o r a l k a l i and a lka l ine earth metal 

cations. 

1.1.4.3 Number of Donors 

The number of donor s i tes on the ligand should at least equal the 

coordination number of the cat ion. Reference points f o r the optimum 

coordination numbers f o r a l k a l i and a lka l ine earth metal cations are 

provided by t h e i r coordination numbers wi th water molecules (Table 1.5). 
8 10 11 

Buschmann ' ' has measured enthalpy changes f o r the complexation 

of potassium and sodium ions with a series of simple crown ethers and 
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these are represented graphical ly in Figure 1.3. 

CATION COORDINATION CATION COORDINATION 
NUMBER NUMBER 

L i + 4-6 Mg 2 + 6 
Na+ 6 Ca 2 + 8 
K + 6 S r 2 + 8 
Rb+ 6 B a 2 + 8 
Cs+ 6 

Table 1.5 Hydration Numbers for Alkali and Alkaline Earth 
Metal Cations. 

I t can be seen that i n the case of sodium, potassium, rubidium and 

caesium ions, where the coordination number of the l igand i s lower than 

the optimal hexa-coordination f o r these cat ions, the enthalpy change is 

less favourable than f o r 18-crown-6 which i s hexa-coordinate. 

60 R 

50 

40 

AH 

K.mol i 

30 
1 o Cs 

x Rb 

Na 20 

10 

0 I 1 1 1 1 
12 CROWN t 15 CROWN 5 18 CROWN 6 21 CROWN 7 

Figure 1.3 Enthalpy of Complexation for Alkali Metal Ions with 
Simple Monocyclic Crown Ethers of Varying Ring Size. 
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Because of t he i r closed shel l and iner t gas s t ructure , a l k a l i and 

a lka l ine earth metal cations are not expected to show strong stereo

chemical requirements. They may be considered spherical , even in the 

complexed state . Maximal s t a b i l i t y can therefore be achieved by 

providing donors that are arranged to form a basic sphere around the 

complexed ca t ion. This has been demonstrated by measurements of 

cryptand and spherand enthalpy changes on complexation with a l k a l i and 

a lka l ine earth metal cations. These types of ligands provide a three 

dimensional recognit ion f o r the cation and can, wi th appropriate design, 

exh ib i t highly favourable enthalpies of complexation (see discussion in 

Section 1.2). 

Increasing the number of donors above and beyond the optimal 

coordination number of a cat ion, can p o t e n t i a l l y lead to a greater 

overa l l donor/cation in te rac t ion . However, the number of donors imposes 

a minimum cavi ty size owing to i n t r a donor-donor repulsions. Hence the 

extra potent ia l cation-donor a t t r a c t i ve force generated by adding more 

donors to the l igand, may be n u l l i f i e d or even outweighed by the 

unfavourable f r ee energy change (AG) associated with the deformation of 

the ligand from i t s unbound form in order to rea l ise a conformation 

sui table f o r complexation. Clearly as donor number, and hence, minimum 

cavi ty size, increases, the des tab i l i sa t ion f o r smaller cations w i l l be 

more extreme. I f Figure 1.3 is inspected, i t can be seen that the 

hepta-coordinate 21-crown-7 complexes the sodium ion wi th a more 

favourable enthalpy change than the hexa-coordinate 18-crown-6. I t can 

be in fe r red that the d i f fe rence is mainly due to the increased 

cation/donor in te rac t ion in the 21-crown-7 complex. However, the 

s t a b i l i t y constant (K ) f o r the 21-crown-7 Na+ complex i s lower than 

that of the 18-crown-6 complex, indica t ing that deformations of the 

21-crown-7 l igand, i n order to a t t a in a binding conformation, resu l t in 
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a markedly more unfavourable entropy change than that seen f o r the 

18-crown-6 Na+ complex. 

Clear ly , the type and number of binding s i tes and the topology of 

the l igand w i l l g rea t ly influence the enthalpy of complexation and hence 

s t a b i l i t y of the resul tant complex. Ligand design may therefore be used 

to rea l i se a s e l e c t i v i t y f o r cations on the basis of coordination 

number, size and charge/density r a t i o . 

1.1.4.4 Repulsion Between Neighbouring Donor Atoms 

Repulsions between solvent molecules forming the solvation shel l 

around a metal cat ion destabi l ise the solvated s ta te . This 

des tab i l i sa t ion increases as each addi t ional solvent molecule i s brought 

in to the solvent s h e l l . This can easi ly be seen in terms of the f r ee 

enthalpy changes involved f o r consecutive solvat ion of a l k a l i cations in 
12 

the gas phase (Table 1.6) 

n 1 2 3 4 5 6 

L i + 142 108 87 68 58 52 
Na+ 100 83 66 58 51 45 

K + 75 67 55 49 45 42 
Rb+ 67 57 51 47 44 
Cs+ 57 52 47 44 

Table 1.6 Enthalpy Changes for Consecutive Solvation in the 
Gas Phase (W in KJ mol'^). 

Linkage of a l l binding si tes in a single polydentate ligand 

suppresses t h i s des tab i l i sa t ion e f f e c t , since the binding s i tes are held 

in place and cannot be pushed out of the she l l by repulsions, as is the 

case f o r monodentate ligands (solvent molecules). Furthermore, i t 

allows the in t roduct ion of more binding s i tes than the balance between 
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cation donor a t t r a c t i o n and donor/donor repulsion permits in the 

solvated s tate . Clear ly , once again the magnitude of t h i s s t a b i l i s a t i o n 

w i l l depend on the solvent i n which complexation takes place. 

1.1.4.5 Changes i n the Interaction of the Cation with Solvent Molecules 

Outside the f i r s t Solvation Shell 

In complexation, i f a l igand has completely replaced a cat ion 's 

f i r s t solvat ion sphere, then the radius of that cat ion e f f e c t i v e l y 

increases. This resul t s i n a weakening or breaking of interact ions with 

molecules outside the f i r s t solvat ion sphere which is accompanied by an 

unfavourable enthalpy change, des tab i l i s ing the resul tant complex. The 

magnitude of t h i s des t ab i l i s a t ion w i l l depend on the solvent, the 

charge/density r a t i o of the cat ion and the ligand thickness, increasing 

with ( i ) increasing charge density r a t i o of the ca t ion , ( i i ) increasing 

solvent d i e l e c t r i c constant and ( i i i ) increasing ligand shielding of the 

cat ion from the surrounding solvent. 

1.1.4.6 Changes i n Ligand Solvation 

The degree to which the ligand i s solvated in i t s f r ee ( r e l a t i v e to 

complexed) s ta te , w i l l contr ibute to the overa l l enthalpy change during 

complexation. I f , i n order to undergo complexation, the f r ee l igand 

must be desolvated, then an unfavourable enthalpy change w i l l r e s u l t . 

Therefore, i t may be in fe r red that the lower the solvat ion of donor 

s i tes in the f r ee l igand, the lower the des tab i l i sa t ion w i l l be upon 

complexation. This e f f e c t i s most evident i n solvents that are e i ther 

p ro t i c (can p o t e n t i a l l y form hydrogen bonds wi th 0, N, P or S donors) or 

of high d i e l e c t r i c constant. 
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1.1.4.7 Steric Deformations of the Ligand Doe to Cation Complexation 

I f the cation proves to be too large, or too small , f o r the lowest 

f ree energy cavi ty defined by the l igand, then s t e r i c deformations of 

the ligand are necessary in order to ensure maximum in te rac t ion with 

that ca t ion . Any deformation w i l l resul t i n an unfavourable enthalpy 

change. The more r i g i d the f ree l igand, the more unfavourable the 

enthalpy change w i l l be and the magnitude of des t ab i l i s a t ion w i l l be 

proport ional to the degree of ligand deformation as d ic ta ted by cat ionic 

r a d i i in comparison to l igand cavity radius. 

1.1.5 Contributions to Complexation Entropy 

1.1.5.1 Desolvation of Cation and Ligand 

On complexation, t rans la t iona l entropy increases as solvent 

molecules are released from both cation and l igand. The magnitude of 

t h i s favourable entropic change increases as, ( i ) the charge density 

r a t i o of the cat ion increases, ( i i ) the solvent d i e l e c t r i c constant 

increases, ( i i i ) the solvent changes from aprot ic to p r o t i c and ( i v ) the 

bas ic i ty of the l igand donor atoms increases. 

1.1.5.2 Changes i n I n t e r n a l Entropy of the Ligand Due t o Orientation, 

R i g i d i f i c a t i o n and Conformational Changes 

In i t s f r ee s ta te , a ligand may exis t i n a number of conformations. 

The number of conformations displayed in so lu t ion w i l l depend both on 

the f l e x i b i l i t y of the f r e e l igand, and on the nature of the solvent. 

Complexation generally confers a more r i g i d s t ructure on a l igand, 
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invar iab ly r e su l t i ng i n : 

R i g i d i f i c a t i o n : A loss of in terna l entropy w i l l be experienced 

r e su l t i ng i n a negative, unfavourable entropy change. The magnitude of 

t h i s des t ab i l i s a t ion w i l l increase as the ligand becomes less and less 

preorganised f o r complexation, it. as ligand f l e x i b i l i t y increases 

compared to i t s r e l a t i v e l y r i g i d complexed s ta te . 

Conformational/Qrientational Change: Complexation may involve 

adopting one of the ligands lowest f r ee energy conformers, or adoption 

of a higher f r e e energy conformation spec i f i c to complexation. Any 

deformation of the ligand from i t s lowest f r ee energy conformation(s) to 

a conformation suitable f o r complexation, w i l l resul t in an unfavourable 

entropy change. The magnitude of th i s des tab i l i sa t ion w i l l increase as 

the r i g i d i t y of the ligand increases, and as the degree of l igand 

deformation increases. 

I t can thus be surmised that in order to enjoy maximum complex 

s t a b i l i t y a l igand should be extremely r i g i d i n i t s f ree s ta te , and be 

in a conformation/orientat ion that best matches that needed f o r 

complexation. 

1.1.5.3 Changes i n the Number of Species Daring the Reaction 

When complexation takes place in a solvent of low d i e l e c t r i c 

constant, a negative, unfavourable cont r ibu t ion is expected to the 

overa l l entropy. Two species come together to form one and a loss in 

t r a n s l a t i o n a l energy resu l t s . 
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1.1.6 The Anion Effect 

The complexation process can be represented more f u l l y than in 

Equation 1.1. 

M+A ^ + £ M+L A ^ where A = Anion. 

The nature of the counteranion of the metal sa l t has marked e f fec t s 

on the complexation process. In water and other highly solvat ing media, 

the charged complex and the anion are separately solvated and l i t t l e 

anion e f f e c t on complex s t a b i l i t y i s expected. However, in poorly 

solvat ing media, varying degrees of ion pa i r ing and/or aggregation may 

occur. Most o f ten complexed ion pairs or l igand separated ion pairs are 

formed. Two types of anion dependent e f f ec t s are expected: 

(1) The e l ec t ros t a t i c cation-anion in teract ions w i l l depend on the 

properties of the anion: i t s charge, s ize, shape and i t s 

p o l a r i s a b i l i t y , large anions tend to weaker interact ions because of 

larger cation-anion distances. 

(2) The anion-cation interact ions w i l l also be a f fec ted by the 

d i e l e c t r i c constant of the surrounding solvent, a decrease of which 

w i l l increase the strength of these in te rac t ions , making 

complexation less favourable. 

Any s i tua t ion in which cation-anion association i s weakened, or 

broken, w i l l des tabi l i se the resultant complex. The e f f e c t w i l l be 

greater the higher the a t t r a c t i ve force that exis ts between the cation 

and anion i n the uncomplexed sa l t i n the solvent concerned. 

The s o l u b i l i t y properties of the anion ( i t s l i p o p h i l i c i t y ) are also 

extremely important f o r d isso lu t ion of the complex i n solvents of low 

p o l a r i t y , large and so f t inorganic and, much more so, organic anions, 

strongly increase complex s o l u b i l i t y . These e f f ec t s are p a r t i c u l a r l y 
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pert inent in anion ac t iva t ion , extract ion and cation transport 

processes. 

The Synthetic Chemist 

Armed with a thorough knowledge of ca t ionic properties and the 

parameters that govern thermodynamic s t a b i l i t y , the synthetic chemist is 

p o t e n t i a l l y in a pos i t ion to design ligands of a desired s t a b i l i t y and 

s e l e c t i v i t y f o r a pa r t i cu la r metal ca t ion . However, as we sha l l see, 

thermodynamic s t a b i l i t y and s e l e c t i v i t y i s not the only concern. 

Complexation k ine t i cs are equally important, and funct ions f o r which 

ligands are designed (ext rac t ion , t ranspor t , l i p o p h i l i s a t i o n , detection) 

may each demand defined reaction k ine t i c s in conjunction wi th 

thermodynamic s t a b i l i t y and s e l e c t i v i t y . 

1.1.7 Kinetics of Complexation 

Molecular k i n e t i c s , ie. the dynamic behaviour of a system composed 

of l igand, cation and solvent, gives information about the l i f e t i m e of a 

complex. The complexation may be represented as fo l lows : 

+ Ligand ^ ^ — [M + Ligand] 
k " " ' (s) 
k d 

where k^/k^ is d i r e c t l y related to the thermodynamic s t a b i l i t y constant, 

K g as f o l l ows : 

k f 
K s = — 

R d 

Metal complexation in solut ion i s generally a very quick react ion. 
12 1 However, Nuclear Magnetic Resonance studies and re laxat ion curves 
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have shown that complex formation does not occur instantaneously. 

Two main schemes f o r complexation have been proposed. The Chock 

mechanism^, envisages f i r s t a fas t conformational change of the ligand 

in to a conformation suitable f o r complexation, fol lowed by complexation 

to the metal cat ion. This can be represented by the fo l l owing sequence, 

where CR̂  and CR2 are d i f f e r e n t f ree ligand conformations, and CR2 

represents the appropriate conformation f o r complexation. 

Step 1 Step 2 

C R l ( s ) * C R 2 ( s ) + M + C R 2 ( s ) " ' , M + ( s ) C R 2 M + ( s ) 

The ligand is thought to form an encounter complex (Step 1) in 

which the metal l i e s outside of the ligand cav i ty , fol lowed by cation 

encapsulation by the ligand in the rate determining step (Step 2) . 
15 

The second mechanism is the so-called Eigen Valinomycin mechanism 

wherein the formation of the M + - l igand encounter complex is the f i r s t 

step, while desolvation and ligand rearrangement const i tutes the second 

step and leads to the f i n a l complex. In t h i s scheme i t is envisaged 

that the second step is the rate l i m i t i n g process. I t i s , however, 

being real ised that both schemes represent an ove r s imp l i f i ca t i on of the 

actual mechanism. 

We can wr i te a general scheme as fo l lows , in which v may or may 
I s / 

not be in an appropriate conformation f o r complexation: 

1 
k i 2 k 23 

M + ( s ) + L ( s ) M + ( s ) - - - L ( s ) C M + L l ( s ) 

I f the reverse d i f f u s i o n rate ( l ^ j ) 1 S quicker than the encapsulation 

step , more encounters are required before complexation may occur. 

In t h i s s i t u a t i o n , the overa l l rate constant f o r the process may be 

w r i t t e n : 
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k , - k k 12 23 
k 21 

This s i t u a t i o n , i n which k 2 g is the rate l i m i t i n g process, is thought to 

occur f o r the vast major i ty of acyc l ic , cyc l i c and b i c y c l i c ligands. 

I f the encapsulation rate is rapid r e l a t i v e to the reverse 

d i f f u s i o n ^ j ) , e v e r 7 encounter between the partners leads to the 

desired product and the whole process can be considered to be d i f f u s i o n 

con t ro l l ed , where the forward rate constant f o r the whole process, 

Studies of the k ine t i cs of complexation wi th cryptands (211), (221) 
1 f\ 

and (222) i n methanol have been performed (Table 1.7). In a l l three 

cases, i t can be seen that s e l e c t i v i t y of the cryptands is r e f l ec ted 

almost e n t i r e l y i n the dissociat ion rates. The formation rates show a 

monotonic increase wi th increasing cat ion size. The resul ts strongly 

suggest that the t r a n s i t i o n state f o r the formation reaction l i e s very 

close to the reactants. The r e l a t i v e l y high formation rates suggest that 

the required desolvation of metal ions is largely compensated f o r by 

in te rac t ion wi th the ligand in the t r a n s i t i o n s tate; the energy required 

decreasing as the solvat ion energy of the ions decreases. I t is clear, 

however, that at t h i s stage there i s no spec i f i c in teract ion between the 

cryptands and the cations that strongly d i f f e r e n t i a t e s between the 

various cations. The subsequent steps in which the metal ion enters the 

cavi ty of the l igand, where the more spec i f i c size dependent inter

actions occur, must then proceed rap id ly from t h i s stage. 

As the cryptands become larger, t h e i r f l e x i b i l i t y increases and the 

formation rates show a concurrent increase. This can be ra t ional i sed by 

the f a c t that the more f l e x i b l e a l igand, the more able i t is to a f f e c t 

stepwise removal of solvent molecules, which ensures that ligand binding 

f k 1 2 * 10 9 - 1 0 1 0 (1 mol s " 1 ) . 
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energy may compensate more e f f e c t i v e l y f o r loss of solvat ion energy. 

/A 
N N 

(2) (3) (4) 

CRYPTAND CATION k f (m"1 s" i ) k j (s"») 

Cryptand 211 (2) L i + 

(*) 4 8 X 10 5 4 4 X 10" 3 

Na+ 3 1 X 10 6 2 5 X 10° 

Cryptand 221 (3) L i + 1 8 X 10 7 7 5 X 10 1 

Na+ 

(*) 1 7 X 10 8 2 35 X 10" 2 

K + 3 8 X 10 8 1 09 X 10° 
Rb+ 4 1 X 10 8 7 5 X 10 1 

Cs+ 5 0 X 10 8 2 3 X 10 4 

Cryptand 222 (4) Na+ 2 7 X 10 8 2 87 X 10° 
K + 

(*) 4 7 X 10 8 1 8 X 10" 2 

Rb+ 

(*) 
7 6 X 10 8 8 0 X 10" 1 

Cs+ 9 0 X 10 8 4 X 10 4 

Table 1.7 Complexation and Decomplexation Rates for Alkali Metal 
Cations With Cryptands (211), (221) and (222) Measured in 
Methanol at 25°C; *Cation which is most Selectively bound 

This is a general t rend, as the f l e x i b i l i t y of the l igand 

decreases, t raversing the series from l e f t to r i g h t (Figure 1.4), so 

does the rate of complex formation. 

ACYCLIC MONOCYCLIC BICYCLIC SPHERAND 
LIGAND LIGAND LIGAND 

10 7 -10 9 10 6 -10 8 10 4 -10 8 10 2 -10 5 

Figure 1.4 Rates of Complex Formation kf(m'1 s ' 1 ) for Common 
Ionophores for Alkali and Alkaline Earth Metal Cations 
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Studies by Cram on spherands, and by Eyring and coworkers on 

monocyclic systems, seem to suggest tha t , as f o r the cryptands, 

s e l e c t i v i t y of these ligands f o r cations is also p r imar i ly governed by 

r e l a t i v e dissociat ion rates (Figure 1.5). 

<?H3 r CH CH c CH O 
CHS- •CH» 

C H . 

(5) (6) 

STRUCTURE CATION k^ (m~ 1 s - i ) k d 

Spherand (5) L i + 7.5 x 10 4 < I D " 1 2 

Na+ 4.1 x 10 5 3.4 x 10" 
Structure (6) Na+ 2.2 x 10 8 3.4 x 10 7 

K + 4.3 x 10 8 3.7 x 10 6 

Rb+ 4.4 x 10 8 1.2 x 10 7 

Cs+ 4.3 x 10 8 4.4 x 10 7 

9 

Figure 1.5 Complexation and Decompilation Rates for Alkali Metal 
Cations Vith Spherand (5) (Reference 18) and 18-crown-6 
(6) (Reference 19) Measured in Water at 25°C. 

The fac tors a f f e c t i n g the k ine t i cs of complexation are thus related 

to the f l e x i b i l i t y of the f r ee l igand, and the complex s t a b i l i t y as 

governed by the thermodynamic parameters out l ined in the f i r s t sect ion. 

In the next sect ion, various uses f o r ligands that form complexes wi th 

a l k a l i and a lka l ine earth metals are ou t l ined , along wi th the design 

features pert inent to to ligand a p p l i c a b i l i t y . 
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1.1.8 Uses of Synthetic Ligands that Complex Alkali and Alkaline 
Earth Cations 

1.1.8.1 Lipophilisation 

Solub i l i s a t ion of sal ts in organic solvents of low p o l a r i t y , and 

ion pa i r d issocia t ion by complexation of the cat ion with a l i p o p h i l i c 

l igand , may bring about in teres t ing and useful changes in the properties 

of the associated anion. 

Comparing d i f f e r e n t ligands, ac t iva t ion of associated anions should 

be highest f o r those ligands that impose a high cation-anion distance 

{it. ligands wi th th ick organic layers ) . However, the larger the 

separation of these ions, the less soluble the system is expected to be 

in organic media. Therefore, a compromise between cation-anion 

separation, and s o l u b i l i t y of the complex, has to be found. Suitable 

ligands f o r t h i s purpose should thus: ( i ) display high K values f o r 

complexation with the countercation ( fas t association, slow 

dissoc ia t ion) and ( i i ) be of s u f f i c i e n t l i p o p h i l i c i t y and thickness to 

allow both the s o l u b i l i t y of l igand-cat ion complex, and reasonable 

cat ion-an ion separation to occur. 

S e l e c t i v i t y is not generally a consideration, though i f the ligand 

is to be used in a system where two sal ts are present (M|x^ and M^X^), 
and lack of d iscr iminat ion between M| and leads to naked anions 

and X2 that compete to react with substrate(s) , then s e l e c t i v i t y may be 

important. 
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1.1.8.2 Substrate Detection 

I f a l igand is to act as a non-destructive ana ly t i ca l reagent f o r a 

pa r t i cu la r ca t ion , then: 

(1) A func t iona l grouping must be present in order to give a 

quant i ta t ive complexation s igna l . Chromogenic ligands have been 

popular, as they are subject to e lec t ronic influences, e i ther from 

l igand, cation or both. 

(2) I f the detection is to r e f l e c t the concentration of a cation ( M | ) , 

then the s t a b i l i t y of the complex need not be very high i n the 

solvent chosen. The concentration of the complex as detected by a 

scaled spectral or other change, w i l l be a func t ion of the metal 

ion (M|) concentration i r respect ive of the equi l ibr ium constant. 

High association rate f o r complexation i s the important c r i t e r i o n . 

(3) I f the ligand is designed to sense one pa r t i cu l a r ca t ion , e i ther i t 

must show an extremely high s e l e c t i v i t y f o r that ca t ion , or be of 

such a design that only the binding of that cation w i l l ac t iva te 

the complexation s ignal . 

(4) The l i p o p h i l i c i t y of the ligand must be s u f f i c i e n t so as to confer 

both i t s own s o l u b i l i t y and s o l u b i l i t y of the resultant complex in 

the solvent chosen. 

1.1.8.3 Extraction 

The extrac t ion process can be represented diagrammatically 

(Figure 1.6). 
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M+ 

A" L 
> 

M+L 
A" 

Aqueous 
Phase 

Organic 
Phase 

Aqueous 
Phase 

Organic 
Phase 

Figure 1.6 Diagrammatic Representation of the Extraction Process; 
L - Ligand. 

This represents a s i tua t ion i n which a l l of the metal cation-anion 

sa l t has been extracted from the aqueous phase in to the organic phase. 

In practice t h i s is an un l ike ly occurrence. 

An equation f o r the extract ion process may be wr i t t en 

(Equation 1.5) where the extract ion constant i s k . 

M + ( aq ) + A~ (aq) + L (org) - ~ M + L A " (org) (1.5) 

The indiv idua l e q u i l i b r i a as fo l lows ; 

M + ( aq ) + A "(aq) + L (aq) - ~ M + L A " (aq) 

[M+L A"] 
w h e r e K = - ^ 

3 ^ a q ^ l a q W a q 

(1.6) 

L (aq) ^ ~ L (org) where: P = — o r S 
L J aq 

r + -

M + L A (aq) — M + L A " (org) w h e r e : P c = ^ ^ - ^ [M L A"] 
aq 

(1.7) 

(1.8) 

Therefore, i t can be seen that the ext rac t ion constant, k = K P P . 
' e s e c 

The extract ion constant ( k g ) i s thus strongly influenced by the aqueous 

s t a b i l i t y constant (K g ) and the p a r t i t i o n c o e f f i c i e n t of the l igand and 

i t s complex between the aqueous and organic phases. 

I f a l igand is to act as a select ive extractant f o r a p a r t i c u l a r 
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metal ion (Mj) then: ( i ) the thermodynamic s t a b i l i t y of the resul tant 

complex must be high, ( i i ) the k ine t i c s of complexation should display 

high association and slow dissociat ion rates, ( i i i ) the ligand should 

show a high s e l e c t i v i t y f o r the cat ion (M|) and f i n a l l y , ( i v ) the 

l i p o p h i l i c i t y of the ligand should be s u f f i c i e n t so as to confer high 

values f o r P g and P c > Added to t h i s , the nature of the counteranion 

w i l l have a large e f f e c t on the e f f i c i e n c y of ex t rac t ion: large, s o f t 

inorganic or organic anions w i l l aid the extract ion process, whereas 

small , hard anions w i l l be detr imental . 

1.1.8.4 Carrier Facilitated Transport 

D i f f u s i o n control led ca r r i e r f a c i l i t a t e d passive transport amounts 

to ext rac t ion at one in ter face and release at another (Figure 1.7). 

Many of the considerations pert inent to ex t rac t ion , l i p o p h i l i c i t i e s 

of c a r r i e r and counteranion, solvent, and the binding of the l igand, are 

also pert inent to t ransport . 

The early work on ca r r i e r f a c i l i t a t e d d i f f u s i o n of sal ts through 

l i q u i d membranes involved acycl ic l igands, monocyclic ligands and 

b i c y c l i c ligands (Cryptands). I t has been demonstrated that simple 

modif icat ions applied to basic (2) cryptands can dramatically a l t e r the 

transport rates and s e l e c t i v i t i e s f o r a l k a l i and a lka l ine earth metal 

I I l 

r 
MA MA 

: Phase Aqueous Organic Phase Aqueous game mas 
(Membrane) Phase Phase 

Figure 1.7 Diagrammatic Representation of Carrier Mediated 
Transport Through a Membrane; Ii,h - Interfaces; 
M* - Metal Cation; I = Ligand; A~ = Anion. 
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cations (Figure 1.8). 

/ \ 
O O 

> 
M 

0 la 1 
lb ce l 

o lc 
Id CH2 

0CH2CH20 le 
(CH2 I f 

M 

CATION TRANSPORT RATE COMMENTS 
(/imol/hr). 

(la) (lb) 

L i + 0.05 1.00 (la) binds L i + best but 
Na+ 0.60 3.00 transports Na+ best; (lb) binds 
Ca 2 + 0.10 2.00 and carries Na+ best. 

(lc) (Id) 

L i + 3.50 0.03 (lc) binds Na+ best but 
Na+ 0.25 3.50 transports L i + best; (Id) binds 
Ca 2 + 0.40 0.08 and carries Na+ best. 

(le) ( I f ) 

L i + 0.60 1.60 (le) binds K+ best but carries 
Na+ 0.03 3.60 2+ 

Ca best; ( I f ) binds and Ca 2 + 2.90 0.07 carries K+ best. 

Figure 1.8 Structural Modifications of Receptors into Carriers 
of Picrate Salts. 

Cryptands ( l a ) , (lc) and (le) selectively bind lithium, sodium and 
potassium ions respectively, yet they do not selectively transport these 
ions. However, in the case of ligands ( l b ) , (Id) and ( I f ) , the cation 
selectively bound is also the cation that is selectively transported. 

20 21 
I t has been shown ' that carrier f a c i l i t a t e d transport is neither 
proportional to s t a b i l i t y constants, nor to extraction constants, but 
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rather shows a bell-shaped dependence on ext rac t ion constants. Transport 

proceeds most e f f i c i e n t l y at one ha l f ca r r i e r saturat ion and stops when 

the concentration gradient becomes vanishingly small [the value of 

log k g ~ 5 at t h i s point and the value of k g i s termed k e (max) ] . I t is 

apparent that i f the extract ion constant i s too high ( log k g > 5 ) , then 

there w i l l be a tendency f o r ca r r i e r saturation to occur. Extract ion 

in to the organic phase w i l l begin at a high rate i n proportion to the 

high ext rac t ion constant, but slow dissocia t ion of the complex in to the 

receiving phase, w i l l mean the number of f r ee ligands at in ter face 1 

(Figure 1.7) w i l l quickly f a l l , r e su l t i ng in a concurrent drop i n 

transport ra te . 

The goal of most transport experiments through e i ther bulk l i q u i d 

or emulsion based membranes, i s to achieve select ive removal of a given 

cation (M|) among others. The s e l e c t i v i t y f o r one cation over another 

is not d i r e c t l y related to transport r a t ios measured in separate 

experiments, nor to the r a t i o of ext rac t ion constants, but ra ther , the 

s e l e c t i v i t y of transport i n a competition experiment depends on where 

the cations ind iv idua l extract ion constants l i e wi th respect to k g (max). 

The f o l l o w i n g s i tuat ions may occur: 

1. k e (B) « k e (A) « k e(max) Vg < VA 

2. k e (B) « k e(max) « k g (A) Vg < VA or V f i > VA 

3. k e(max) « k e (B) « k g (A) V 0 > VA 

where: k g (A) = extract ion constant f o r cat ion A 
k g (B) = extract ion constant f o r cation B 

VA = transport rate f o r cat ion A 
Vg - transport rate f o r cat ion B 

Therefore, i t may be surmised that maximum s e l e c t i v i t y f o r a l igand 

f o r cat ion (A) in a membrane transport competition experiment w i l l be 

experienced when k g f o r the (Ligand, Cation A) ext rac t ion i s as near as 

- 27 -



possible to k (max) and the r a t i o of k (A) to k (B) or k (C) is as high 
G G G G 

as possible. 

A short appraisal of the thermodynamics and k inet ics of 

complexation between a l k a l i and a lka l ine earth metal cations and neutral 

ligands has been given. The synthetic chemist, as experimental data 

increases, i s more and more able to design ligands f o r a pa r t i cu l a r 

f u n c t i o n . 

1.1.9 Measurement of Selectivity and Stability of Complexation 

There are many methods by which people have sought to measure the 

s t a b i l i t y and s e l e c t i v i t y of complexation between ligand and ca t ion. I t 

is thought best to l i s t these methods in a tabular form o u t l i n i n g the 

l i m i t a t i o n s and disadvantages of each technique. Table 1.8 includes 

references to these experimental methods and the theory behind the 

methodology. 

True comparisons f o r s e l e c t i v i t y and s t a b i l i t y of complexation 

cannot be made i f d i f f e r e n t techniques have provided data f o r that 

comparison. I t is v i t a l to report the conditions in which measurements 

have been made, f o r , as has been pointed out, the nature of solvent and 

counteranion can markedly a f f e c t both the s t a b i l i t y and s e l e c t i v i t y of 

complexation. A worthwhile comparison may thus only be made when: ( i ) 

the same technique i s used f o r measurement, ( i i ) a constant counteranion 

is used, ( i i i ) the temperature remains constant and ( i v ) solvent remains 

unchanged f o r a l l measurements. 
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1.2 EVOLUTION OF CATION RECOGNITION 

The discovery by Pederson in 1962 , only reported in 1967 ' of 

the remarkable properties of the polyether macrocycles led to the 

synthesis and study of numerous macrocyclic ligands. Since that t ime, a 

great many var ie t ies of cat ion receptor architectures have been 

explored. In t h i s sect ion, a short review of the evolut ion in cation 

recognit ion is given. Figure 1.9 depicts an evolution in topological 

complexity of cation complexes. 

1.2.1 Acyclic Ligands 

Acyclic ligands represent col lec t ions of binding s i tes held 

together by appropriate spacer uni t s . These ligands are generally 

f l e x i b l e , and w i l l exis t i n a number of low energy conformations in 

so lu t ion , and therefore cannot be described as preorganised f o r binding 

of a l k a l i and a lka l ine earth metal cations. Complexation necessitates: 

(1) Desolvation of ligand binding s i tes - In t h e i r lowest f ree energy 

conformations in so lu t ion , acyclic ligands w i l l tend to be rather 

open structures and hence binding s i tes w i l l tend to be solvated. 

In order f o r favourable interact ions to occur between binding s i t e 

and metal ca t ion, desolvation of these si tes must occur. This 

resul ts in a greater enthalpy loss than f o r the generally less 

solvated monocyclic and b i cyc l i c s t ructures. 

(2) Adoption of a wrapped complexed state - The guest ca t ion must 

organise the acycl ic ligand into a r e l a t i v e l y f i x e d binding 

conformation. For these f l e x i b l e ligands, considerable 

unfavourable entropy loss is experienced as wel l as an increase in 

ground state conformational enthalpy. 
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Figure 1.9 Evolution in Topological Complexity of Catio 
Complexes. 



For these reasons, acycl ic ligands w i l l generally form less stable 

complexes than the more preorganised, less f l e x i b l e , monocyclic and 

b i c y c l i c s t ructures . However, t h i s doesn't imply that high s e l e c t i v i t i e s 

f o r pa r t i cu la r cations w i l l be impossible. The s e l e c t i v i t i e s and 

s t a b i l i t i e s of complexes with these ligands w i l l depend on the fac tors 

out l ined in Section 1.1. Through appropriate design, acycl ic ligands 

may show high s e l e c t i v i t y f o r a pa r t i cu l a r cat ion. 

X) o N 

N 

/ 
N 

N X) o N 

(7) (8) 
(Sodium Selective Ionophore) (Calcium Selective Ionophore) 

JO o 
N 

N 

9 N 

N 

Sel 
(10) 
6W< (Magnesium ective Ionophore) (Lithium ective Ionophore) 

Figure 1.10 
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The f l e x i b i l i t y of acycl ic ligands renders the rates of complex 

formation and dissocia t ion reasonably f a s t . They are thus viable 

candidates as neutral ion select ive car r ie rs f o r membranes. Indeed, ion 

select ive electrodes f o r sodium^, potassium^, magnesium^ and 
50 

l i t h i u m have been developed (Figure 1.10). 

1.2.2 Cyclic Ionophores 

1.2.2.1 Two Dimensional Recognition: Crown Ethers 

When the ends of a polyethylene chain are connected to form a r i n g 

as i n crown ethers, the number of possible low energy conformations f o r 

the f r ee ligand i n so lu t ion is grea t ly diminished. Accordingly, crown 

ethers form complexes that are more stable than t h e i r open chain 

counterparts. I f the s t a b i l i t y constants f o r ligands (11) and (12) wi th 

potassium in 997o methanol/water are compared (Figure 1.11) i t can be 

seen that s t a b i l i s a t i o n on going from the acycl ic l igand (11) to 18-

crown-6 (12) amounts to nearly 10^. 

O 

O o c h 3 y o 

OCH O 

(11) 

log k g (K + ) 2.27 

(12) 

6.05 

Fignre 1.11 Log K(s) measured at 25*C in 997, MeOH/H20. 
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This behaviour had been dubbed the /Heterocyclic e f f e c t and i t can be 

quan t i f i ed as the r a t i o of complex s t a b i l i t i e s f o r a macrocyclic 

receptor over an analogous acyclic one bearing the same set of binding 

s i t e s , with a given cat ion, in a give solvent, at a given temperature. 

The thermodynamic or ig ins of th i s e f f e c t are s t i l l matters of 
, , . 7,51-57 debate ' 

The backbone of crown ethers i s inherently less f l e x i b l e than open 

chain polyethers and these ligands can be thought of as more highly 

preorganised f o r complexation than t h e i r acycl ic counterparts. However, 
CO 

Dunitz ' c rys ta l structures of 18-crown-6 (13) and those of i t s 

K+SCN" complex (14) show that the f r ee ligand and the l igand in i t s 

potassium complex have d i f f e r e n t conformations (Figure 1.12). 

V ) 

(13) (14) 
Figure 1.12 Representation of the Crystal Structures of 18-Crown-6 

(13) and its Potassium Thiocyanate Complex (14)-

The potent ia l crown cavi ty of the f r ee ligand is f i l l e d wi th two 

inwardly turned methylene groups, and the electron pairs of two of the 

oxygen donors face outward and away from the best centre of the roughly 

rectangular s t ruc ture . Therefore, the f r ee ligand does not have a crown 

shape nor a cav i ty . Only when the oxygen donors become engaged wi th a 

cat ion such as potassium, does a f i l l e d cavi ty develop. In other words, 

potassium conformationally organises 18-crown-6 on complexation. This 

shows that unsubstituted crown ethers cannot be thought of as wholly 
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r i g i d molecules, but rather , r e l a t i v e l y f l e x i b l e ligands that can be 

organised by the incoming cation so as to enjoy maximum in te rac t ion . 

The cyc l ic s t ruc ture , however, does r e s t r i c t ligand adaptation, and 

so monocyclic ligands can be expected to show a peak s e l e c t i v i t y f o r 

size. Table 1.9 l i s t s the cat ionic r a d i i f o r a l k a l i and a lka l ine earth 

metal cations along wi th the cavi ty diameters of simple crown 

e t h e r s 9 ' 6 2 ' 6 4 . 

COMPOUND DIAMETER (A) RADIUS (A) 

12-CROWN-4 1 2 L i + 0 73 
15- CROWN-5 1 8 Na+ 1 02 
18-CROWN-6 2 8 K + 1 38 
21-CROWN-7 3 8 Rb+ 1 49 

Cs+ 1 70 

Table 1.9 Radii of Alkali Metal Cations and Cavity Diameters 
of Some Simple Crown Ethers. 

Indeed we see that f o r potassium and caesium ions, the crown ethers that 

exh ib i t the most complementary cavi ty radius (18-crown-6 and 21-crown-7 

respec t ive ly) , form the most stable complexes (Figure 1 . 1 3 ) ^ ' ^ . 

However, various studies have shown'*'^,24,65 t j i e r e i a t ^ v e s j z e 0 f 

l igand cavity and cat ionic r a d i i are not the only fac tors that determine 

the s t a b i l i t y and s e l e c t i v i t y of complexes formed (Figure 1.14). The 

anomaly in t h i s graph i s sodium. Instead of showing the highest log K„ 

value f o r the best f i t 15-crown-5, i t s most stable complex is found wi th 

18-crown-6. Furthermore, 15-crown-5, rather than showing a d i s t i n c t 

preference f o r sodium over other cat ions, appears to bind 

ind isc r imina te ly . The reason f o r t h i s is that sodium prefers a 

coordination number of s ix , and is able to organise the f l e x i b l e 

18-crown-6 skeleton in to a conformation such that in te rac t ion with a l l 

six donors i s possible. The f l e x i b i l i t y of the 18-crown-6 l igand 
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18 CROWN 6 
21 CROWN 7 
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1 1 

0 0 • 
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Figure 1.13 Stability of Crown Ether Complexes Vith Various 
Alkali Metal Ions in Methanol at 25°C. 
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Cs 

1 0 
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Figure 1.14 Stability and Selectivity of Crown Ether Complexes 
in Methanol at 25°C. 



ensures t h a t c o n f o r m a t i o n a l changes a r e n o t h i g h l y e n e r g e t i c a l l y 
u n f a v o u r a b l e . For t h e s e r e l a t i v e l y f l e x i b l e s i m p l e crown e t h e r s , t h e r e 
a r e e f f e c t s o t h e r t h a n s p a t i a l f i t o p e r a t i v e i n d e t e r m i n i n g s e l e c t i v i t y 
and s t a b i l i t y p a t t e r n s . 

Crown e t h e r s mentioned t o d a t e , e f f e c t a c i r c u l a r r e c o g n i t i o n . The 
o p t i m a l 1:1 complexes a r e b i d i m e n s i o n a l and d e s o l v a t i o n o f t h e c a t i o n i s 
i n c o m p l e t e . The c r o w n i n g o f 18-crown-6 by K+SCN as r e v e a l e d by X-ray 
c r y s t a l l o g r a p h y ( F i g u r e 1.12), s t i l l l e a v e s two a c c e s s i b l e s u r f a c e s o f 
t h e i o n . 

As mentioned i n S e c t i o n 1.1.4, t h e c o m p l e x i n g a b i l i t y o f a l i g a n d 
w i l l t e n d t o i n c r e a s e as t h e number o f donor s i t e s i n c r e a s e s , p r o v i d e d 
t h e advantage a s s o c i a t e d w i t h t h e number o f donor s i t e s i s n o t over-
compensated by s t e r i c c r o w d i n g . C l e a r l y , as t h e a l k a l i and a l k a l i n e 
e a r t h m e t a l c a t i o n s can be c o n s i d e r e d s p h e r i c a l i n shape, a t h r e e -
d i m e n s i o n a l r e c o g n i t i o n m i g h t l e a d t o h i g h e r complex s t a b i l i t i e s and 
s e l e c t i v i t i e s t h a n t h o s e d i s p l a y e d t h r o u g h t w o - d i m e n s i o n a l r e c o g n i t i o n 
by crown e t h e r s . The c r y s t a l s t r u c t u r e o f t h e p o t a s s i u m complex o f 
dibenzo-30-crown-10 i s shown i n F i g u r e 1.15. 

era 
C[19 ) C09' 

on CII8') CM) t CI5) 

<Xt7) I OUT C( 
CI161) C05 C051) cm 000) C(8 

am con COM CIMM ooo1) 08') 

C(12'J t I CIO') 

F i g u r e 1.15 Crystal Structure of the Potassium Complex 
of Dibenzo-30-Crown-10. 
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T h i s e x h i b i t s a t h r e e - d i m e n s i o n a l r e c o g n i t i o n o f t h e p o t a s s i u m i o n . 
However, i f t h e s t a b i l i t y c o n s t a n t f o r t h i s p o t a s s i u m complex (K = 4.6 
i n methanol a t 25°C) i s compared t o t h a t o f t h e p o t a s s i u m 18-crown-6 
complex (K = 6.29 i n methanol a t 25°C), i t i s seen t h a t t h e f o r m e r i s 
l e s s s t a b l e . T h i s r e f l e c t s t h e f a c t t h a t i n o r d e r t o complex t h e 
p o t a s s i u m i o n , t h e dibenzo-30-crown-10 l i g a n d undergoes l a r g e 
d e f o r m a t i o n f r o m i t s l o w e s t f r e e energy e q u i l i b r i u m c o n f o r m a t i o n ( s ) . 
The u n f a v o u r a b l e f r e e energy change t h a t r e s u l t s f r o m t h i s d e f o r m a t i o n 
over-compensates f o r t h e s p h e r i c a l a r r a y o f t e n donor s i t e s t h a t 
c o o r d i n a t e t o t h e p o t a s s i u m i o n c o n s t i t u t i n g a h i g h e r i n t e r a c t i o n energy 
t h a n t h e s i x donor s i t e s a v a i l a b l e i n t h e 18-crown-6 l i g a n d . 

1.2.3 Three D i m e n s i o n a l R e c o g n i t i o n 

1.2.3.1 B i s Crown E t h e r s 

Three d i m e n s i o n a l r e c o g n i t i o n o f an a l k a l i o r a l k a l i n e e a r t h m e t a l 
c a t i o n i s p o s s i b l e t h r o u g h f u r t h e r i n t e r a c t i o n by a crown e t h e r complex 
w i t h a n o t h e r crown e t h e r m o i e t y , such t h a t t h e c a t i o n i s sandwiched 
between t h e two crown e t h e r r i n g s ( F i g u r e 1.16). 

F i g u r e 1.16 Diagrammatic Representation of a 2:1 Crown 
Ether: Cation Complex. 

The 2:1 complexes may f o r m when t h e c a t i o n i s t o o l a r g e t o f i t i n t o 
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one crown e t h e r c a v i t y and t h e c o u n t e r a n i o n does n o t s t r o n g l y 
c o o r d i n a t e . However, complexes formed i n t h i s manner t e n d t o be l e s s 
s t a b l e t h a n t h e i r r e s p e c t i v e 1:1 complexes ( T a b l e 1.10) . 

COMPLEX A B 
1:1 

l o g K g (1) 3.6 4.2 

2:1 
l o g K ( 2 ) 2.9 1.9 

T a b l e 1.10 log K(s) values for 1:1 and 2:1 Complexes of 
Caesium Measured in Methanol at 25°C; A - Cs + 

Dibenzo-18-crom-6; B = Cs* Dibenzo-21-crown-7. 

O u t r i g h t c o v a l e n t l i n k a g e o f two crown e t h e r m o i e t i e s would be 
ex p e c t e d t o e l i m i n a t e some o f t h e i n t e r c r o w n r e p u l s i o n s and some o f t h e 
u n f a v o u r a b l e l o s s o f e n t r o p y a s s o c i a t e d w i t h t h e f o r m a t i o n o f 2:1 
sandwich complexes. However, t h i s l i n k a g e must n e i t h e r be so s h o r t as 
t o l i m i t t h e s i z e o f t h e t r i d i m e n s i o n a l c a v i t y , nor so l o n g as t o 
r e q u i r e e n e r g e t i c a l l y demanding c o n f o r m a t i o n a l changes o f t h e b r i d g e i n 
o r d e r t o b r i n g t h e r i n g s c l o s e enough f o r c o o p e r a t i v e i n t e r a c t i o n w i t h 
t h e m e t a l c a t i o n . 

D e m o n s t r a t i o n o f t h e i m p o r t a n c e o f an a p p r o p r i a t e geometry o f t h e 
l i n k i n g m o i e t y between crown e t h e r u n i t s can be seen by e x a m i n i n g t h e 
c o m p l e x a t i o n o f b i s - c r o w n e t h e r s (15) and (16) ' ( F i g u r e 1.17). 

The b i s - c r o w n d e r i v e d f r o m m a l e i c a c i d ( 1 5 ) , forms 2:1 sandwich 
complexes w i t h p o t a s s i u m , r u b i d i u m and caesium i o n s , whereas t h e b i s -
crown d e r i v e d f r o m f u m a r i c a c i d (16) does n o t f o r m a sandwich complex 
w i t h any such c a t i o n . T h i s i s because t h e u n f a v o u r a b l e geometry o f t h e 
l i n k i n g c h a i n i n l i g a n d (16) p r e v e n t s t h e c o o p e r a t i o n o f t h e two crown 
e t h e r m o i e t i e s . Thus, i t i s seen t h a t t h e e x t r a c t i o n o f p o t a s s i u m by 
b i s - c r o w n - ( 1 5 ) i s f o u r t e e n t i m e s more e f f i c i e n t t h a n f o r b i s - c r o w n - ( 1 6 ) . 
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o o 

(15) 

Figure 1.17 
70 

The l e n g t h o f t h e l i n k i n g c h a i n i s a l s o i m p o r t a n t . K i m u r a 
s y n t h e s i s e d t h e l i g a n d s ( 1 7 ) - ( 1 9 ) and t h e s e l e c t i v i t i e s o f t h e s e l i g a n d s 
f o r sodium and p o t a s s i u m were measured ( F i g u r e 1.18). 

o 
I I . 
oc 

o I 

vy 
LIGAND 

K s ( N a + ) 
K S ( K * ) 

l o g K s ( N a + ) t 

( 1 7 ) 27 3.25 
( 1 8 ) 34 3.26 
( 1 9 ) 9.5 2.88 '17) X = >C(C 2H 5)2 

18 X = >C(CH 3)(Ci2H2 5 ) 
19) X = C 2H 4 

F i g u r e 1.18 The Effect of the Linking Moiety in Complexation 
of Sodium and Potassium for Bis-Crowns (17), (18) 
and (19); %Values were measured in methanol at 25°C 
using sodium and potassium selective electrodes. 

On i n c r e a s i n g t h e m alonate l i n k i n g c h a i n s o f l i g a n d s ( 1 7 ) and (18) 
t o t h e s u c c i n a t e c h a i n o f l i g a n d ( 1 9 ) , a d ecrease i n sodium s e l e c t i v i t y 
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r e l a t i v e t o p o t a s s i u m i s seen. F u r t h e r m o r e , i t can be seen t h a t t h e 
s t a b i l i t y ( l o g K ) f o r t h e l i g a n d (19) sodium complex, i s s i g n i f i c a n t l y 
l o w e r e d r e l a t i v e t o t h e l o g K v a l u e s f o r sodium complexes o f l i g a n d s 
(17) and ( 1 8 ) . 

The s i z e o f t h e crown r i n g s a r e i m p o r t a n t . As has been me n t i o n e d , 
i t i s o n l y p o s s i b l e f o r s t r o n g c o o p e r a t i v e i n t e r a c t i o n s t o o c c u r between 
two crown e t h e r m o i e t i e s i f t h e c a t i o n s i z e exceeds t h a t o f t h e crown 
e t h e r c a v i t y . I f t h e r e i s a good s i z e f i t between c a t i o n and crown 
e t h e r , t h e n t h e c a t i o n w i l l o n l y i n t e r a c t e f f e c t i v e l y w i t h one r i n g . 

T h e r e f o r e , t h r o u g h a p p r o p r i a t e c h o i c e o f r i n g s i z e and l i n k i n g 
m o i e t y , h i g h s e l e c t i v i t i e s can be a c h i e v e d . I n d e e d , r e s e a r c h i n t o b i s -
crowns has g e n e r a t e d v i a b l e c a n d i d a t e s f o r use i n i o n s e l e c t i v e 

71 72 72 e l e c t r o d e s f o r sodium , p o t a s s i u m and caesium ( F i g u r e 1.19). 

O n 

i i 
I 

> 

20) 
led 

18 (21) 
(K* Selective) (Na+ Selective) (Cs+ Selective) 

Ionophore lonophore lonophore 

Figure 1.19 

The b i s - c r o w n s ( 1 8 ) , (20) and (21) a r e composed o f f l e x i b l e crown 
e t h e r m o i e t i e s and a f l e x i b l e l i n k i n g c h a i n . T h i s ensures t h a t 
c o m p l e x a t i o n and d e c o m p l e x a t i o n r a t e s a r e f a s t , w h i c h c o u p l e d w i t h h i g h 
s e l e c t i v i t i e s and l i p o p h i l i c i t y , r e n d e r s them as v i a b l e c a n d i d a t e s f o r 
n e u t r a l c a r r i e r m e d i a t e d t r a n s p o r t a c r o s s membranes. 

A r e c e n t development i n t h e c h e m i s t r y o f b i s - c r o w n s i s t h e use o f 
p h o t o r e s p o n s i v e b i s - c r o w n s , such t h a t e x t r a c t i o n and t r a n s p o r t o f 
c a t i o n s may be p h o t o - r e g u l a t e d ( F i g u r e 1.20). 

- 38 -



c N N 0 
P or \ cT 

N 

( c i s ) - ( 2 2 ) 

1 
o 

*ra»s)- (23) 

; 3 
Figure 1.20 

I r r a d i a t i o n c o n v e r t s t h e trans f o r m i n t o t h e czs f o r m . The p r o c e s s 
i s r e v e r s i b l e i n t h a t once t h e i r r a d i a t i o n ceases t h e cis f o r m r e l a x e s 
back i n t o t h e trans c o n f i g u r a t i o n . 

E x t r a c t i o n e x p e r i m e n t s were p e r f o r m e d w i t h a l k a l i m e t a l s a l t s o f 
m e t h y l orange i n a w a t e r / d i c h l o r o m e t h a n e system . I t was f o u n d t h a t 
t h e trans f o r m e x t r a c t e d sodium 5.6 t i m e s more e f f i c i e n t l y t h a n t h e cis 

f o r m , and t h a t t h e cis f o r m e x t r a c t e d p o t a s s i u m 42.5 t i m e s more 
e f f i c i e n t l y t h a n t h e trans. T h e r e f o r e i t can be seen t h a t t h e photo-
r e g u l a t e d trans ± cis isomerism r e s u l t s i n a p o t e n t i a l 2 3 8 - f o l d 
s e l e c t i v i t y f o r sodium w i t h r e s p e c t t o p o t a s s i u m . 

77 
Kimura , has shown t h a t t h r o u g h t h e use o f monoaza b i s - c r o w n 

e t h e r s , c a t i o n t r a n s p o r t may be r e g u l a t e d by pH. The l i g a n d (24) was 
s y n t h e s i s e d and d i s s o l v e d i n n i t r o p h e n y l - o c t y l e t h e r and impregnated i n t o 
m i c r o p o r o u s p o l y p r o p y l e n e f i l m s . C o m p e t i t i v e t r a n s p o r t o f a l k a l i m e t a l 
c a t i o n s was c a r r i e d o u t a t 25°C u s i n g a g l a s s c e l l w h i c h was d i v i d e d 
i n t o two compartments by t h e impregnated membrane. The pH o f t h e 
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aqueous source phase was v a r i e d and t h e s e l e c t i v i t y p a t t e r n s were 
measured ( F i g u r e 1.21). 

/w 
12' '25 

pH L i + Na + K + Rb + Cs + 

10 0.01 1 0.05 0.03 0.01 
9 0.09 1 0.18 0.11 0.02 
8 0.34 1 0.71 0.79 0.60 
7 0.41 1 0.94 1.05 0.68 
5 0.79 1 1.78 1.90 1.90 

(24) 
Figure 1.21 Variation in the Selectivity Ratios for Alkali Metal 

Cations for ligand (24), Changing pH as Measured 
Potentiometrically at 25°C. 

As t h e pH o f t h e aqueous source phase i s l o w e r e d , l i g a n d (24) 
g r a d u a l l y becomes p r o t o n a t e d . T h i s l e a d s t o a s u p p r e s s i o n o f a l k a l i 
m e t a l c o m p l e x i n g a b i l i t y due t o e l e c t r o s t a t i c r e p u l s i o n between t h e 
p r o t o n and t h e i n c o m i n g m e t a l i o n . T h e r e f o r e t h e s e l e c t i v i t y f o r sodium 
i s l o w e r e d u n t i l e v e n t u a l l y (pH 5) t h e membrane e x h i b i t s a s e l e c t i v i t y 
p a t t e r n i d e n t i c a l t o t h a t o f a n i t r o p h e n y l - o c t y l e t h e r membrane 
c o n t a i n i n g no i o n o p h o r e . T h i s i o n o p h o r e system i s o f academic i n t e r e s t 
o n l y and has no p r a c t i c a l v a l u e . 

1.2.3.2 C-Pivot Lariat Ethers 

78 
Gokel s u r m i s e d t h a t t h e r e i s a p o s s i b i l i t y o f augmenting t h e 

b i n d i n g o f a s i m p l e m o n o c y c l i c crown e t h e r by i n c o r p o r a t i n g a s i d e arm 
which c o n t a i n s a donor atom. To examine t h i s he s y n t h e s i s e d a f a m i l y o f 
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C - p i v o t l a r i a t e t h e r s ( 2 5 a ) - ( 2 5 f ) where t h e s i d e arm i s j o i n e d d i r e c t l y 
t o a carbon atom on t h e crown e t h e r r i n g . E x t r a c t i o n s t u d i e s were 
p e r f o r m e d i n a d i c h l o r o m e t h a n e / w a t e r system a t 25°C u s i n g p i c r a t e s a l t s 
o f sodium and p o t a s s i u m and a number o f C - p i v o t l a r i a t e t h e r s 
( F i g u r e 1.22). 

LIGAND Na + K1 

(25a) R=H 7.6 5 7 
(25b) R=CH20Me 5.1 3 3 
(25c) R=CH 20(CH 2) 20Me 18.0 13 7 
(25d) R=CH 2(0CH 2CH 2) 20Me 15.7 24 4 
(25e) R=CH 20C 6H 40Me ( p a r a ) 6.4 
( 2 5 f ) R=CH 20C 6H 40Me ( o r t h o ) 15.7 

(25) 
Figure 1.22 Extraction Constants for C-Pivot lariat Ethers 

with Sodium and Potassium Ions in a Dichloromethane-
Vater System (85°C). 

I t was i n f e r r e d t h a t f o r l i g a n d (25b) t h e d o n a t i n g g r o u p i s 
i n a p p r o p r i a t e f o r a x i a l l i g a t i o n and hence m e r e l y f u n c t i o n s so as t o 
s t e r i c a l l y i n h i b i t 1:1 c o m p l e x a t i o n o f b o t h sodium and p o t a s s i u m 
r e n d e r i n g e x t r a c t i o n l o w e r t h a n t h a t o f t h e u n s u b s t i t u t e d c y c l e ( 2 5 a ) . 

E x t r a c t i o n i n c r e a s e s markedly f o r l i g a n d s ( 2 5 c ) and (25d) o v e r t h a t 
o f t h e u n s u b s t i t u t e d l i g a n d ( 2 5 a ) . C l e a r l y , donor groups a r e now i n a 
f a v o u r a b l e o r i e n t a t i o n t o i n t e r a c t w i t h t h e me t a l c a t i o n s . E q u a l l y , t h e 
more e f f i c i e n t e x t r a c t i o n by l i g a n d (25e) o v e r ( 2 5 f ) re-emphasises t h e 
p o i n t t h a t enhanced e x t r a c t i o n o v e r an u n s u b s t i t u t e d crown e t h e r w i l l 
o n l y be seen i f t h e donor group o f t h e s i d e a r m i s i n an a p p r o p r i a t e 
o r i e n t a t i o n t o augment i n t e r a c t i o n o f t h e crown e t h e r r i n g w i t h t h e 
met a l c a t i o n . 

79 
I n a l a t e r s t u d y , Gokel measured t h e s t a b i l i t y c o n s t a n t s o f 

l i g a n d s ( 2 5 a ) - ( 2 5 c ) , (25e) and ( 2 5 f ) w i t h sodium i n a 907. m e t h a n o l - w a t e r 
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system u s i n g sodium i o n s e l e c t i v e e l e c t r o d e s a t 25°C ( F i g u r e 1.23). 

LIGAND l o g K g ( N a + ) 

(25a) 2.97 
(25b) 2.74 
(25c) 2.83 
(25e) 2.97 
( 2 5 f ) 2.56 

Figure 1.23 Stability Constants for Complezation of some C-Pivot 
Lariat Ethers with Sodium Ions, Measured Using a Sodium 
Selective Electrode in 907» Methanol/Hater at 25°C. 

T h i s d a t a c o n f l i c t s w i t h t h e e x t r a c t i o n s t u d i e s , i n t h a t no 
a u g m e n t a t i o n i n s t a b i l i t y f o r sodium c o m p l e x a t i o n by C - p i v o t crown 
e t h e r s i s seen, o v e r t h e u n s u b s t i t u t e d d e r i v a t i v e ( 2 5 a ) . I n d e e d , d a t a 
would suggest t h a t any s u b s t i t u t i o n on t h e crown r i n g i s d e t r i m e n t a l t o 
sodium c o m p l e x a t i o n i n homogeneous media. 

LIGAND l o g K s ( N a + ) 

R, (25a) Ri=H; R2=H 2 97 
_ (25b) 

2 ( 2 5 c ) 
Ri=H; R2=CH20Me 2 74 _ (25b) 

2 ( 2 5 c ) Ri=H; R2=CH 20(CH2)2 0Me 2 83 
(25d) Ri=H; R2=CH 2(0CH 2CH 2) 20Me 3 13 
(26a) Ri=CH 3 R2=CH 20(CH 2) 20Me 3 87 
(26b) Ri=CH 3 R2=CH 2(0CH 2CH 2) 20Me 3 89 
(27a) Ri=CH 3 R2=CH 20C6Hi 3 3 57 
(27b) R!=CH3 R 2=CH 2 SCeHi 3 3 08 
(27c) Ri=CH 3 R2=CH 2NHC 6H 1 3 3 08 

Figure 1.24 Stability Constants for Complexation of Some C-Pivot 
Lariat Ethers with Sodium, Measured Using a Sodium 
Selective Electrode in Methanol at 25°C. 
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When t h e hydrogen atom o f t h e C - p i v o t r i n g c a r b o n i s r e p l a c e d by a 
m e t h y l g r o u p , enhancement o f s t a b i l i t y i s seen, where sidearms c o n t a i n 
a p p r o p r i a t e l y o r i e n t a t e d donor atoms ( F i g u r e 1.24). P e r u s a l o f t h i s 
d a t a shows t h a t t h e presence o f t h e m e t h y l group s i g n i f i c a n t l y enhances 
t h e sodium b i n d i n g o f crowns ( 2 6 a ) , (26b) and ( 2 7 a ) , t h a t have donor 
atoms t h a t a r e s u i t a b l y p l a c e d t o a f f o r d a x i a l s o l v a t i o n . 

The presence o f t h e m e t h y l group e x e r t s a g em-dimethyl e f f e c t on 
c o m p l e x a t i o n . The o r i g i n o f t h e e f f e c t i s p r o b a b l y complex, and may i n 
p a r t be due t o changes i n p o p u l a t i o n o f t h e r o t a t i o n a l c o n f o r m e r s o f t h e 
f r e e l i g a n d , such t h a t b i n d i n g c o n f o r m a t i o n s a r e f a v o u r e d i n t h e 
m e t h y l a t e d l i g a n d s o v e r t h o s e o f t h e i r n o n - m e t h y l a t e d c o u n t e r p a r t s . 

E v i dence f o r a x i a l l i g a t i o n can be deduced by comparing l i g a n d s 
( 2 7 a ) , (27b) and ( 2 7 c ) . I t has been s t r e s s e d t h a t h a r d c a t i o n s such as 
sodium, w i l l i n t e r a c t f a v o u r a b l y w i t h h a r d donors such as oxygen. The 
d r o p i n complex s t a b i l i t y f o r l i g a n d s (27b) and ( 2 7 c ) , c o n t a i n i n g t h e 
s o f t e r donors s u l p h u r and n i t r o g e n r e s p e c t i v e l y , i s i n d i c a t i v e o f a x i a l 
l i g a t i o n by t h e oxygen donor o f l i g a n d ( 2 7 a ) . 

F u r t h e r e v i d e n c e f o r a x i a l l i g a t i o n i n c arbon p i v o t systems has 
80 

been shown by Lehn , who s y n t h e s i s e d a number o f C - f u n c t i o n a l i s e d 18-
crown-6 d e r i v a t i v e s o f R , R ( + ) - t a r t a r i c a c i d ( F i g u r e 1.25). r 

cox o xoc, X "cox o xoc 

(28) 

Figure 1.25 
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I n t h e c r y s t a l s t r u c t u r e o f t h e K+SCN" w i t h 18-crown-6 t h e 
o r i e n t a t i o n s o f t h e hydrogen atoms t h a t occupy t h e p o s i t i o n s o f (X) i n 
t h e g e n e r a l s t r u c t u r e (28) f o r compounds s y n t h e s i s e d i n t h i s s t u d y , a r e 
(e,e) f o r one (R)CHX-(R)CHX f r a g m e n t and (a,a) f o r t h e o t h e r 
( F i g u r e 1.26). 

1 H 
O H 

H 
H 

(a,a) orientation orientation 

Figure 1.26 

I n t h e o r i e n t a t i o n ( a , a ) , t h e (X) g r oups a r e a p p r o x i m a t e l y v e r t i c a l 
and may i n t e r a c t w i t h bound s u b s t r a t e s , whereas i n t h e ( e , e ) 
c o n f o r m a t i o n , t h e y a r e i n c l i n e d and d i r e c t e d outwards such t h a t t h e 
c h a i n s w h i c h t h e y bear i n t e r a c t l e s s w e l l w i t h t h e s u b s t r a t e s . 

I n f o r m a t i o n about t h e o r i e n t a t i o n o f (X) g r oups i n compounds i n 
s o l u t i o n , was o b t a i n e d f r o m t h e v i c i n a l c o u p l i n g c o n s t a n t s o f t h e 
CHX-CHX f r a g m e n t . From t h e u s u a l a n g u l a r dependence o f v i c i n a l c o u p l i n g 

81 
c o n s t a n t s i s expected t o be s m a l l f o r (a,a) « 2-3 Hz, and l a r g e r 

13 
f o r ( e , e ) a 8-10 Hz. The Jjj y v a l u e s were c a l c u l a t e d f r o m t h e C 
s a t e l l i t e resonances o f t h e s e p r o t o n s . 

As t h e f r e e l i g a n d [X = C(0)NMe2] , JJJJJ i s a p p r o x i m a t e l y 8 Hz wh i c h 
i n d i c a t e s t h a t t h e (X) groups a r e p r i m a r i l y i n t h e (e,e) c o n f o r m a t i o n . 
However, when one e q u i v a l e n t o f p o t a s s i u m i s added, decre a s e s t o 
a p p r o x i m a t e l y 2-3 Hz, i n d i c a t i n g t h a t t h e p o t a s s i u m i o n has 1 a x i a l i s e d ' 
t h e (X) groups. T h i s p r o v i d e s c l e a r e v i d e n c e (as do o t h e r examples i n 
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t h i s s t u d y ) f o r a x i a l l i g a t i o n by a carbon p i v o t s i d e arm t o t h e 
c e n t r a l l y bound m e t a l c a t i o n i n s o l u t i o n . 

The n a t u r e o f t h e (X) group a f f e c t s t h e o r i e n t a t i o n i n t h e f r e e 
l i g a n d . For example, s t u d i e s showed t h a t where X = C(0)NHMe, t h e 
c o n f o r m a t i o n o f t h e f r e e l i g a n d i s p r i m a r i l y ( a , a ) . T h i s i s t h o u g h t t o 
be due t o a hydrogen bond between t h e NH o f t h e (X) group and an e t h e r 
r i n g oxygen. C o m p l e x a t i o n by po t a s s i u m i n s o l u t i o n made v e r y l i t t l e 
d i f f e r e n c e t o t h e v a l u e i n d i c a t i n g t h a t t h e (a,a) c o n f o r m a t i o n o f 
t h e f r e e l i g a n d i s s u i t a b l e f o r p o t a s s i u m c o m p l e x a t i o n . 

T h i s s t u d y shows c l e a r l y t h a t a u g m e n t a t i o n o f complex s t a b i l i t y and 
s e l e c t i v i t y o v e r t h a t o f a s i m p l e , u n s u b s t i t u t e d m o n o c y c l i c crown e t h e r 
i s p o s s i b l e , i n s o l u t i o n , t h r o u g h carbon p i v o t a x i a l l i g a t i o n . Carbon 
p i v o t a x i a l l i g a t i o n has a l s o been de m o n s t r a t e d i n t h e s o l i d s t a t e i n 

82 
t h e x - r a y s t r u c t u r e d e p i c t e d i n F i g u r e 1.27 . p ^ . 

OO ArNHC 

Ca 
ooc 

CONHAr 

W W 

W 

Figure 1.27 'C'-Pivot Axial Ligation in the Solid State. 
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1.2.3.3 N-Pivot Lariat Ethers 

Gokel reasoned t h a t a t t a c h i n g t h e s i d e arm a t a f l e x i b l e m o l e c u l a r 
p i v o t atom such as n i t r o g e n s h o u l d , by v i r t u e o f i t s f a c i l e i n v e r s i o n , 
l e a d t o a more dynamic c o m p l e x i n g agent t h a n t h e carbon p i v o t l a r i a t 
e t h e r s . 

I n o r d e r t o t e s t t h i s h y p o t h e s i s , he s t u d i e d r e l a x a t i o n processes 
23 

f o r l i g a n d s (29) and (30) u s i n g a Na NMR t e c h n i q u e a t v a r i a b l e 
83 

t e m p e r a t u r e s ( F i g u r e 1.28) 
CHXHoOCH 

1 O 1 o o o 

NCHoCHoOCH 

(29) (30) 

TEMPERATURE (°C) 
LINE WIDTHS (AV± /Hz) 

( 2 9 ) J ( 3 0 ) | 

25 96 58 
0 202 87 

-25 587 190 
-50 -2500 490 
-75 >2500 ~1300 

Figure 1.28 ™ N a Relaxation Studies of C-Pivot (29) and N-Pivot 
(30) Lariat Ethers Measured in Methanol-DoO (9:1); 
\These experiments were conducted with a ratio of 1:2 
(ether:Na*). 

These r e s u l t s c o n f i r m t h a t f a s t e r exchange r a t e s a r e seen f o r t h e 
n i t r o g e n p i v o t l i g a n d ( 3 0 ) t h a n f o r t h e carbon p i v o t l i g a n d ( 2 9 ) . 

84 
I n d e e d , u l t r a s o n i c r e l a x a t i o n s t u d i e s have shown t h a t c o m p l e x a t i o n 

- 46 -

file:///These


w i t h N - p i v o t l a r i a t e t h e r s can p r o b a b l y be r e p r e s e n t e d as i n 
E q u a t i o n 1.9, where t h e i n t e r m e d i a t e (X) r e p r e s e n t s a complex i n w h i c h 
sodium i o n i s r e s i d i n g o u t s i d e t h e crown e t h e r r i n g . 

k i k 2 

RN15C5 + Na + = RN15C5 Na + = (RN15C5 Na +) 
k - i (X) k. 2 

The n i t r o g e n i n v e r s i o n was reasoned t o be t h e r a t e l i m i t i n g p r o c e s s 
f o r t h e f o r w a r d r a t e c o n s t a n t ( k ^ ) w h i c h was measured as a l m o s t a 
d i f f u s i o n c o n t r o l l e d p r o c e s s . I t was t h u s c o n c l u d e d t h a t n i t r o g e n 
i n v e r s i o n i s a v e r y f a s t p r o c e s s . 

85 
S t u d i e s by Gokel s t r o n g l y s u g g e s t t h a t a x i a l c o o r d i n a t i o n i s 

o p e r a t i v e i n s o l u t i o n f o r N - p i v o t l a r i a t e t h e r s , and t h a t a s t r o n g e r 
enhancement o f complex s t a b i l i t i e s i s seen t h a n f o r C - p i v o t systems. 
The l i g a n d s ( 3 1 ) - ( 3 4 ) were s y n t h e s i s e d and t h e i r s t a b i l i t y c o n s t a n t s f o r 
c o m p l e x a t i o n w i t h sodium, p o t a s s i u m and c a l c i u m i o n s were measured i n 
me t h a n o l a t 25°C u s i n g sodium and p o t a s s i u m s e l e c t i v e e l e c t r o d e s 
( F i g u r e 1.29). 

LIGAND N a + J Ca 2 + } 

(31 ) R=H ~1.5 ~ 1 8 
( 3 2 ) R=CH 2CH 20Me 4.75 5 46 4.48 
(33 ) R=CH 2CH 20H 4.87 5 08 6.02 
(34 ) R=CH 2C00Et 5.51 5 78 6.78 

Figure 1.29 Log K(s) Values for Some N-Pivot Lariat Ethers with 
Sodium, Potassium and Calcium Ions, Measured 
Potentiometrically Using Sodium and Potassium Selective 
Electrodes; %Log K(s) Values Measured in Methanol 
at 25°C. (Source: Reference 85). 

The f i r s t p o i n t t o n o t i c e i s t h e s u b s t a n t i a l s t a b i l i t y i n c r e a s e 
c o n f e r r e d by N - p i v o t s i d e a r m s o v e r t h a t o f t h e u n s u b s t i t u t e d l i g a n d 
( 3 1 ) . The second p o i n t i s t h a t t h e n a t u r e o f t h e donor g r o u p i s seen t o 
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be i m p o r t a n t i n d e t e r m i n i n g complex s t a b i l i t y w i t h a p a r t i c u l a r c a t i o n . 
2+ 

For t h e h i g h charge d e n s i t y c a t i o n (Ca ) t h e s t a b i l i t y i n c r e a s e s by two 
o r d e r s o f magnitude on g o i n g f r o m l i g a n d ( 3 2 ) - ( 3 4 ) , whereas f o r c a t i o n s 
o f l o w e r charge d e n s i t y ( N a + , K + ) t h e i n c r e a s e i s l e s s t h a n one o r d e r o f 
magnitude. T h i s i s u n d o u b t e d l y due t o t h e h i g h e r d i p o l e moment o f t h e 
a x i a l donor i n l i g a n d (34) as compared t o l i g a n d ( 32) w h i c h , as has been 
made c l e a r p r e v i o u s l y , w i l l f a v o u r c a t i o n s o f h i g h charge d e n s i t y . Thus, 
whereas l i g a n d (32) i s i n d i s c r i m i n a t e between sodium and c a l c i u m , 
l i g a n d ( 34) i s c a l c i u m s e l e c t i v e . T h i s d e m o n s t r a t e s t h a t i n N - p i v o t 
l a r i a t e t h e r s , t h e n a t u r e o f t h e d o n a t i n g group on t h e s i d e arm, can 
s t r o n g l y a f f e c t b o t h t h e s t a b i l i t y and s e l e c t i v i t y o f t h e r e s u l t a n t 
complexes. 

E n t h a l p y and e n t r o p y changes f o r c o m p l e x a t i o n o f N - p i v o t l a r i a t 
e t h e r s w i t h sodium and p o t a s s i u m i o n s have been measured, and p r o v i d e 
f u r t h e r s u p p o r t f o r a x i a l l i g a t i o n i n s o l u t i o n by N - p i v o t l a r i a t 
e t h e r s 8 6 ( F i g u r e 1.30). 

LIGAND Log K i AHJ TASJ 

(35) R = ( C H 2 ) 3 ( N a + ) 2.86 -2.82 1.08 
(33) R=CH 2CH 20H ( N a + ) 4.83 -5.82 0.76 
(32) R=CH2GH2OMe ( N a + ) 4.77 -7.24 -0.73 
(35) R = ( C H 2 ) 3 ( K + ) 3.77 -6.28 -1.14 
(33) R=CH 2CH 20H ( K + ) 5.07 -8.80 -1.89 
(32) R=CH2CH20Me ( K + ) 5.52 -8.81 -1.28 

Figure 1.30 Enthalpy and Entropy Changes for Complexation of Some 
N-Pivot Lariat Ethers with Sodium and Potassium Ions; 
XAs measured using sodium and potassium selective 
electrodes, 15-41°C in methanol. (Source: Reference 86). 

As can be seen f r o m t h i s d a t a , t h e o r i g i n o f t h e h i g h e r complex 
s t a b i l i t i e s f o r N - p i v o t l a r i a t e t h e r s (32) and (33) which possess donor 
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g r o u p s on t h e s i d e arms, o v e r t h a t o f l i g a n d (35) which has a non-
d o n a t i n g s i d e arm, i s l a r g e l y e n t h a l p i c . An i n c r e a s e i n i n t e r a c t i o n 
w i t h t h e m e t a l c a t i o n by a x i a l l i g a t i o n i s expected t o l e a d t o a more 
f a v o u r a b l e e n t h a l p y change on c o m p l e x a t i o n , and so t h i s d a t a s t r o n g l y 
s u p p o r t s s i d e arm p a r t i c i p a t i o n d u r i n g c o m p l e x a t i o n i n t h e s e N - p i v o t 
systems. 

The s t a b i l i t y o f c o m p l e x a t i o n f o r a v a r i e t y o f monoaza-crown e t h e r s 
87 

o f d i f f e r i n g r i n g s i z e , w i t h sodium was measured ( F i g u r e 1.31). 

— A — A12C4 
• • A15C5 

A1BC6 

1- -+- -+- H »- - I 1 
*.» 4.e s.o *.o j.a a.o ».e IO.O n.a n.e u.e M.O 

No. of Oxygens 

Figure 1.31 Stability of Complexation for a Variety of 
Monoaza Crown Ethers of Differing Ring Size 
Measured Using Sodium Selective Electrodes in 
Methanol at 25®C. 

The f i r s t i n f e r e n c e f r o m t h i s d a t a i s t h a t t h e presence o f n i t r o g e n 
seems t o have l i t t l e e f f e c t on b i n d i n g . The cu r v e s f o r monoaza-15-
crown-5 and monoaza-18-crown-6 c l o s e l y p a r a l l e l one o t h e r , and t h i s 
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tends t o suggest t h a t i t i s the number of oxygens i n the l i g a n d t h a t i s 
important and t h a t n i t r o g e n i s redundant as an e f f e c t i v e donor. 

The second p o i n t t o note i s t h a t t h e r e i s a peak f o r a l l t h r e e 
l i g a n d systems when the t o t a l number o f l i g a n d oxygens i s s i x . This 
i n d i c a t e s t h a t these l i g a n d s are f l e x i b l e enough t o a l l o w sodium t o 
organise b i n d i n g s i t e s around i t s e l f w i t h o u t a l a r g e unfavourable f r e e 
energy change as a r e s u l t of l i g a n d deformation. 

The a b i l i t y o f potassium t o organise N-pivot l a r i a t e t h e r s such 
t h a t i t can enjoy hexa-coordination has been demonstrated i n the s o l i d 
s t a t e 8 8 ( F i g u r e 1.32). 

I n f l e x i b l e monocyclic N-pivot l a r i a t e t h e r s , the carbon framework 
p r i m a r i l y maintains c o n n e c t i v i t y r e l a t i o n s h i p s between donors r a t h e r 
than imposing r i g i d c o n f o r m a t i o n a l or s t e r i c b i a s t o the system. Thus 
f o r t h e f i v e l i g a n d s i n F i g u r e 1.32, potassium i s able t o organise s i x 
oxygen donors around i t s e l f . 

I t can thus be seen t h a t bis-crown e t h e r s , N-pivot and C-pivot 
l a r i a t e t h e r s e f f e c t three-dimensional d i s c r i m i n a t i o n and, w i t h 
a p p r o p r i a t e design, high s e l e c t i v i t i e s f o r p a r t i c u l a r c a t i o n s may be 
r e a l i s e d . Furthermore, t h e i r i n h e r e n t f l e x i b i l i t y ensures t h a t k i n e t i c s 
of complexation and decomplexation remain f a s t and t h u s , h i g h l y 
s e l e c t i v e l i g a n d s o f these types are v i a b l e candidates f o r i n c o r p o r a t i o n 
i n t o i o n s e l e c t i v e e l e c t r o d e s and as c a r r i e r s f o r membrane t r a n s p o r t . 

1.2.3.4 Cryptands 

Lehn and Sauvage synthesised a s e r i e s of b i c y c l i c l i g a n d s ' 
(cryptands) designed t o o f f e r t h e incoming c a t i o n a t h r e e dimensional 
a r r a y of b i n d i n g s i t e s ( F i g u r e 1.33). 

- 50 -



CRYPTAND (211) m=0 n=l 
CRYPTAND (221) m=l n=0 
CRYPTAND (222) m=l n =l 
CRYPTAND (322) m=l n=2 
CRYPTAND (332) m=2 n=l 
CRYPTAND (333) m=2 n=2 

F i g u r e 1.33 Structure of Some Bicyclic Cryptands. 

These b i c y c l i c l i g a n d s are i n h e r e n t l y l e s s f l e x i b l e than a c y c l i c o r 
monocyclic d e r i v a t i v e s , they are thus l e s s able t o adapt t o a range o f 
c a t i o n s i z e s , and e x h i b i t a peak s e l e c t i v i t y f o r t h e c a t i o n whose r a d i u s 
best matches t h a t o f the three-dimensional c a v i t y ( F i g u r e 1.34) 93 

104 

to 

7» 

tog* 

44 

14 

re 
o 

i 128 I r Fn 

F i g u r e 1.34 Variation in Complex Stability of Cryptands with 
Alkali Metal Cations. 

As can be seen from Figure 1.34, as the cryptand becomes l a r g e r and 
more f l e x i b l e , peak s e l e c t i v i t y i s l e s s pronounced, r e f l e c t i n g the 
increased a b i l i t y of t h e l a r g e r cryptands t o adapt t o a range o f c a t i o n 
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F i g u r e 1.32 Organisation of N-Pivot Lariat Ethers by Potassium 



s i z e s . The smaller cryptands, however, show a prominent peak s e l e c t i v i t y 
on t h e basis of s i z e . 

Though cryptands can be considered more r i g i d than t h e i r a c y c l i c or 
monocyclic c o u n t e r p a r t s , they are by no means who l l y preorganised t o 
accommodate an a p p r o p r i a t e l y s i z e d metal c a t i o n . The x-ray s t r u c t u r e of 
the f r e e (222) c r y p t a n d ^ ( F i g u r e 1.35) shows t h a t two methylene groups 
occupy the middle of the b i c y c l i c s t r u c t u r e , and t h a t the lone p a i r s of 
the two oxygen atoms face outward. 

F i g u r e 1.35 Complexation of Potassium Iodide with Cryptand (222). 

Upon f o r m a t i o n of a potassium capsular complex, t he l i g a n d 
reorganises so t h a t a potassium occupied c a v i t y develops. Also i t has 
been shown t h a t , i n s o l u t i o n , t h e f r e e cryptands may e x i s t as one of 
t h r e e isomers, depending on the o r i e n t a t i o n of the n i t r o g e n lone p a i r s 
( i n - i n , i n - o u t , o u t - o u t ) . However, i n v e r s i o n of the n i t r o g e n i s very 
f a s t , and i n order t o acqu i r e t h e ( i n - i n ) conformation s u i t a b l e f o r 

84 
c a t i o n complexation, l i t t l e energy i s r e q u i r e d . 

The f a c t t h a t cryptands are more preorganised f o r b i n d i n g than 
t h e i r a c y c l i c o r monocyclic c o u n t e r p a r t s , t r a n s l a t e s i n t o h i g h e r complex 
s t a b i l i t i e s f o r these b i c y c l i c s t r u c t u r e s ( F i g u r e 1.36). 

The example shows t h a t t h e potassium complex of cryptand (222) i s 
n e a r l y 10 times more s t a b l e than t h e potassium complex of the mono
c y c l i c l i g a n d ( 3 6 ) . The increased s t a b i l i s a t i o n on going from a 
monocyclic s t r u c t u r e (36) t o a cryptand w i t h an i d e n t i c a l number of 

Af HH N H H K- N 
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b i n d i n g s i t e s , a t a given temperature, i n a given s o l v e n t , i s termed the 
cryptate effect. The thermodynamic o r i g i n s o f t h i s e f f e c t are s t i l l 
m a t ters of d e b a t e ^ ' ^ , though t h e increased s t a b i l i t y of these b i c y c l i c 
s t r u c t u r e s i s i n no doubt. 

0 c N 3? N O O 

J o 

(36) (222) Cryptand 
l o g K 0 K +) 9.7 4.8 S 

F i g u r e 1.36 "The Cryptate Effect'1; log K(s) values measured 
in 95:5 Methanol:Vater at 25°C. 

The increased r i g i d i t y o f these l i g a n d s however, means t h a t though 
they e x h i b i t h i g h s e l e c t i v i t y and s t a b i l i t y , complexation r a t e s 
( e s p e c i a l l y those of d i s s o c i a t i o n ) are markedly slower than f o r a c y c l i c 
and monocyclic d e r i v a t i v e s . As has been shown i n Section 1.1.6, 
cryptands are thus g e n e r a l l y u n s u i t a b l e as candidates f o r use i n i o n 
s e l e c t i v e e l e c t r o d e s or as membrane c a r r i e r s . The high s e l e c t i v i t i e s 
and s t a b i l i t i e s o f t h e i r complexes do, however, render them as u s e f u l 
r e c e p t o r s . 

1.2.3.5 Spherands 

U n l i k e any o t h e r l i g a n d s mentioned t o date, the spherands are 
almost f u l l y organised f o r complexation d u r i n g t h e i r s y n t h e s i s . No 
s i g n i f i c a n t f u r t h e r o r g a n i s a t i o n need, or can, occur d u r i n g complexation 
( F i g u r e 1 . 3 7 ) 9 7 . 
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? H 3 CM. 

CH3 CHj 3 

CHS 

CH CH3 CHj 

CH3 CH 

(37) (38) 
F i g u r e 1.37 Structure of Spherands (37) and (38). 

The extremely h i g h r i g i d i t y o f the a r y l backbone ensures t h a t a 
f i x e d three-dimensional b i n d i n g s i t e i s d e l i n e a t e d . For c a t i o n s whose 
diameter matches t h a t of the c a v i t y , complexes o f very h i g h s t a b i l i t y 
w i l l be formed (Figure 1 . 3 8 ) 9 7 . 

CRYPTAND 221 SPHERAND (37) SPHERAND (38) 
-AG +16.3 + 10.0 + 22.0 

F i g u r e 1.38 Free Energy Changes for Complexation of Sodium Picrate with 
Cryptand (221) and Spherands (37) and (38), Measured in 
CDCI3 Saturated with D20. 

I t can be seen t h a t spherands (37) and (38) form complexes t h a t are 
app r e c i a b l y more s t a b l e w i t h sodium ions, than even the best f i t 
cryptand (221) f o r t h i s c a t i o n . 

The r i g i d i t y o f these ligands a l s o means t h a t very h i g h 
s e l e c t i v i t i e s can be achieved i n t h a t l i g a n d a d a p t a b i l i t y t o c a t i o n s o f 
d i f f e r e n t s i z e i s extremely e n e r g e t i c a l l y demanding. However, hig h 
s t a b i l i t i e s and s e l e c t i v i t i e s of spherands are accompanied by slow 
complexation k i n e t i c s , e s p e c i a l l y decomplexation r a t e s . This means t h a t 
they behave as h i g h l y e f f i c i e n t r e c e p t o r s , yet are redundant as 
candidates f o r ion s e l e c t i v e electrodes or as n e u t r a l membrane c a r r i e r s . 
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Cram has synthesised 98-101 hemi-spherands and cryptahemi-spherands 
( F i g u r e 1.39). 

CH5 CH5 

•CH5 CHx CHi 

CH5 

CH 

0 0 
*• N 

"'CH, 

(39) (40) 
HEMI-SPHERAND CRYPTAHEMI-SPHERAND 

F i g u r e 1.39 Structure of the Hemispherand (39) and 
Cryptahemispherand (40). 

The a n i s y l groups i n both s t r u c t u r e s (39) and (40) are s e l f -
o r g a n i s i n g whereas the b r i d g i n g ethyleneoxy groups can t u r n t h e i r 
unshared e l e c t r o n p a i r s and methylene groups e i t h e r inward or outward, 

no 
depending on the demands of solvent or guests . Because of t h i s blend 
of r i g i d i t y and f l e x i b i l i t y , the hemi-spherands and cryptahemi-spherands 
p r o v i d e complexes of h i g h s t a b i l i t y and s e l e c t i v i t y which are also 
complemented by reasonable r a t e s of complexation and decomplexation. 
They are thus v i a b l e p o t e n t i a l candidates as r e c e p t o r s i n i o n s e l e c t i v e 
e l e c t r o d e s and as c a r r i e r s i n membrane t r a n s p o r t . 

I n t h i s s h o r t review of the e v o l u t i o n of c a t i o n r e c o g n i t i o n , 
s e l e c t i v i t y amongst a l k a l i metals has been st r e s s e d . C l e a r l y , as we 
have seen, s i z e d i s c r i m i n a t i o n plays an important r o l e i n d e t e r m i n i n g 
l i g a n d s e l e c t i v i t i e s . I n c o n s i d e r i n g s e l e c t i v i t y f o r a l k a l i metals over 
a l k a l i n e e a r t h metals, a glance at Table 1.11 r e v e a l s t h a t l i t h i u m has 
th e same hexa-coordinate i o n i c r a d i u s as magnesium, and t h a t sodium i s 
of a very s i m i l a r s i z e t o calcium. 
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CATIONIC RADII (A) 

Mg 2 + 0.78 
C a 2 + 1.02 
L i + 0.78 
Na + 0.98 

T a b l e 1.11 Cationic Radii (for Uexa-coordination) of Some Alkali 
and Alkaline Earth Metal Cations (Ref .63,64). 

C l e a r l y , l i g a n d s t h a t s e l e c t e i t h e r l i t h i u m over magnesium, or sodium 
over c a l c i u m , cannot be d i s c r i m i n a t i n g on the basis of s i z e . I n 
comparison t o a l k a l i metals, a l k a l i n e e a r t h metals e x h i b i t : ( i ) higher 
s o l v a t i o n energies, ( i i ) h i g h e r charge d e n s i t i e s , ( i i i ) lower 
p o l a r i s a b i l i t y and ( i v ) h i g h e r c o o r d i n a t i o n numbers. Therefore, i n 
order t o a f f e c t monovalent/divalent s e l e c t i v i t y , these d i f f e r e n c e s must 
be considered f o r a p p r o p r i a t e l i g a n d design. V a r i a t i o n s i n the nature 
and number of l i g a n d donors,ligand t h i c k n e s s and l i g a n d f l e x i b i l i t y w i l l 
be of paramount importance i n t h i s respect. 

1.3 LITHIUM SELECTIVE I0N0PH0RES 

1.3.1 Uses of a Lithium S e l e c t i v e Ionophore 

1.3.1.1 Lithium S e l e c t i v e E l e c t r o d e s 

There i s a c l e a r need t o develop a n e u t r a l l i t h i u m s e l e c t i v e 
e l e c t r o d e f o r measurement of l i t h i u m i o n a c t i v i t y i n both p h y s i o l o g i c a l 

^ 1 1 0 9 1CY7 

and environmental systems ' 
At present, l i t h i u m carbonate i s used i n the treatment of manic 

depression and o t h e r n e u r o l o g i c a l d i s o r d e r s . I t i s the slow p e n e t r a t i o n 
of l i t h i u m through the b l o o d - b r a i n b a r r i e r and across o t h e r membranes 
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which delays the onset of drug a c t i o n . This n e c e s s i t a t e s l a r g e doses, 
102 107 

w i t h accompanying u n d e s i r a b l e side e f f e c t s ' . C l e a r l y , a method of 
measuring l i t h i u m i on a c t i v i t y i n whole blood taken from a t r e a t e d 
p a t i e n t i s needed. 

I n whole blood, t h e r e are ions present t h a t may i n t e r f e r e w i t h the 
measurement of l i t h i u m i o n a c t i v i t y (Na +, K +, Ca 2 +, H + ) . The a c t i v i t i e s 
o f these ions g e n e r a l l y l i e between narrow l i m i t s and these have been 
asc e r t a i n e d ( F i g u r e 1.40). 

CONCENTRATION RANGE 
(mmol d m 3 ) 

Na + 135-150 
K + 3.4-5.2 
C a 2 + 1.04-1.45 
L i + 0.5-1.0 

F i g u r e 1.40 Concentration Range of Inierferent Ions in 
¥hole Blood. 

This means t h a t i t i s p o s s i b l e t o estimate reasonably a c c u r a t e l y , t h e 
s e l e c t i v i t y o f a n e u t r a l c a r r i e r i n a l i t h i u m s e l e c t i v e e l e c t r o d e , t h a t 
i s r e q u i r e d i n order t o a c c u r a t e l y measure the l i t h i u m c o n c e n t r a t i o n s i n 
whole blood ( a t which le s s than 17. i n t e r f e r e n c e i s experienced from 
o t h e r c a t i o n s ) ( F i g u r e 1.41). 

Na + -4.5 
K + -3.0 
C a 2 + -2.3 
H + 1.06 

F i g u r e 1.41 Selectivities Required at which [Li+] in Whole Blood 
may be Accurately Measured (With < //. Interference); 
XEquals log [l/(Li+/Jt)J where (H+/M+) = Selectivity 
of the Ligand for Lithium over the Metal Cation, M* . 
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The l i t h i u m s e l e c t i v e e l e c t r o d e t y p i c a l l y c o n s i s t s o f t h e s e l e c t i v e 
ionophore embedded i n a m a t r i x c o n s i s t i n g of p o l y v i n y l c h l o r i d e (PVC), 
n - n i t r o p h e n y l - o c t y l e t h e r (NPOE) and potassium t e t r a k i s ( p - c h l o r o p h e n y l -
b o r a t e ) (KTpClB). The membrane i s then i n c o r p o r a t e d i n t o a c e l l 
( F i g u r e 1.42) so as t o measure l i t h i u m ion a c t i v i t y p o t e n t i o m e t r i c a l l y . 

Reference 
Electrode 

Inner 
filling 
solution 
saturated KCI 

EMF 

ANALYTE -

Internal Reference 
Electrode 

Inner filling solution 
(LiCI 1*1fT3M) 

Electroactive membrane 

Hg HgCl 2 Saturated 
KCI 

ANALYTE E l e c t r o a c t i v e 
PVC Membrane 

Inne r F i l l i n g 
S o l u t i o n s 

AgCl Ag 

F i g u r e 1.42 Electrochemical Cell Used to Measure Selectivity 
of an Ionophore Potentiometrically. 

By u s i n g a f i x e d background of i n t e r f e r i n g ions ( a t c o n c e n t r a t i o n s 
found i n whole blood) w h i l s t v a r i a t i o n s i n l i t h i u m ion c o n c e n t r a t i o n s 
are made, and EMF p o t e n t i a l s measured, the s e l e c t i v i t y o f a p a r t i c u l a r 
ionophore f o r l i t h i u m can be ascer t a i n e d (FIXED INTERFERENCE METHOD) 1 0 8 

The a p p l i c a b i l i t y o f such an ionophore f o r measurement of l i t h i u m i on 
a c t i v i t y i n whole blood can then be assessed by comparing s e l e c t i v i t i e s 
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achieved f o r l i t h i u m t o those t h a t are r e q u i r e d (Figure 1.41). 
Though adequate s e l e c t i v i t i e s f o r l i t h i u m over potassium, calcium 

and hydrogen have been r e a l i s e d , the l i t h i u m t o sodium s e l e c t i v i t y r a t i o 
has so f a r not been reached. 

1.3.1.2 E x t r a c t i o n 

The n a t u r a l abundance of l i t h i u m ores i s low, and w i t h i n c r e a s i n g 
demand f o r l i t h i u m i n the next c e n t u r y , t h e e x t r a c t i o n o f l i t h i u m from 
sea water i s under c o n s i d e r a t i o n . T h i s p r e d i c t e d r i s e i n demand i s due 
t o t h e probable use of l i t h i u m as a blanket m a t e r i a l f o r breeding 
t r i t i u m i n thermonuclear r e a c t o r s and i t s i n c o r p o r a t i o n i n t o high 

109 
performance low d e n s i t y b a t t e r i e s 

1.3.1.3 Pharmacological A p p l i c a t i o n s 

There i s a medical a p p l i c a t i o n i n the design of a l i t h i u m s e l e c t i v e 
ionophore able t o t r a n s p o r t l i t h i u m through the b l o o d - b r a i n b a r r i e r 
membrane as w e l l as through o t h e r membranes, i n the treatment of manic 
depression and other p s y c h i a t r i c d i s o r d e r s . The use of such an ionophore 
would: ( i ) increase the r a t e o f l i t h i u m uptake i n t o the b r a i n and so 
shorten t h e delay between drug a d m i n i s t r a t i o n and t h e r a p e u t i c e f f e c t , 
and ( i i ) reduce t h e necessary l i t h i u m dosage r e q u i r e d t o a t t a i n a 
t h e r a p e u t i c e f f e c t . 

1.3.2 Lithium S e l e c t i v e Ionophores f o r use i n Ion S e l e c t i v e E l e c t r o d e s 
and a s Membrane C a r r i e r s 

A s u i t a b l e ionophore f o r use i n a n e u t r a l l i t h i u m s e l e c t i v e 
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e l e c t r o d e t o be used t o measure l i t h i u m i o n a c t i v i t y i n whole blood or 
aqueous systems must e x h i b i t the f o l l o w i n g c h a r a c t e r i s t i c s : 
(1) I t must d i s p l a y an extremely high s e l e c t i v i t y f o r l i t h i u m over 

o t h e r a l k a l i metal and a l k a l i n e e a r t h metal c a t i o n s . Furthermore, 
the s e l e c t i v i t y of the n e u t r a l ionophore, by d e f i n i t i o n , must 
d i s p l a y complexation c h a r a c t e r i s t i c s t h a t are l a r g e l y independent 
of the pH of the sample s o l u t i o n . 

(2) I t must d i s p l a y s u f f i c i e n t l i p o p h i l i c i t y t o ensure: ( i ) i t remains 
w i t h i n the membrane, ( i i ) i t t r a n s p o r t s the l i t h i u m i on e f f e c t i v e l y 
across t h a t membrane. 

(3) I t must form s t a b l e complexes w i t h the l i t h i u m c a t i o n , but als o 
e x h i b i t reasonably f a s t d i s s o c i a t i o n r a t e s so as t o main t a i n a 
constant, reasonable l e v e l o f f r e e c a r r i e r a v a i l a b l e a t the source 
phase t o which the l i t h i u m may bi n d . 

CATION 
6-COORDINATE 

IONIC RADIUS* io 
(A) 

SOFTNESS111 
SURFACE CHARGE 

DENSITY 1 1 2 

(zA-2) z = l , 2 
POLARISABILITY 1 13 

L i + 0.78 0.247 0.130 0.03 
Na + 0.98 0.211 0.085 0.30 
K + 1.33 0.232 0.045 1.10 
Rb + 1.49 0.229 0.035 1.90 
Cs + 1.65 0.218 0.030 2.90 
B e 2 + 0.34 0.172 1.370 0.01 
Mg 0.78 0.167 0.260 0.20 
C a 2 + 1.06 0.180 0.140 0.90 
S r 2 + 1.27 0.172 0.100 1.28 
B a 2 + 1.43 0.184 0.080 2.50 

F i g u r e 1.43 Ionic Radii, Hydration Numbers, Softness Parameters, 
Surface Charge Densities and Polarisabilities for 
Alkali and Alkaline Earth Metal Cations. 
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From the data i n F i g u r e 1.43 i t i s seen t h a t l i t h i u m : ( i ) i s the 
s m a l l e s t element of the a l k a l i metals and, a s i d e from b e r y l l i u m , the 
a l k a l i n e e a r t h metals, ( i i ) a g a i n , a s i d e from b e r y l l i u m , i t i s the l e a s t 
p o l a r i s a b l e of the a l k a l i and a l k a l i n e e a r t h metals and ( i i i ) e x h i b i t s 
the h i g h e s t charge d e n s i t y r a t i o among the a l k a l i metals. Design of a 
l i t h i u m s e l e c t i v e ionophore must concentrate on these f e a t u r e s . 

1.3.2.1 S i z e o f t h e Macrocycle Ring 

The s m a l l s i z e of the l i t h i u m ion d i c t a t e s t h a t l i g a n d s e x h i b i t i n g 
a c a v i t y s i z e complementary t o t h e e f f e c t i v e i o n i c r a d i u s of l i t h i u m 
w i l l be i n h e r e n t l y l e s s f l e x i b l e than those l i g a n d s complementary i n 
s i z e t o other l a r g e r c a t i o n s . As has been mentioned p r e v i o u s l y , the 
' s i z e f i t 1 concept assumes i n c r e a s i n g importance i n determining complex 
s t a b i l i t y as the f r e e l i g a n d becomes more r i g i d . T h e r e f o r e , s i z e f i t 
complementarity has r e c e i v e d much a t t e n t i o n i n l i t h i u m ionophore design. 

The two most l i t h i u m s e l e c t i v e l i g a n d s s y n t h e s i s e d t o date a r e 
spherand ( 3 7 ) 9 7 and cryptand-211 ( 4 1 ) 1 1 4 , and c r y s t a l s t r u c t u r e s of 
t h e i r l i t h i u m complexes a r e shown i n F i g u r e 1.44. 

The a r y l backbone of spherand (37) provides high r i g i d i t y f o r the 
f r e e l i g a n d . The diameter of the c a v i t y i s 1.62A and the oxygen lone 
p a i r s p o i n t inwards and l i n e an almost p e r f e c t octahedron. I n the 
l i t h i u m complex, the l i t h i u m c a t i o n ( o c t a h e d r a l diameter 1.52A) r e s i d e s 
i n t h e c e n t r e of the c a v i t y , being e q u i d i s t a n t from a l l s i x oxygen atoms 
( L i - 0 d i s t a n c e = 2.14A) and e x h i b i t s near p e r f e c t o c t a h e d r a l geometry. 

The high r i g i d i t y of the l i g a n d backbone d i c t a t e s t h a t s l i g h t 
p e r t u r b a t i o n s i n t h e lowest f r e e energy f r e e l i g a n d conformation w i l l 
l e a d t o a marked d e c r e a s e i n r e s u l t a n t complex s t a b i l i t y . T h i s c o n f e r s 
a high s e l e c t i v i t y f o r l i t h i u m over t h e s l i g h t l y l a r g e r sodium c a t i o n 
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whose o c t a h e d r a l diameter (1.98A) i s too l a r g e t o f i t t h e spherand 
c a v i t y i n i t s lowest f r e e energy conformation. 

C15F 

CI I F 

o 

S P H E M W CRYPTAND (211) 
F i g u r e 1.44 Crystal Structures of lithium with Spherand 

(37) and Cryptand (211). 

I n t h e 211-cryptand the l i t h i u m i o n r e s i d e s w i t h i n t h e three-
dimensional c a v i t y and coordinates t o a l l f o u r oxygens (average L i - 0 
d i s t a n c e = 2.14A) and two n i t r o g e n s ( L i - N d i s t a n c e = 2.28A). The c a v i t y 
diameter of cryptand-(211) i s 1.6A, which i s c l e a r l y too small t o 
accommodate the sodium c a t i o n . Indeed, sodium forms an e x c l u s i v e 

115 
complex ( F i g u r e 1.45) not r e s i d i n g w i t h i n the three-dimensional 
c a v i t y o f the l i g a n d , but r a t h e r i n the 15-membered r i n g t h a t 
c o n s t i t u t e s t h e 'cryptand face'. Thus the (211)-cryptand s e l e c t s 
l i t h i u m over sodium p r i m a r i l y on the basis of s i z e . 

The complementary s i z e o f li g a n d s (37) and (41) w i t h respect t o the 
e f f e c t i v e o c t a h e d r a l i o n i c r a d i u s of the l i t h i u m c a t i o n , coupled w i t h 
h i g h l i g a n d p r e o r g a n i s a t i o n f o r complexation, and r i g i d i t y , means t h a t 
r e s u l t a n t l i t h i u m complexes are h i g h l y s t a b l e ( F i g u r e 1.46). 
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C(7) 
C(8) 

C(6) C(9) 

N(3) C(3) 

N(2) 
C(2) Na(1) 

C(14) 0(3) 0(A) 

COO) 0(2) 

C(13) 
C(11) 

C(12) 

N(1) C(1) _ ^ cx>0 

F i g u r e 1.45 Crystal Structure of the 211-Cryptand-Na* 
Exclusive Complex (Reference 115). 

COMPOUND l o g K g k A («- i s - i ) k D ( s - i ) 

( 3 7 ) 9 7 > 16.8 7.5 x 10 4 < 1 0 " 1 2 

( 4 1 ) 1 1 6 7.9 4.8 x 10 5 4.4 x 10" 3 

F i g u r e 1.46 Complexation Rates, Decomplexation Rates and Stability 
of Complexes Formed by Lithium with Spherand (37) and 
Cryptand-(211) (41) Measured in Methanol at 25°C. 

The high l o g K values ( p r i m a r i l y caused by slow d i s s o c i a t i o n 
r a t e s ) render these l i g a n d s u n s u i t a b l e f o r passive c a r r i e r mediated 
t r a n s p o r t across membranes. 

The search f o r l i t h i u m s e l e c t i v e ionophores, f o r use i n ion 
s e l e c t i v e e l e c t r o d e s and membrane t r a n s p o r t , has thus centred around 
a c y c l i c and monocyclic l i g a n d s . Being more f l e x i b l e , these l i g a n d s 
should combine hig h l i t h i u m s e l e c t i v i t y w i t h a p p r o p r i a t e , reasonably 
f a s t complexation k i n e t i c s . 
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1.3.2.2 Nature of Donors 

L i t h i u m i s a 'hard' small c a t i o n of high charge d e n s i t y which 
i n t e r a c t s most f a v o u r a b l y w i t h 'hard' oxygen donors. As has already 
been p o i n t e d o u t , c a t i o n s o f high charge d e n s i t y i n t e r a c t most s t r o n g l y 
w i t h f u n c t i o n a l groups c o n t a i n i n g oxygen t h a t e x h i b i t a h i g h d i p o l e 
moment and high p o l a r i s a b i l i t y such as amide, e s t e r and phosphonate 
groups. 

These oxygen based f u n c t i o n a l groups must, however, i n order t o 
augment s t a b i l i t y o f l i t h i u m complexes, be i n a s u i t a b l e o r i e n t a t i o n so 
as t o i n t e r a c t w i t h the c e n t r a l metal c a t i o n . Ligands (42) and (6) are 
compared i n Figure 1.47 116,117 

o 
(B) (A) O o C 

o 

42 (6) 

TAS AH Log K LIGAND (Kcal m o l - i ) (Kcal m o l ' i ) (MeOH/25°C) 

(6) Na + -8.40 -2 4 6.05 
K + -13.80 -5 2 6.67 

(42) Na + -2.27 +1 1 4.36 
K + -5.87 -2 06 4.90 

F i g u r e 1.47 Enthalpies and Entropies of Complexation for Sodium 
and Potassium Ions with Ligands (6) and (42); 
Data from reference 116, 117. 
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The c o m p l e x i n g p r o p e r t i e s o f (42) a r e d r a s t i c a l l y r e d u c e d when 
e s t e r f u n c t i o n s a r e i n c o r p o r a t e d d i r e c t l y i n t o t h e r i n g s k e l e t o n . T h i s 
i s because t h e o r i e n t a t i o n o f c a r b o n y l donors i s i n a p p r o p r i a t e f o r 
i n t e r a c t i o n t o t h e c e n t r a l m e t a l c a t i o n . Added t o t h i s , t h e e l e c t r o n 
w i t h d r a w i n g e f f e c t o f t h e c a r b o n y l oxygen atoms reduces t h e b a s i c i t y o f 
e t h e r e a l g r o ups (A) and ( B ) , r e s u l t i n g i n a l e s s f a v o u r a b l e e n t h a l p y o f 
c o m p l e x a t i o n f o r sodium and p o t a s s i u m i o n s . 

T h e r e f o r e i t can be seen t h a t f o r s m a l l e r c y c l i c l i g a n d s , amide and 
e s t e r f u n c t i o n a l groups can o n l y r e a l l y a f f e c t an i n t e r a c t i o n w i t h t h e 
c e n t r a l m e t a l c a t i o n i f t h e y a r e i n c o r p o r a t e d i n t o sidearms ( N - p i v o t , 
C - p i v o t ) o f f t h e m a c r o c y c l e r i n g s k e l e t o n . 

I n t h e case o f a c y c l i c l i g a n d s o r l a r g e c y c l i c l i g a n d s , i n c r e a s e d 
f l e x i b i l i t y means t h a t amide and e s t e r g r o ups may be i n c o r p o r a t e d w i t h i n 
a l i g a n d backbone, whose a p p r o p r i a t e d e s i g n can ensure t h e i r o p t i m a l 
i n t e r a c t i o n s w i t h t h e enveloped c a t i o n . 

1.3.3 Ligands Designed as Lithium Selective Ionophores 

1.3.3.1 Acyclic Ligands 

Based on o c t a h e d r a l c o o r d i n a t i o n o f l i t h i u m i n f e r r e d f r o m t h e 
118 

c r y s t a l s t r u c t u r e o f a l u m i n i u m s i l i c a t e s and o t h e r m i n e r a l s , Shanzer 
102 

et al. d e s i g n e d an a c y c l i c h e x a - f u n c t i o n a l l i t h i u m i o n o p h o r e ( 4 3 ) . 
T h i s l i g a n d , i n a c o m p e t i t i v e e x t r a c t i o n e x p e r i m e n t i n a d i c h l o r o -
methane-water system, showed a l i t h i u m : s o d i u m s e l e c t i v i t y o f 
a p p r o x i m a t e l y f o r t y . The l i g a n d i s t h o u g h t t o wrap a r o u n d t h e l i t h i u m 
i o n so t h a t a l l s i x donors c o o r d i n a t e i n an o c t a h e d r a l geometry. 
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JO o 
N at N C H - O C H j C H j 

ri 
O 

X : o 
N 

N C H , O C H , C H 

( 1 0 ) ( 4 3) 
50 

Simon al. s y n t h e s i s e d l i g a n d ( 1 0) i n a membrane composed o f 
( i ) c a r r i e r ( 1 0 ) ( 1 - 1.4 wt7.), ( i i ) NPOE (66 wt7,), ( i i i ) PVC (33 wt7.) 
and ( i v ) KTpClB (0.4 wt7.). A s e l e c t i v i t y o f l o g K ^ N a * = ~ 2 , 5 w a s 

measured by t h e f i x e d i n t e r f e r e n c e method. X-ray and NMR s t u d i e s have 
shown t h a t , i n t h e s o l i d s t a t e , l i t h i u m i s complexed by two m o l e c u l e s o f 
t h e l i g a n d . The f o u r c a r b o n y l oxygen atoms i n t e r a c t w i t h t h e l i t h i u m 
i o n i n a t e t r a h e d r a l c o o r d i n a t i o n sphere. T h i s l i g a n d e x h i b i t s t h e 
h i g h e s t s e l e c t i v i t y f o r l i t h i u m o v e r Group 1 and Group 2 m e t a l i o n s o f 
any a c y c l i c i o n o p h o r e made t o d a t e . 

1.3.3.2 Monocyclic Ionophores: Ring Size 

A t a b l e o f u n s u b s t i t u t e d crown e t h e r c a v i t y d i a m e t e r s i s shown i n 
F i g u r e 1 . 4 8 1 1 9 . 

COMPOUND CAVITY DIAMETER (A) 
12-CR0VN-4 1.2 
15-CR0WN-5 1.8 
18-CR0VN-6 2.8 
21-CROWN-7 3.8 

Figure 1.48 Cavity Diameters for Some Simple Crown Ethers. 
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CH 1 2 H 2 5" 

o 

o W 
(44) 

C<oH 12 n25 

(45) 

C19H 12 n25 

-o o-

(46) 

C19K 12 n25 

-o o-

(47) 

44 45 46 47 

-1 

- 2 

3 L -

-Na+ 

-K+ 

Rb+ Cs+ 
-Li+ Li+ 

Na+ 
Cs+ 

-K+ 

-Rbf 

-Li+ 

-Cs+ 

-Na+ 
-K+ 
*Rb+ 

-Cs+ 
-Rk>f 
-Li+ 

-K+ 

-Na+ 

F i g u r e 1.49 Lithium Selectivities of Ligands (44)~(4^) Measured 
Potentiometrically Using the Fixed Interference Method. 



The d i a m e t e r o f t h e l i t h i u m i o n l i e s between 1.18A and 1.52A depending 
on i t s c o o r d i n a t i o n number ( 4 - 6 ) . From a g l a n c e a t F i g u r e 1.48, i t i s 
o b v i o u s t h a t r i n g s i z e s 12-15 w i l l be most s u i t a b l e i n t e r m s o f maximum 
s i z e f i t f o r t h e l i t h i u m i o n . 

Numerous s t u d i e s have been u n d e r t a k e n t o e v a l u a t e t h e e f f e c t o f 

a l l have come t o t h e c o n c l u s i o n t h a t t h e 14-crown-4 r i n g s k e l e t o n f o r m s 
t h e b a s i s f o r optimum s e l e c t i v i t y . For example, K i t i z a w a et al. 

s y n t h e s i s e d a s e r i e s o f crown e t h e r s f r o m 13-membered t o 16-membered 
( F i g u r e 1.49). A l l f o u r l i g a n d s were embedded i n PVC-based membranes 
and t h e i r s e l e c t i v i t i e s f o r l i t h i u m o v e r o t h e r a l k a l i m e t a l s and 
a l k a l i n e e a r t h m e t a l c a t i o n s were measured p o t e n t i o m e t r i c a l l y by t h e 
f i x e d i n t e r f e r e n c e method. The r e s u l t s c l e a r l y p o i n t t o t h e 14-crown-4 
s k e l e t o n b e i n g optimum f o r l i t h i u m s e l e c t i v i t y o v e r o t h e r a l k a l i and 
a l k a l i n e e a r t h m e t a l c a t i o n s . 

123 
Hancock has argued t h a t r i n g s i z e o f m o n o c y c l i c l i g a n d s may n o t 

be t h e o n l y f a c t o r g o v e r n i n g s e l e c t i v i t y f o r m e t a l c a t i o n s . By u s i n g 
m o l e c u l a r mechanics, i t was i n f e r r e d t h a t c a v i t y s i z e s o f t e t r a a z a 
m a c r o c y c l e s i n c r e a s e m o n o t o n i c a l l y w i t h i n c r e a s i n g number o f atoms 
( F i g u r e 1.50). 

r i n g s i z e on t h e s e l e c t i v i t y o f crown e t h e r s f o r l i t h i u m 106,120-122 and 

C a l c u l a t e d C a v i t y Diameter (ppm) 
'— 182 192 207 222 238 —' 

13- ane- N 12-ane-N 14- ane- N 15- ane-N 16- ane- N 
(49) 50) 51) 48) 52) 

n n n N N N N c; d c J c ; c P c D u N N 

F i g u r e 1.50 Cavity Diameters of Some Tetraaza Macrocycles. 
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I f m e t a l i o n s a r e c o n s t r a i n e d t o l i e i n t h e p l a n e o f t h e 
m a c r o c y c l e , l a r g e m e t a l i o n s would be e x p e c t e d t o complex more s t r o n g l y 
w i t h l a r g e r t e t r a a z a m a c r o c y c l e s . However, i t was p r o v e d by e x p e r i m e n t 
t h a t t h i s was n o t t h e case. I f ALog K i s p l o t t e d as a f u n c t i o n o f 
i o n i c r a d i u s f o r compounds i n t h e s e r i e s 12-ane-4 t o 13-ane-4 and f r o m 
DOTA (53) t o CYTA (54) t h e n t h e g r a p h shown i n F i g u r e 1.51 i s ob s e r v e d . 

j i i i i i 100 150 
IONIC RAOIUS/pm 

COO' 

OOC 

OOC 

• o o c 

DOTA (53) 

- c o o 

c o o -

CYTA (54) 

c o o -

F i g u r e 1.51 A Graph of M o g K(s) vs Ionic Radius (ppm) for 
the series 12-ane-N^ to 13-ane-N^ (•) and for DOTA 
(53) and CYTA (54) (o). 

As t h e r i n g s i z e i n c r e a s e s f r o m t h e s e r i e s 12-ane-4 t o 13-ane-4 and 
f r o m DOTA (53) t o CYTA ( 5 4 ) , t h e s t a b i l i t y o f t h e complexes decrease 
w i t h i n c r e a s i n g c a t i o n i c r a d i u s . 

M o l e c u l a r mechanics was used t o r a t i o n a l i s e t h e m e t a l i o n s i z e 
s e l e c t i v i t y f o r 12-ane-4 r e l a t i v e t o 14-ane-4 complexes. The 
c a l c u l a t i o n s suggest t h a t t h e two six-membered c h e l a t e r i n g s p r e s e n t i n 
t h e 14-ane-4 system, a r e a b l e , w i t h v e r y s m a l l m e t a l i o n s , t o have a l l 
h ydrogen atoms i n t h e e n e r g e t i c a l l y more f a v o u r e d s t a g g e r e d o r i e n t a t i o n . 
However, as t h e s i z e o f t h e m e t a l c a t i o n i n c r e a s e s , t h e hydrogens a r e 
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i n c r e a s i n g l y f o r c e d i n t o t h e l e s s f a v o u r a b l e e c l i p s e d o r i e n t a t i o n . 
T here i s t h u s an i n c r e a s e i n s t r a i n energy and a de c r e a s e i n complex 
s t a b i l i t y . For five-merabered c h e l a t e r i n g s , no such f a v o u r a b l e 
a rrangement w i t h a l l h ydrogens s t a g g e r e d i s p o s s i b l e and t h e e f f e c t o f 
an i n c r e a s e i n m e t a l i o n s i z e i s much l e s s marked. 

T h i s e f f e c t o f i n c r e a s i n g c h e l a t e r i n g s i z e on m e t a l i o n 
s e l e c t i v i t y appears t o be p r e s e n t f o r a l l l i g a n d s c o n t a i n i n g n i t r o g e n 
and/or oxygen donors so f a r s t u d i e d by Hancock. He i n f e r s t h a t t h e f a c t 
t h a t t h e crown e t h e r ( 54) e x t r a c t s t h e s m a l l l i t h i u m i o n f r o m t h e 
aqueous phase t o t h e o r g a n i c phase w i t h an u n p r e c e d e n t e d l y h i g h 
s e l e c t i v i t y o v e r o t h e r a l k a l i m e t a l s i s t o be e x p e c t e d on acc o u n t o f i t s 
two six-membered c h e l a t e r i n g s , whereas crown e t h e r ( 5 5 ) shows o n l y a 
s m a l l s e l e c t i v i t y f o r l i t h i u m on account o f p o s s e s s i n g o n l y f i v e -
membered c h e l a t e r i n g s . 

O o J C o o I C o o 

(54 55 56 

HOOC CinH 10' '21 

A = 2 OH2CT 

L i k e w i s e t h e l i t h i u m s e l e c t i v i t y o f crown e t h e r ( 5 6 ) b e i n g f a r 
l o w e r t h a n f o r crown e t h e r ( 5 5 ) can be r a t i o n a l i s e d by t h e e x t r a s t e r i c 
c r o w d i n g caused by t h e t h i r d six-membered c h e l a t e r i n g , w h i c h f o r s m a l l 
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m e t a l i o n s (ie. l i t h i u m ) overwhelms t h e e f f e c t s caused by t h e f a v o u r a b l e 
s t a g g e r e d o r i e n t a t i o n o f hydrogen atoms. 

1.3.3.3 Non-Donating Substituents on the 14-Crown-4 Skeleton 

1 C\f\ 

K i t i z a w a et al. made a s t u d y i n o r d e r t o e v a l u a t e t h e e f f e c t o f 
s u b s t i t u t i o n on t h e 14-crown-4 r i n g i n r e l a t i o n t o l i t h i u m s e l e c t i v i t y . 
Four l i g a n d s ( 5 7 ) - ( 6 0 ) were s y n t h e s i s e d , each l i g a n d was i n c o r p o r a t e d 
i n t o a membrane composed o f PVC (100 mg), n i t r o p h e n y l - o c t y l e t h e r , NPOE 
(250 mg), crown e t h e r (3.6 mg, 1 wt7.) and p o t a s s i u m 
t e t r a k i s - p a r a - c h l o r o p h e n y l b o r a t e (2.4 mg; 50 mol7. : crown e t h e r ) and 
l i t h i u m s e l e c t i v i t i e s were c a l c u l a t e d by t h e f i x e d i n t e r f e r e n c e method. 

/ \ 
O O o o c H CH 

C10H C,,H 12' '25 o o W 12' '25 o o 

(57) (58 

o o >C H,C H HoC CH 
HoC CioHoc HoC O 12' '25 C,oH O 12' '25 o W 

60) 59 
Comparison o f l i g a n d s ( 5 7 ) and ( 5 8 ) i n d i c a t e d t h a t t h e m e t h y l 

d e r i v a t i v e ( 5 8) showed an a p p r e c i a b l y h i g h e r s e l e c t i v i t y f o r l i t h i u m , 
p a r t i c u l a r l y o v e r sodium and p o t a s s i u m , t h a n t h e n o n - m e t h y l a t e d 
d e r i v a t i v e ( 5 7 ) . The o b v i o u s i m p l i c a t i o n i s t h a t t h e m e t h y l g r o u p o f 
l i g a n d ( 5 8 ) causes a s t e r i c e f f e c t on c o m p l e x a t i o n such t h a t 
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c o m p l e x a t i o n o f l i t h i u m i s i n c r e a s i n g l y p r e f e r r e d o v e r t h e sodium o r 
p o t a s s i u m c a t i o n s . S i n c e sodium and p o t a s s i u m exceed t h e 14-crown-4 
c a v i t y s i z e , t h e r e i s a p o s s i b i l i t y o f f o r m i n g sandwich 2:1 complexes o f 
crown e t h e r : c a t i o n . 

A c c o r d i n g t o t h e b i - i o n i c p o t e n t i a l t h e o r y o f l i q u i d membranes 
124 

c o n t a i n i n g n e u t r a l c a r r i e r s , t h e v a l u e o f t h e s e l e c t i v i t y c o e f f i c i e n t 
Pot 

ought t o be independent o f n e u t r a l c a r r i e r c o n c e n t r a t i o n i n t h e 
membrane i f b o t h (X) and (Y) i o n s f o r m o n l y 1:1 complexes. T h e r e f o r e an 
e x p e r i m e n t was p e r f o r m e d where membrane c o n c e n t r a t i o n s o f l i g a n d s (57) 

Pot 
and ( 5 8 ) were v a r i e d and v a l u e s were c a l c u l a t e d . For l i g a n d ( 5 7 ) , 
i n c r e a s i n g t h e crown e t h e r c o n c e n t r a t i o n r e s u l t e d i n a d r a s t i c decrease 
i n t h e s e l e c t i v i t y f o r l i t h i u m , whereas f o r l i g a n d (58) no change i n 
s e l e c t i v i t y p a t t e r n s was observed. T h i s i n d i c a t e s t h a t f o r l i g a n d ( 5 7 ) , 
2:1 and 1:1 c o m p l e x a t i o n may o c c u r f o r t h o s e i o n s (Na , K ) t h a t a r e 
l a r g e r t h a n i t s c a v i t y d i a m e t e r , whereas f o r l i g a n d ( 5 8 ) , t h e presence 
o f t h e m e t h y l group g e m i n a l t o t h e d o d e c y l group s t e r i c a l l y i n h i b i t s 2:1 
sandwich f o r m a t i o n . Though n o t s t r e s s e d i n t h i s s t u d y , t h e g e m i n a l 
d i m e t h y l e f f e c t w i l l o p e r a t e f o r l i g a n d ( 5 8 ) , r e d u c i n g t h e number o f 
c o n f o r m a t i o n s a v a i l a b l e f o r t h e f r e e l i g a n d i n s o l u t i o n r e l a t i v e t o t h e 
n o n - m e t h y l a t e d d e r i v a t i v e ( 5 7 ) . F u r t h e r m o r e , t h e m e t h y l g r o u p may a c t 
so as t o f a v o u r b i n d i n g c o n f o r m a t i o n s i n l i g a n d (58) r e l a t i v e t o l i g a n d 
( 5 7 ) . A l l t h a t may be s a i d i n t h i s case i s t h a t t h e g e m i n a l d i m e t h y l 
e f f e c t i s o p e r a t i v e f o r l i g a n d ( 5 8 ) , b u t w hether o r n o t t h i s a c t s t o 
enhance s e l e c t i v e l i t h i u m c o m p l e x a t i o n i s u n c l e a r . 

L i g a n d ( 5 9 ) e x h i b i t e d a l i t h i u m s e l e c t i v i t y t h a t was v e r y s i m i l a r t o 
t h a t o f l i g a n d ( 5 8 ) . However, l i g a n d (60) e x h i b i t e d a l o w e r l i t h i u m 
s e l e c t i v i t y t h a n f o r l i g a n d s (58) and ( 5 9 ) , y e t was s t i l l s l i g h t l y 
h i g h e r t h a n t h e n o n - m e t h y l a t e d d e r i v a t i v e ( 5 7 ) . There i s no doubt t h a t 
t h e s u b s t i t u e n t s o f l i g a n d (60) w i l l i n h i b i t 2:1 c o m p l e x a t i o n by sodium - 71 -



o r p o t a s s i u m . They may, however, a c t so as t o i n h i b i t 1:1 c o m p l e x a t i o n 
by l i t h i u m where t h e g e m i n a l d i m e t h y l e f f e c t i n t h i s case may hamper 
l i t h i u m c o m p l e x a t i o n r e l a t i v e t o l a r g e r sodium and p o t a s s i u m c a t i o n s . 

127 
I n a f u r t h e r s t u d y , K i t i z a w a s y n t h e s i s e d t h e b i s - c r o w n e t h e r 

(61) and assessed t h e l i t h i u m s e l e c t i v i t y o f t h i s l i g a n d under i d e n t i c a l 
e x p e r i m e n t a l c o n d i t i o n s t o t h e p r e v i o u s s t u d y . 

CH CnH 12' '25 inn 
o o X 

o 

o 

o 

o o o o 

6 1 

L i g a n d (61) was f o u n d t o e x h i b i t a much l o w e r l i t h i u m s e l e c t i v i t y 
t h a n l i g a n d (57) o f t h e p r e v i o u s s t u d y . The l i n k i n g m o i e t y i n l i g a n d 
(61) c o n f e r s g r e a t e r s t a b i l i t y on 2:1 complexes formed w i t h l a r g e r 
c a t i o n s ( N a + , K + ) t h a n t h o s e formed by t h e two u n l i n k e d crown r i n g s as 
f o r l i g a n d ( 5 7 ) , and hence t h e l o w e r l i t h i u m s e l e c t i v i t y o f l i g a n d (61) 
may be r a t i o n a l i s e d . 

There i s no doubt t h a t t h e s e l e c t i v i t y o f t h e u n s u b s t i t u t e d 
14-crown-4 s k e l e t o n f o r l i t h i u m can be d r a s t i c a l l y changed and, i n many 
cases augmented, by a p p r o p r i a t e c h o i c e o f n o n - d o n a t i n g s u b s t i t u e n t ( s ) . 

1.3.3.4 Donating Substituents on the 14-Crown-4 Skeleton 

I t has been shown t h a t h i g h s e l e c t i v i t y f o r l i t h i u m o v e r a l k a l i and 
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a l k a l i n e e a r t h m e t a l c a t i o n s can be a t t a i n e d u s i n g f o u r - c o o r d i n a t e 
126 197 

l i g a n d s . However, c r y s t a l s t r u c t u r e s (62) and (63) (amongst 
128 129 

o t h e r s ) ' i n d i c a t e a c o o r d i n a t i o n number o f f i v e f o r l i t h i u m 
( F i g u r e 1.52). 

06 

C20 
C19 

02 CI 1 05 

C10 03 04 12 L I 
C8 

C4 Ml 01 C2 
C10 

C7 C3 C15 CI s i C6 CI 
CIS 

(62) (63) 
Figure 1.52 Crystal Structures of LiSCN with (62) and 

Dibenzo-14-Crown-4-(63). 

I n t h e case o f t h e l i t h i u m complex o f dibenzo-14-crown-4 ( 6 3 ) , t h e 
l i t h i u m i o n c o o r d i n a t e s t o a l l f o u r oxygen atoms and i t s f i f t h 
c o o r d i n a t i o n s i t e i s o c c u p i e d by t h e t h i o c y a n a t e c o u n t e r a n i o n . I n t h e 
l i t h i u m complex o f l i g a n d ( 6 2 ) , t h e l i t h i u m i o n i s c o o r d i n a t e d t o a l l 
f o u r r i n g oxygen atoms b u t , i n t h i s case i t s f i f t h c o o r d i n a t i o n s i t e i s 
o c c u p i e d by a w a t e r m o l e c u l e which i s hydrogen bonded t o e t h e r and 
c a r b o n y l oxygens i n t h e s i d e arm. No c o o r d i n a t i o n t o t h e t h i o c y a n a t e 
c o u n t e r a n i o n i s seen i n t h i s complex. 

The c r y s t a l s t r u c t u r e o f l i g a n d (62) a r o u s e d i n t e r e s t i n t h e 
p o s s i b i l i t y o f augmenting t h e s t a b i l i t y and s e l e c t i v i t y o f 14-crown-4 
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l i t h i u m complexes by i n c o r p o r a t i n g a s i d e arm c o n t a i n i n g a donor atom 
c a p a b l e o f c o o r d i n a t i n g t o t h e c e n t r a l l i t h i u m i o n . I n t h e case o f 
l i g a n d ( 6 2 ) , t h e s i d e arm was o f i n a p p r o p r i a t e d e s i g n t o a f f o r d d i r e c t 

125 
a x i a l c o o r d i n a t i o n . W i t h t h i s i n mind, K i t i z a w a et al. made a 
d e t a i l e d s t u d y t o a s c e r t a i n t h e e f f e c t o f a d d i t i o n a l b i n d i n g s i t e s on 
t h e l i t h i u m s e l e c t i v i t y o f 14-crown-4 d e r i v a t i v e s , and l i g a n d s ( 6 4 ) - ( 7 0 ) 
were s y n t h e s i s e d . S e l e c t i v i t i e s were measured by embedding t h e l i g a n d s 
i n a PVC/NPOE membrane and u s i n g t h e f i x e d i n t e r f e r e n c e method. The 
s e l e c t i v i t i e s o f l i g a n d s ( 6 4 ) - ( 7 0 ) measured f o r l i t h i u m o v e r sodium and 
l i t h i u m o v e r p o t a s s i u m a r e shown i n F i g u r e 1.53. 

T h e r e i s o b v i o u s l y a d i s t i n c t e f f e c t o f a d d i t i o n a l b i n d i n g s i t e s on 
s e l e c t i v i t y f o r l i t h i u m . However, a s i g n i f i c a n t enhancement i n 
s e l e c t i v i t y r e l a t i v e t o l i g a n d ( 7 0 ) ( c o n t a i n i n g o n l y f o u r b i n d i n g s i t e s ) 
i s o n l y r e a l i s e d i n t h e case o f l i g a n d ( 6 7 ) , c o n t a i n i n g an amide g r o u p , 
and l i g a n d ( 6 9 ) c o n t a i n i n g a phosphonate g r o u p . T h i s can be r a t i o n a l i s e d 
by t h e f a c t t h a t amide and phosphonate g r o u p s , e x h i b i t i n g h i g h d i p o l e 
moments and b e i n g r e l a t i v e l y p o l a r i s a b l e , w i l l i n t e r a c t most s t r o n g l y 
w i t h c a t i o n s o f h i g h c h a r g e d e n s i t y such as l i t h i u m . 

L i g a n d s ( 6 4 ) , ( 6 6 ) and ( 6 8 ) e x h i b i t a l o w e r s e l e c t i v i t y f o r l i t h i u m 
t h a n l i g a n d ( 7 0 ) . T h i s c o u l d be because o f : ( i ) a more pronounced 
l a r i a t e t h e r e f f e c t b e i n g e x e r t e d on l a r g e r c a t i o n s (Na , K T ) t h a n on 
t h e s m a l l e r l i t h i u m c a t i o n and ( i i ) t h e f a c t t h a t t h e e s t e r groups o f 
l i g a n d s ( 6 6 ) and ( 6 8 ) and e t h e r g r o u p o f l i g a n d ( 6 4 ) f u n c t i o n as l e s s 
e f f e c t i v e i n h i b i t o r s o f 2:1 c o m p l e x a t i o n o f l a r g e r c a t i o n s t h a n t h e 
d o d e c y l g r o u p o f l i g a n d ( 7 0 ) . The l i k e l i h o o d i s t h a t a c o m b i n a t i o n o f 
t h e s e f a c t o r s r e s u l t s i n t h e measured s e l e c t i v i t i e s f o r t h e s e l i g a n d s . 

The c l e a r message f r o m t h i s s t u d y i s t h a t t h r o u g h a p p r o p r i a t e 
c h o i c e o f s i d e arm d o n o r (amide and p h o s p h o n a t e ) , a u g m e n t a t i o n o f t h e 
l i t h i u m s e l e c t i v i t y d i s p l a y e d by t h e 14-crown-4 s k e l e t o n i s p o s s i b l e 
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(67) R 2 = C I I 2 C ( 0 ) N E t 2 229 316 
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F i g u r e 1.53 Lithium Selectivity of Some l/t-Crown-4 Derivatives 
Bearing Additional Axial Donor Sites, as Measured 
Potent iometricaliy by the Fixed Interference Method. 



t h r o u g h a x i a l c o o r d i n a t i o n . 
S y n t h e t i c work on c y c l i c and a c y c l i c systems has, t o d a t e , n o t 

a r r i v e d a t a l i t h i u m i o n o p h o r e c a p a b l e o f a c c u r a t e l y m o n i t o r i n g l i t h i u m 
l e v e l s (0.5 mM - 1.0 mM) i n t h e b l o o d o f a p a t i e n t b e i n g t r e a t e d w i t h 
l i t h i u m c a r b o n a t e . Three o f t h e most p r o m i s i n g i o n o p h o r e s t o d a t e a r e 

Pot 
shown i n F i g u r e 1.54, a l o n g w i t h l o g v a l u e s f o r d i f f e r i n g 

Pot 
i n t e r f e r i n g i o n s . A t a b l e o f l o g r e q u i r e d i n o r d e r t o a t t a i n l e s s 
t h a n 17. i n t e r f e r e n c e f r o m o t h e r i o n s d u r i n g c l i n i c a l l i t h i u m i o n 
measurement i s a l s o shown as a comparison. 
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Figure 1.54 Lithium Selectivities of the Most Promising Lithium 
Ionophores as Measured Potentiometrically by the Fixed 
Interference Method; Values in parentheses indicate 
fixed background concentrations; ^Reference 130; 
*Required Values for < /7. Interference. 

I n a l l t h r e e cases, measurements were p e r f o r m e d u s i n g t h e f i x e d 
i n t e r f e r e n c e method i n membranes t h a t were, a s i d e f r o m c a r r i e r s , o f 

75 



i d e n t i c a l c o m p o s i t i o n . L i g a n d (10) v a l u e s were measured w i t h 
i n t e r f e r e n t i o n s a t c o n c e n t r a t i o n s comparable t o t h o s e f o u n d i n whole 
b l o o d . However, v a l u e s f o r l i g a n d s (71) and (72) were measured a g a i n s t 
a background c o n c e n t r a t i o n o f 50 mM sodium c h l o r i d e , which p r o b a b l y 

Pot 
means t h a t l o g v a l u e s f o r t h e s e l i g a n d s a r e somewhat h i g h e r t h a n 
would be expected under p h y s i o l o g i c a l c o n d i t i o n s (140 mM Na C l ) . 

1.3.4 Ionophores Designed for Lithium Extraction 

Many o f t h e same c o n s i d e r a t i o n s p e r t i n e n t t o t r a n s p o r t a b i l i t y 
( l i p o p h i l i c i t y o f l i g a n d and c o u n t e r i o n , b i n d i n g a b i l i t y and s e l e c t i v i t y 
o f l i g a n d ) a r e a l s o p e r t i n e n t t o e x t r a c t i o n . However, t h e l i t h i u m 
s e l e c t i v e l i g a n d s d e s c r i b e d so f a r i n S e c t i o n 1.3 have p r i m a r i l y been 
d e s i g n e d f o r use i n i o n s e l e c t i v e e l e c t r o d e s and i n membrane t r a n s p o r t . 
T h e r e f o r e s t u d i e s have r e f l e c t e d t h e f u n c t i o n s f o r which t h e s e l i g a n d s 
a r e i n t e n d e d and e x t r a c t i o n s t u d i e s a r e r e l a t i v e l y s p a r s e . 

HOOC 

C,„H C.„H 10"21 10' "21 6 6 ~<5 

HOOC 

CH„OCH,Ph CH2OCH,Ph CH„0 CH»0 

J> 6 6 ^° ^ o o U K U ^ U 
(73) (74) (75) ( 7 6 ) 

Figure 1.55 
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S t u d i e s by B a r t s c h " however, i n d i c a t e t h a t t h e 14-crown-4 s k e l e t o n 
p r o v i d e s t h e most e f f i c i e n t and s e l e c t i v e e x t r a c t i o n f o r l i t h i u m o v e r 
a l k a l i and a l k a l i n e e a r t h m e t a l c a t i o n s . F u r t h e r m o r e , when l i t h i u m 

120 
e x t r a c t i o n e f f i c i e n c i e s and s e l e c t i v i t i e s were compared t o 
c o r r e s p o n d i n g v a l u e s f o r l i t h i u m t r a n s p o r t i n PVC-based membranes f o r 
l i g a n d s ( 7 3 ) - ( 7 6 ) a good c o r r e l a t i o n was seen ( F i g u r e 1.55). 

I t t h u s seems l i k e l y t h a t h i g h l y s e l e c t i v e l i g a n d s f o r l i t h i u m 
t r a n s p o r t a l r e a d y o u t l i n e d , w i l l a l s o f u n c t i o n as e f f i c i e n t , h i g h l y 
s e l e c t i v e l i g a n d s f o r l i t h i u m e x t r a c t i o n . 

1.3.5 Anionic Ligands for Lithium Extraction 

The n a t u r e o f t h e c o u n t e r a n i o n has marked e f f e c t s on t h e e f f i c i e n c y 
and, i n some cases, t h e s e l e c t i v i t y o f e x t r a c t i o n . S m a l l , h a r d a n i o n s 

122 
w i l l e x t r a c t l e s s e a s i l y t h a n l a r g e , l i p o p h i l i c ones. B a r t s c h 
reasoned t h a t i n c o r p o r a t i o n o f t h e h i g h l y l i t h i u m s e l e c t i v e 14-crown-4 
s k e l e t o n i n t o a l i p o p h i l i c crown e t h e r c a r b o x y l i c a c i d m i g h t p r o v i d e 
n o v e l r e a g e n t s f o r t h e s o l v e n t e x t r a c t i o n o f t h e l i t h i u m c a t i o n f r o m 
aqueous s o l u t i o n s . Such i o n i s a b l e crown e t h e r s w o u ld t h u s have t h e 
a dvantage t h a t c o n c o m i t a n t t r a n s f e r o f an aqueous c o u n t e r a n i o n i s n o t 
r e q u i r e d . To t h i s end, he s y n t h e s i s e d l i g a n d s (75) and (77) and 
p e r f o r m e d c o m p e t i t i v e s o l v e n t e x t r a c t i o n s o f aqueous s o l u t i o n s o f 
l i t h i u m , sodium, p o t a s s i u m , r u b i d i u m and caesium c h l o r i d e s 
( F i g u r e 1.56). 

I t was shown t h a t b o t h l i g a n d s (75) and (77) s e l e c t i v e l y e x t r a c t e d 
l i t h i u m o v e r sodium w i t h a r a t i o o f 19:1 and 20:1 r e s p e c t i v e l y . 
F u r t h e r m o r e , no e x t r a c t i o n o f K +, Rb + o r C s + was seen f o r e i t h e r l i g a n d . 
The e x t r a c t i o n e f f i c i e n c y was h i g h l y dependent on t h e pH o f t h e aqueous 
s o u r c e phase. Under a c i d i c o r n e u t r a l c o n d i t i o n s , l i t t l e o r no 
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e x t r a c t i o n was o b s e r v e d , whereas maximum e x t r a c t i o n e f f i c i e n c y (857. o r 
g r e a t e r l o a d i n g ) was o b s e r v e d a t pH 10-11. The f a c t t h a t e x t r a c t i o n was 
p o s s i b l e w i t h t h e s m a l l , h a r d c h l o r i d e c o u n t e r a n i o n , added t o t h e pH 
dependence o f e x t r a c t i o n , b o t h suggest t h a t e x t r a c t i o n i s e f f e c t e d by 
t h e i o n i s e d f o r m o f t h e l i g a n d . 

o c 

Rb No e x t r a c t i o n of K INa 2 0 L i 

o U U 1 o OCH C 1 nH 10' '21 

HOOC 
Figure 1.56 Results of Competitive Solvent Extractions 

of Aqueous Solutions of Lithium, Sodium, 
Potassium, Rubidium and Caesium Chlorides 
with Ligands (75) and (77). 

The o u t s t a n d i n g l i t h i u m s e l e c t i v i t y o b t a i n e d w i t h l i p o p h i l i c 
l i g a n d s (75) and ( 7 7 ) encourages a p p l i c a t i o n o f t h e s e , and c l o s e l y 
r e l a t e d , c o m p l e x i n g a g e n t s f o r t h e r e c o v e r y o f l i t h i u m f r o m n a t u r a l 

131 
s o u r c e s and waste s t r e a m s . Subsequent s t u d i e s by B a r t s c h on 
16-crown-5 c a r b o x y l i c a c i d and phosphonic a c i d d e r i v a t i v e s as sodium 
s e l e c t i v e e x t r a c t a n t s , i n d i c a t e a s t r o n g i n f l u e n c e o f t h e n a t u r e o f t h e 
a n i o n i c g roup and t h e l e n g t h o f s i d e arm i n c o r p o r a t i n g t h e a n i o n i c 
g r o u p , on e x t r a c t i o n b e h a v i o u r . C l e a r l y o p t i m a l l i t h i u m e x t r a c t i o n 
m i g h t be a c h i e v e d when: ( i ) t h e a n i o n i c donor i s i n an optimum 
o r i e n t a t i o n f o r c o o r d i n a t i o n t o t h e c a v i t y bound l i t h i u m c a t i o n and ( i i ) 
a phosphonic a c i d g r o u p i s used, b o t h t o complement t h e s m a l l , h i g h l y 
c harged l i t h i u m c a t i o n and, as i t i s more a c i d i c , t o i n c r e a s e t h e pH 
range o v e r w h i c h e f f e c t i v e l i t h i u m e x t r a c t i o n m i g h t t a k e p l a c e . 
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1.3.6 Scope of This Work 

The work r e p o r t e d i n t h i s t h e s i s can be d i v i d e d i n t o two d i s t i n c t 
a r e a s . The f i r s t i n v o l v e s t h e s y n t h e s i s o f a s e r i e s o f mono- and d i -
f u n c t i o n a l i s e d 14-crown-4 d e r i v a t i v e s . A l l f u n c t i o n a l groups c o n t a i n 
oxygen d o n o r s , b u t d i f f e r i n two r e s p e c t s : ( i ) i n t h e n a t u r e o f t h e 
donor s i t e s ( a l c o h o l , e t h e r , e s t e r , amide) and ( i i ) i n t h e c h e l a t e r i n g 
s i z e ( f i v e o r s i x ) formed by c o o r d i n a t i o n o f s i d e arm donors t o t h e 
m e t a l c a t i o n . 

The purpose o f t h i s s t u d y was t w o - f o l d : ( i ) t o s y n t h e s i s e a n e u t r a l 
l i t h i u m s e l e c t i v e i o n o p h o r e and ( i i ) t o g a i n a more t h o r o u g h 
u n d e r s t a n d i n g o f t h e e f f e c t o f c h e l a t e r i n g s i z e and n a t u r e o f donor 
groups on r e s u l t a n t l i t h i u m s e l e c t i v i t y . 

C o m p l e x a t i o n s t u d i e s between t h e s e l i g a n d s and a number o f a l k a l i 
and a l k a l i n e e a r t h m e t a l c a t i o n s by Fa s t Atom Bombardment, NMR and 
P o t e n t i o m e t r i c methods have been u n d e r t a k e n ( C h a p t e r 2 ) . 

The second a r e a i n v o l v e s t h e s y n t h e s i s o f a s e r i e s o f amide 
N - f u n c t i o n a l i s e d m a c r o c y c l e s . The e f f e c t o f r i n g s i z e , c h e l a t e r i n g 
s i z e and l i g a n d c o o r d i n a t i o n number, on s e l e c t i v i t y f o r a l k a l i and 
a l k a l i n e e a r t h m e t a l c a t i o n s was i n v e s t i g a t e d u s i n g F a s t Atom 
Bombardment, NMR and pH m e t r i c t e c h n i q u e s ( C h a p t e r 3 ) . 

F i n a l l y ( C h a p t e r 4) c o n t a i n s t h e e x p e r i m e n t a l p r o c e d u r e s f o r t h e 
p r e p a r a t i o n o f compounds, and a l s o b r i e f l y d e s c r i b e s t h e methods used t o 
d e t e r m i n e t h e s t a b i l i t i e s and s e l e c t i v i t i e s o f c o m p l e x a t i o n . 
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CHAPTER TWO 

SYNTHESIS AND COMPLEXING STUDIES OF SOME 
14-CROWN-4 DERIVATIVES. 



2.1 INTRODUCTION 

The aim o f t h i s work was t o s y n t h e s i s e a n e u t r a l l i t h i u m s e l e c t i v e 
i o n o p h o r e f o r i n c o r p o r a t i o n i n t o a l i t h i u m s e l e c t i v e e l e c t r o d e t o 
m o n i t o r l i t h i u m i o n c o n c e n t r a t i o n s i n p h y s i o l o g i c a l and aqueous media. 
As has been mentioned i n Chapter 1 , t h e C - f u n c t i o n a l i s e d , t e t r a 
c o o r d i n a t e 14-crown-4 ( 1 , 4 , 8 , 1 1 - t e t r a o x a c y c l o t e t r a d e c a n e ) s k e l e t o n has 
formed t h e b a s i s o f many e x i s t i n g n e u t r a l l i t h i u m s e l e c t i v e i o n o p h o r e s . 

127 
X-ray c r y s t a l s t r u c t u r e s o f dibenzo-14-crown-4 (63) and benzo-13-
crown-4 ( 7 8 ) 1 3 2 w i t h LiSCN ( F i g u r e 2.0) have shown t h a t t h e l i t h i u m 
c a t i o n c o o r d i n a t e s t o a l l f o u r r i n g oxygens, b u t t h a t t h e r e i s a f i f t h 
a x i a l c o o r d i n a t e s i t e , t h a t i s i n b o t h cases, o c c u p i e d by t h e t h i o -
c y a n a t e c o u n t e r a n i o n . F u r t h e r , t h e c r y s t a l s t r u c t u r e o f spherand (37) 

97 
w i t h LiSCN , has shown t h e l i t h i u m i o n t o e x h i b i t an a l m o s t p e r f e c t 
o c t a h e d r a l c o o r d i n a t i o n w i t h t h e s i x methoxy groups ( F i g u r e 2 . 0 ) . T h i s 
s u ggests t h e p o s s i b i l i t y o f augmenting t h e l i t h i u m s t a b i l i t i e s and 
s e l e c t i v i t i e s e x h i b i t e d by t h e 14-crown-4 s k e l e t o n t h r o u g h i n c o r p o r a t i n g 
a d d i t i o n a l a x i a l donor s i t e s a t t a c h e d d i r e c t l y t o t h e r i n g , t o e f f e c t 
t h r e e - d i m e n s i o n a l d i s c r i m i n a t i o n . F u r t h e r , f o r reasons p r e v i o u s l y 
o u t l i n e d ( C h a p t e r 1 ) , a x i a l amide donors would seem t h e most p r o m i s i n g 
c a n d i d a t e s . W i t h t h i s i n mind t h e f i r s t t a r g e t i o n o p h o r e a t t h e o u t s e t 
o f t h i s s t u d y was l i g a n d ( 7 9 ) . I n t h i s l i g a n d , t h e a x i a l amide donors 
above and below t h e p l a n e o f t h e crown e t h e r r i n g m i g h t be exp e c t e d t o 
c o m p l e t e an o c t a h e d r a l c o o r d i n a t i o n sphere around t h e c a v i t y bound 
l i t h i u m i o n . 
2.2 SYNTHESIS OF LIGANDS 

I n t h e f i r s t a t t e m p t e d s y n t h e s i s o f l i g a n d ( 7 9 ) , a p r o c e d u r e 
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b) (a) 

c) 

Figure 2.0 Crystal Structures of (a) (78)-LiSCN (Ref 134); 
(b) (6SJ-USCN (Ref 129) and (c) (S7)-liSCN (Ref 99) n 

o CONMe 

/'"""'CONMe 
O o 

Structure (79) 



,80 deve l o p e d by Lehn was f o l l o w e d . T h i s i n v o l v e d r e a c t i n g t h e d i t h a l l i u m 
i t 

a l k o x i d e o f RR(+)-N,N,N,N - t e t r a m e t h y l t a r t r a m i d e (80) w i t h 4,7-dioxa-
d i i o d o d e c a n e (81) i n anhydrous d i m e t h y l formamide a t 70°C (Scheme 2 . 1 ) . 

*0 
(8 0) 

CONMe, 
(1 ) 

Her V CONMe, 

\ ^ C O N M e 2 

"'CONMe, 

(81) 
(7 9) 

Scheme 2.1 (1) DMF (dry), TlOEt, J V 2 , 70<>C. 

i t 
RR(+)-N,N,N,N,-tetramethyl t a r t r a m i d e was p r e p a r e d f r o m R R ( + ) - d i e t h y l 
t a r t r a t e (82) by a d d i n g anhydrous d i m e t h y l a m i n e t o a s o l u t i o n o f (82) i n 
anhydrous e t h a n o l (Scheme 2 . 2 ) . 

COOEt HO 
( D 

CONMe, 

60% 
HO % COOEt HO^ \ CONMe, 

(8 0) 

Scheme 2.2 (1) NMe2H (dry), EtOH (Dry), N2 • 

4,7 D i o x a - 1 , 1 0 - d i i o d o d e c a n e (81) was p r e p a r e d f r o m 4,7 dioxa-1,10-
d i c h l o r o d e c a n e (83) by r e f l u x i n g i n a s o l u t i o n o f a n a l a r a c e t o n e w i t h 
powdered sodium i o d i d e . The d i c h l o r i d e (83) was i n t u r n p r e p a r e d by 
dr o p w i s e a d d i t i o n o f t h i o n y l c h l o r i d e t o a r e f l u x i n g m i x t u r e o f 4,7 
d i o x a d e c a n e - 1 , 1 0 - d i o l (84) and p y r i d i n e i n t o l u e n e , and r e f l u x i n g t h e 
r e s u l t i n g system f o r 24 hou r s (Scheme 2 . 3 ) . 
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.0 OH 
0 ) 

62% 
sO OH 

C! 

O CI 

(2) 
78% 

(8 4) (8 3) (81) 

Scheme 2.3 (1) SOCh, pyridine, toluene, fa, Reflux 
(2) Nal, acetone, fa . 

I h e s y n t h e s i s o f t h e d i o l ( 8 4 ) was a t t e m p t e d by t h r e e d i f f e r e n t r o u t e s : 
The f i r s t r o u t e (Scheme 2.4) i n v o l v e d t o s y l a t i o n o f t h e r e a d i l y 

a v a i l a b l e t r i e t h y l e n e g l y c o l (85) u s i n g p - t o l u e n e s u l p h o n y l c h l o r i d e and 
p y r i d i n e a t 0°C. 

j OH 
(1) 
8 6 % 

r» OH w 
(8 5) 

OTs 
(2) / 

X> OTs 

(8 6) 

35% 

OH 

OH 

(84) 

i CN 

O CN w 
(87) 

O COOH 

^ O COOH 

(8 8) 

Scheme 2.4 (1) TsCl, pyridine, (PC, fa; 
(2) DMSO, KCN, RT. 
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The white crystalline ditosylate (86) was then reacted with potassium 
cyanide in anhydrous dimethyl sulphoxide at room temperature for five 
days, to yield the d i n i t r i l e (87). However, attempts to hydrolyse the 
d i n i t r i l e , both under acidic and basic conditions, yielded very low 
amounts of impure product and this route was abandoned. 

The second route (Scheme 2.5), involved reacting two equivalents of 
the monosodium salt of 1,3-propanediol with one equivalent of ethane-
1,2-di-p-toluene sulphonate (89) under anhydrous conditions, at 60°C, 
using excess 1,3-propanediol as a solvent. Though this route gave the 
desired product, the yield (97.) was very low and purification proved 
d i f f i c u l t . n n n OH 1) (2 

9°/< HO OH HO ONa 

OH 

(8 4) 

Scheme 2.5 (1) Na(s), excess 1,3-propanediol, N^; (2) 
Ethane-1,2-di-p-toluene sulphonate, Nv, 60°C. 

The third route (Scheme 2.6) involved f i r s t l y , the dropwise 
addition of two equivalents of acrylonitrile (90) to a stirred two phase 
system composed of one equivalent of ethane-1,2-diol (91) and a 27. 
aqueous sodium hydroxide solution at 0°C. This yielded the d i n i t r i l e 
(87), which was converted into the corresponding diester (92) by 
refluxing in an ethanol/sulphuric acid mixture. Finally the diester 
(92) was reduced using lithium aluminium hydride to yield the desired 
diol product (84). The overall yield of this process was 377. and 
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p u r i f i c a t i o n a t each s t a g e proved s t r a i g h t f o r w a r d . T h e r e f o r e , i t was 
t h i s r o u t e t h a t was used i n o r d e r t o p r e p a r e b u l k q u a n t i t i e s o f 4,7-
d i o x a d e c a n e - 1 , 1 0 - d i o l ( 8 4 ) . 

(9 0) 
CN 

CN 
OH 

85% CN O (8 7) OH CN CM 

n 
COOEt OH O (3 

5 1 % 
COOEt OH O 

(9 2) 
8 4) 

Scheme 2.6 (1) 27. NaOH(aq), RT; (2) EtOH, HoS04(conc), 
Reflux; Ei20, LiAlHA, N2-

The c y c l i s a t i o n (Scheme 2.1) however, was l a r g e l y u n s u c c e s s f u l . 
Some e v i d e n c e f o r l i g a n d (79) was seen b u t t h i s p r o v e d t o be a v e r y 
minor p r o d u c t , and f u r t h e r m o r e , s e p a r a t i o n o f t h e d e s i r e d c y c l e (79) 
f r o m o t h e r p r o d u c t s by b o t h chromatography and c r y s t a l l i s a t i o n was n o t 

1 13 
e n t i r e l y s u c c e s s f u l . H NMR, C NMR, IR and mass s p e c t r a l d a t a showed 
t h a t t h e major p r o d u c t was 4,7-dioxadeca-1,9-diene ( 9 3 ) . The p r e f e r e n c e 
f o r e l i m i n a t i o n i n t h i s system i s s u r p r i s i n g s i n c e a p r i m a r y a l k y l 
i o d i d e i s used i n d i m e t h y l f o r m a m i d e , b o t h o f w h i c h s h o u l d promote 
n u c l e o p h i l i c s u b s t i t u t i o n by t h e S N2 mechanism. However, t h e r e a c t i o n 
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was r e p e a t e d and once a g a i n 4,7-dioxadeca-1,9-diene was f o u n d t o be t h e 
major p r o d u c t . 

CONMe H 

O 
CONMe TsO 

Structure (93) Structure (%) 

I n o r d e r t o a l l e v i a t e t h e p r o b l e m o f e l i m i n a t i o n , two p o s s i b l e 
a l t e r n a t i v e s were c o n s i d e r e d : 

The f i r s t a l t e r n a t i v e i s d e p i c t e d i n Scheme 2.7. I n t h i s r e a c t i o n , 
t h e d i s o d i u m a l k o x i d e o f 4 , 7 - d i o x a d e c a n - 1 , 1 0 - d i o l was formed i n DMF 
under anhydrous c o n d i t i o n s and t o t h i s was added 1 , 2 - d i - p - t o l u e n e 

i t 
s u l p h o n y l N,N,N,N - t e t r a m e t h y l s u c c i n a m i d e ( 9 4 ) . n n 

OH TsO 

+ 
CONMe CONMe TsO OH u (9 4) 

(7^ (8 4) 
Scheme 2.7 (1) DMF, Na(s), 6(PC, N2. 

The r e a c t i o n m i x t u r e was t h e n h e a t e d t o 60 C and m a i n t a i n e d a t t h i s 
t e m p e r a t u r e o v e r n i g h t . U n f o r t u n a t e l y , r a t h e r t h a n y i e l d i n g t h e d e s i r e d 
c y c l e ( 7 9 ) , t h e d i s o d i u m a l k o x i d e a c t e d as a base t o y i e l d e l i m i n a t e d 
p r o d u c t (95) ( a b o v e ) . I n r e t r o s p e c t , t h i s seemed a r e a c t i o n u n l i k e l y t o 
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succeed owing t o t h e h i g h a c i d i t y o f t h e hydrogen atoms a t t a c h e d t o t h e 
i 

secondary carbon atoms i n 1 , 2 - d i - p - t o l u e n e s u l p h o n y l N,N,N,N-tetra-
m e t h y l s u c c i n a m i d e (94) t h a t promote base c a t a l y s e d e l i m i n a t i o n . 

The second a l t e r n a t i v e was t o s y n t h e s i s e 2 , 2 , 9 , 9 - b i s - d i m e t h y l - 4 , 7 -
d i o x a - 1 , 1 0 - d i i o d o d e c a n e ( 9 6 ) , i n which hydrogen atoms (/?) t o t h e p r i m a r y 
i o d i d e groups a r e r e p l a c e d by m e t h y l g r o u p s , t h e r e f o r e r e n d e r i n g 
e l i m i n a t i o n d u r i n g t h e c y c l i s a t i o n i m p o s s i b l e (Scheme 2 . 8 ) . X 

o 

o 

X 
HO. kCONMe2 

+ 
v ) 

kCONMe, 

HO "*CONMe2 

(8() 
"**'CONMe5 

X X 
(96) (97) 

Scheme 2.8 ( I ) DMF, TlOEt, 60°C, N2. 

I n o r d e r t o s y n t h e s i s e t h e d i i o d i d e ( 9 6 ) , i t was f i r s t n e c e s s a r y t o f o r m 
2 , 2 , 9 , 9 - b i s d i m e t h y l - 4 , 7 - d i o x a - d e c a n e - l , 1 0 - d i o l ( 9 8 ) . T h i s was a t t e m p t e d 
by two r o u t e s : 

I n t h e f i r s t r o u t e , sodium m e t a l was added t o an excess o f 2,2-
d i m e t h y l - 1 , 3 - p r o p a n e d i o l ( 9 9 ) s t i r r e d a t 50°C i n anhydrous d i m e t h y l -
formamide, so as t o f o r m t h e monosodium s a l t . To t h i s was added ethane-
1 , 2 - d i - p - t o l u e n e s u l p h o n a t e (89) and t h e m i x t u r e s t i r r e d a t 50°C under 
n i t r o g e n f o r 12 hours (Scheme 2 . 9 ) . The y i e l d o f crude d e s i r e d p r o d u c t 
(98) was low (157.) and c o m p l e t e s e p a r a t i o n f r o m excess d i o l ( 9 9 ) by 
c r y s t a l l i s a t i o n , d i s t i l l a t i o n and chromatography was n o t s u c c e s s f u l . 
F u r t h e r m o r e , a t t e m p t s t o s e p a r a t e (99) and (98) by t o s y l a t i o n , 
m e s y l a t i o n o r c h l o r i n a t i o n f o l l o w e d by chromatography, d i s t i l l a t i o n o r 
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c r y s t a l l i s a t i o n o f r e s p e c t i v e t o s y l a t e s , m e s y l a t e s o r c h l o r i d e s , a l s o 
p r o v e d u n s u c c e s s f u l . X 

(1) (2) 15% 

HO OH HO ONa+ 
(9 9) 

OH 

OH 

(9 8) 
Scheme 2.9 ( I ) Na(s), DMF (dry), N2, 50^C; (2) Ethane-1,2-

di-p-toluene sulphonate, fa, 15°C. 

The second r o u t e i s d e p i c t e d i n Scheme 2.10. 

(1) (2) 79% 

HO OH 92% HO CH2OCH2Ph 
(9 9) (100) 

TsO 

(3) 

X 
O OH 

X 

(101) 
CH2OCH2Ph 

49% 

(5) 
CH2OCH2Ph (4) 

O OH CH2OCH2Ph 
CH2OCH2Ph 

(9 8) (103) 

Scheme 2.10 (1) PhCfaCl, Pr4N+Br , THF, NaOff(s), Reflux(fa); (2) 
TsCl, pyridine, (PC; (3) EI, DMF, 9(PC; (4) Ethane-1,2-
diol, N a f f , DMF(fa); (5) Pd/C hydrogenation). 
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F o r m a t i o n o f t h e monobenzylether (100) proved s u c c e s s f u l . T h i s was t h e n 
t o s y l a t e d u s i n g p - t o l u e n e s u l p h o n y l c h l o r i d e and p y r i d i n e a t 0°C t o y i e l d 
t h e t o s y l a t e (101) as a w h i t e s o l i d . A t t e m p t s t o f o r m t h e i o d i d e (102) 
i n a n a l a r acetone u s i n g p o t a s s i u m i o d i d e f a i l e d , b u t when t h e s o l v e n t 
was changed t o d i m e t h y l f o r m a m i d e t h e r e a c t i o n p r o v e d s u c c e s s f u l . 
D i m e t h y l f o r m a m i d e i s more a b l e t h a n a c e t o n e , t o s o l v a t e t h e p o t a s s i u m 
c a t i o n so as t o l e a v e a 'naked' i o d i d e i o n . I t may t h e r e f o r e be 
i n f e r r e d t h a t Sj^2 s u b s t i t u t i o n on t h e t o s y l a t e (101) i s a p p r e c i a b l y more 
d i f f i c u l t t h a n f o r 4 , 7 - d i o x a - 1 , 1 0 - d i c h l o r o d e c a n e (Scheme 2 . 3 ) . A t t e m p t s 
t o f o r m t h e d i b e n z y l e t h e r (103) by r e a c t i n g t h e i o d i d e (102) w i t h t h e 
d i s o d i u m a l k o x i d e o f e t h a n e - 1 , 2 - d i o l i n d i m e t h y l f o r m a m i d e p r o v e d 
u n s u c c e s s f u l , r e - e m p h a s i s i n g t h e h i n d r a n c e imposed on S^2 s u b s t i t u t i o n 
by t h e b u l k y e l e c t r o n d o n a t i n g d i m e t h y l m o i e t y . 

A second a t t e m p t t o s y n t h e s i s e t h e t a r g e t c y c l e (79) f o l l o w e d a 
133 

p r o c e d u r e by Okahara ' (Scheme 2.11). n n 
o CI HO CONMe CONMe J (1 

o o CI HO CONMe CONMe u (8 0) 

(83) (7$ 
Scheme 2.11 (1) t-BuOU, Li Br, H20, Li(s), Reflux(N2). 

T h i s p r o c e s s i n v o l v e d t h e f o r m a t i o n o f t h e d i l i t h i u m a l k o x i d e o f RR(-)-
' ' t N,N,N,N - t e t r a m e t h y l t a r t r a m i d e ( 80) i n b u t a n o l under n i t r o g e n , 

f o l l o w e d by t h e a d d i t i o n o f 4 , 7 - d i o x a - 1 , 1 0 - d i c h l o r o d e c a n e and l i t h i u m 
bromide. The m i x t u r e was r e f l u x e d f o r 2 weeks. The use o f l i t h i u m 
bromide was e s s e n t i a l t o ensure c y c l i s a t i o n i n t h e o r i g i n a l p r o c e d u r e by 
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Okahara (Scheme 2.12), and i t was i n f e r r e d t h a t i t s f u n c t i o n was t o 
promote a halog e n exchange t o f o r m t h e b r o m i d e / d i b r o m i d e d e r i v a t i v e o f 
( 8 3 ) . 

O CI / \ 
O ( HO CH,OCH-,Ph y CHoOCHoPh 

+ (1 70% 
CI HO O ( W (104) 

00$ (10^ 

Scheme 2.12 (1) Li(s), t-BuOH, LiBr, H20, Reflux(N2). 

The s u c c e s s f u l c y c l i s a t i o n d e p i c t e d i n Scheme 2.12 was a t t r i b u t e d t o t h e 
heterogeneous r e a c t i o n o f t h e d i s p e r s e d l i t h i u m s a l t o f t h e d i o l ( 1 0 4 ) , 
i n which t h e c o u p l i n g by t h e a t t a c k o f t h e p r i m a r y a l k o x i d e o f t h e d i o l 
( 1 0 4 ) , and t h e subsequent i n t r a m o l e c u l a r a t t a c k o f t h e secondary 
a l k o x i d e , must o c c u r a d v a n t a g e o u s l y under t h e i n f l u e n c e o f a l i t h i u m 
t e m p l a t e e f f e c t . By way o f example, i n t h e c y c l i s a t i o n a t t e m p t by 
Okahara (Scheme 2.13), t h e d i l i t h i u m a l k o x i d e o f e t h a n e - 1 , 2 - d i o l was 
s o l u b l e i n t h e ^ b u t a n o l s o l v e n t - t h i s r e s u l t e d i n a homogeneous 
r e a c t i o n and no p r o d u c t c o u l d be d e t e c t e d a f t e r 10 days. 

o ci HO C + 
HO CI 0 ; w 91) 

(I05J (107) 
Scheme 2.13 (1) Li(s), t-BuOH, LiBr, H20, Reflux(N2). 

The f o r m a t i o n o f t h e c y c l e (79) by t h i s p r o c e d u r e y i e l d e d d e s i r e d 
p r o d u c t a t t h e f i r s t a t t e m p t , b u t t h e y i e l d (~ 27.) was v e r y low and t h e 
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r e a c t i o n p r o v e d i r r e p r o d u c i b l e : two f u r t h e r c y c l i s a t i o n a t t e m p t s y i e l d e d 
no f u r t h e r c y c l e (.79). The d i l i t h i u m a l k o x i d e o f t h e d i o l ( 8 0) was 
s o l u b l e i n t h e r e a c t i o n s o l v e n t and a homogeneous system r e s u l t e d . The 
imp o r t a n c e o f a heterogeneous system i n o r d e r t o a c h i e v e a r e a s o n a b l e 
y i e l d o f d e s i r e d p r o d u c t by t h i s method, was t h u s re-emphasised. 

121 
S t i m u l a t e d by t h e s u c c e s s f u l c y c l i s a t i o n by B a r t s c h o f 2-

b e n z y l o x y - 1 , 4 , 8 , 1 1 - t e t r a o x a c y c l o t e t r a d e c a n e (108) (Scheme 2.14) by 
133 

f o l l o w i n g t h e Okahara p r o c e d u r e , t h e p o s s i b i l i t y o f s y n t h e s i s i n g 
monobenzyloxy- (108) and d i b e n z y l o x y - (109) 14-crown-4 d e r i v a t i v e s 
became a p p a r e n t . n n CHoOCH,Ph O CHoOCH,Ph HO CI C o HO CI O u (104) 

A08) 
8 3 n 

o CHoOCHoPh 

o ^ " > o CHoOCHoPh 

(109) 

Scheme 2.14 (1) Li(s), t-BuOH, HBr, foO, Reflux(N2). 

I t was hoped t h a t once t h e b e n z y l o x y d e r i v a t i v e s (108) and (109) had 
been made, t h e r i n g system m i g h t remain i n t a c t w h i l s t r e a c t i o n s were 
p e r f o r m e d t o v a r y t h e l e n g t h and n a t u r e o f a x i a l g r o u p s . Thus, 3-
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CH 2 OH HO CH 2 OCH 2 Ph CHoOCHoPh 

xr- y 2 
70% 85% 

HO 

(110) (104) (112) 

Scheme 2.15 ( I ) NaOH(s), PhCH2Cl, Pr4N+Br . THF, Reflux(N2); 
(2) 1M acetic acid, 10CPC, lh. 

HO^ ^ C O O E t 
(D 
85% 

H O ' '""COOEt 

k COOEt 
(2) 

80% 
O ^ "**COOEt 

(8 2) (112) 

HO^ ^ C H 2 O C H 2 P h 

(4) 

O^ ^ C H 2 O H 

(113) 

'""'CH^OH 

(3) 60% 

9 0 % 
HO "CH 2 OCH 2 Ph 

( m ) 

(X. ^ C H 2 O C H 2 P h 

O **'CH 2 OCH 2 Ph 

(114) 

Scheme 2.16 (1) Dimethoxypropane, toluene, p-toluene sulphonic 
acid, 900 C, sh, N2; (2) NaBH±, EUj; (3) Na0H(s), 
PhCH2Cl, Pr4N*Br, THF, Reflux(N2); (4) 1M acetic 
acid, 10(PC, lh. 



b e n z y l o x y - p r o p a n e - 1 , 2 - d i o l (104) was p r e p a r e d f r o m c o m m e r c i a l l y 
a v a i l a b l e 2 , 2 - d i m e t h y l - 4 - h y d r o x y m e t h y l - 1 , 3 - d i o x a l a n e ( 1 1 0 ) , by 
b e n z y l a t i o n f o l l o w e d by h y d r o l y s i s o f t h e d i o x a l a n e r i n g a c c o r d i n g t o 
t h e p r o c e d u r e by Howe and M a l k i n 1 3 4 (Scheme 2.15); and ( 2 S , 3 S ) ( - ) - 1 , 4 -
d i b e n z y l o x y - 2 , 3 - b u t a n e d i o l (111) was p r e p a r e d f r o m t h e c o m m e r c i a l l y 
a v a i l a b l e R R ( + ) - d i e t h y l t a r t r a t e (82) a c c o r d i n g t o Scheme 2.16. 

C y c l i s a t i o n s t o y i e l d monobenzyloxy- (108) and d i b e n z y l o x y - (109) 
14-crown-4 d e r i v a t i v e s were then p e r f o r m e d a c c o r d i n g t o t h e Okahara 
p r o c e d u r e (Scheme 2.17). n n 

ci HO CHoOCHoPh CH,OCHoPh 

+y (l) 42°/ 
CI HO 

104) 

(8 3) ft 08) 

n n CI CHoOCHoPh HO CHoOCHoPh 0 + 51% 
o CI CHoOCHoPh HO CHoOCHoPh 

(111) 
(8 3) (109) 

Scheme 2.17 (1) Li(s), t-BuOH, LiBr H20, Reflux(M2). 

I n b o t h cases t h e d i l i t h i u m s a l t s were p r e s e n t as a f i n e w h i t e 
s u s p e n s i o n i n t h e r e a c t i o n s o l v e n t . The systems were heterogeneous and 
s u c c e s s f u l i s o l a t i o n o f d e s i r e d p r o d u c t s (108) and (109) r e s u l t e d i n 
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r e a s o n a b l e y i e l d . 
121 According to B a r t s c h , debenzylation of (108) was achieved by 

hydrogenation a t room temperature a t a p r e s s u r e of j u s t over one 
atmosphere of hydrogen, u s i n g palladium on carbon w i t h a c a t a l y t i c 
amount of p-toluenesulphonic a c i d i n ethanol. Attempts t o repeat t h i s 
r e a c t i o n f o r both l i g a n d (108) and (109) f a i l e d . Even a t higher 
p r e s s u r e s of t h r e e atmospheres hydrogen, no d e s i r e d product was seen. 
S u c c e s s f u l d e b e n z y l a t i o n was i n f a c t achieved by use of Pearlman's 
c a t a l y s t [Pd(0H)2 307. v/v fi^O] with a c a t a l y t i c amount of p-toluene
s u l p h o n i c a c i d i n ethanol under a hydrogen p r e s s u r e of t h r e e atmospheres 
a t room temperature (Scheme 2.18). 

I t was hoped t h a t 14-crown-4 d e r i v a t i v e s (115) and (116) would be 
v e r s a t i l e , i n t h a t o x i d a t i o n under mild c o n d i t i o n s might a f f o r d the a c i d 
d e r i v a t i v e s (117) and (118) from which the e s t e r and amide d e r i v a t i v e s 
might be made (Scheme 2.19). However, attempts t o o x i d i s e (115) and 
(116) through mild o x i d a t i o n c o n d i t i o n s u s i n g p y r i d i n i u m chlorochromate, 
p y r i d i n i u m dichromate, Jones' reagent and n i t r i c a c i d , y i e l d e d at b e s t , 
t r a c e s of aldehyde products. 

Ligands (115) and (116) may a l s o be used t o s y n t h e s i s e amide and 
e s t e r d e r i v a t i v e s of 14-crown-4, i n which the l e n g t h of the a x i a l 
s u b s t i t u e n t i s extended by one carbon atom (Schemes 2.20 and 2.21). 

These l i g a n d s were i n f a c t s u c c e s s f u l l y s y n t h e s i s e d by the methods 
o u t l i n e d i n Schemes 2.20 and 2.21. The benzyloxy, a l c o h o l , e s t e r and 
amide d e r i v a t i v e s provided the b a s i s f o r a study of the e f f e c t of donor 
number, type of donor and c h e l a t e r i n g s i z e on t h e s t a b i l i t y and 

13 
s e l e c t i v i t y of l i t h i u m complexes by C NMR, F a s t Atom Bombardment (FAB) 
and p o t e n t i o m e t r i c s t u d i e s . Furthermore, [ftp], measurements i n d i c a t e d 
t h a t t h e r e was no r a c e m i s a t i o n throughout the s y n t h e t i c scheme ( d i b u t y l -
amide 128 [» n] = -33.7°, C = 1.00, C H 2 C 1 2 ) . Thus, f o r d i f u n c t i o n a l i s e d 
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Scheme 2.18 (1) Pearlmans catalyst, p-toluenesulphonic acid, 

ethanol, H2 (3 atmospheres), RT. n y CHoOH COOH 
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Scheme 2.19 Attempted Oxidation of (115), (116) to give (117), (118) 
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Scheme 2.20 (/J TsCl, pyridine, WC; (2) KCN, DMSO(dry), N2, 

900C; ( 3 ) MeOH, HCl, Reflux(N2); (4) Me^NOH, 
H20/MeOH, Reflux 2h; (5) PCl5/CH2Cl2 (dry), RT, N2; 
(6) Me2NU/U20 (301 v/v), CH2Cl2, RT; (7) Et3N, 
tBu2 NH, CH2Cl2, N2, 00C. 
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d e r i v a t i v e s , one a x i a l donor l i e s above, and one below, the 14-crown-4 
r i n g plane, promoting t h e p o s s i b i l i t y of octahedral c o o r d i n a t i o n f o r 
these l i g a n d s . 

2.3 NMR EXPERIMENTS 

NMR experiments permit the d e t e r m i n a t i o n of the s t o i c h i o m e t r y of a 
complex, g i v e a q u a l i t a t i v e i n d i c a t i o n of the s t r e n g t h of t h a t complex 
and a l l o w a measure of the dynamics of complexation. 

I n a t y p i c a l experiment, a s o l u t i o n of l i g a n d i n a deuterated 
s o l v e n t i s t i t r a t e d w i t h s o l i d a l k a l i metal s a l t . The s p e c t r a recorded 
a f t e r each t i t r e may r e v e a l t h e above mentioned i n f o r m a t i o n by 
m o n i t o r i n g the s h i f t o f NMR resonance s i g n a l s . I f no complexation 
between l i g a n d and metal c a t i o n occurs, the spectra are i d e n t i c a l . 
However, i f complexation does occur, two p o s s i b l e s i t u a t i o n s a r i s e . 
F i r s t l y , i f the r a t e s of complexation and decomplexation are f a s t on the 
t i m e s c a l e of the NMR experiment at room temperature, an averaged s i g n a l 
f o r t h e carbon atoms i n the f r e e l i g a n d and the corresponding carbon 
atoms i n the l i g a n d complex w i l l be observed. I f t h i s i s the case, a 

13 
curve may be p l o t t e d r e p r e s e n t i n g the 'C NMR s h i f t displacement (Ad) 
f o r p a r t i c u l a r carbon atoms i n the l i g a n d a gainst the a l k a l i metal s a l t -
l i g a n d r a t i o . The s t o i c h i o m e t r y of complexation may be d e r i v e d from the 
p o s i t i o n of the curve bend, and a q u a l i t a t i v e idea of the s t r e n g t h of 
the complex may be gained from the d e v i a t i o n from a sharp bend. The 
t h e o r e t i c a l curve i n Figure 2.1 represents a r e l a t i v e l y s t r o n g complex 
w i t h 1:1 s t o i c h i o m e t r y , whereas the t h e o r e t i c a l curve i n Figure 2.2 
represents a r e l a t i v e l y s t r o n g complex w i t h 2:1 s t o i c h i o m e t r y . When the 
s t o i c h i o m e t r y of the complex i s estimable, the s t a b i l i t y constants of 
the complex f o r m a t i o n may a l s o be c a l c u l a t e d ' ^ F o r c r i t e r i a and 
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F i g u r e 2.1 Example of Curve Shape Exhibited for a Strong 
1:1 Complex Measured by NMR. 
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F i g u r e 2.2 Example of Curve Shape Exhibited for a Strong 
2:1 Complex Measured by ^C NMR. 



r e l i a b i l i t y , the d i s c u s s i o n by Lenkinski may be considered . S t a b i l i t y 
constants are r e l i a b l e only f o r t h e weaker complexes w i t h l o g K < 3. 

The second s i t u a t i o n a r i s e s i f t h e r a t e of complexations and 
decomplexations are slow on the timescale of the NMR experiment. Here, 
two d i s c r e t e s i g n a l s w i l l be observed f o r each carbon atom of the 
l i g a n d , one s i g n a l corresponding t o f r e e l i g a n d and the o t h e r s i g n a l t o 
complexed l i g a n d . I n t h i s case the s t o i c h i o m e t r y o f complexation may be 
estimated by c a l c u l a t i n g t h e s a l t - l i g a n d r a t i o at which resonance l i n e s 
corresponding t o the f r e e l i g a n d can no longer be seen. 

When e i t h e r averaged s h i f t e d s i g n a l s corresponding t o f r e e and 
complexed l i g a n d carbon atoms ( f a s t exchange), or d i s c r e t e l i n e s (slow 
exchange), are observed, t h e d i f f e r e n c e (Ad) between observed resonance 
l i n e s and those of the f r e e l i g a n d may g i v e f u r t h e r i n f o r m a t i o n . I f the 
r e l a t i v e Ad values f o r carbon atoms w i t h i n the l i g a n d are compared, the 
l a r g e s t d i f f e r e n c e s are o f t e n seen f o r those carbons t h a t undergo the 
l a r g e s t conformational change d u r i n g complexation. I t i s , however, 
dangerous t o assume t h a t carbon atoms e x h i b i t i n g t h e l a r g e s t Ad values 
d u r i n g complexation w i l l n e c e s s a r i l y surround those heteroatoms (ie. 

oxygen) t h a t coordinate most s t r o n g l y t o the metal c a t i o n . Comparisons 
between Ad values f o r d i f f e r e n t carbon atoms w i t h i n the l i g a n d s t r u c t u r e 
are o n l y meaningful where Ad values show a d i s t i n c t p l a t e a u , such t h a t 
the l i m i t i n g s h i f t change may be assigned t o a r e l a t i v e l y s t r o n g complex 
of estimable s t o i c h i o m e t r y . 

The complexing p r o p e r t i e s of l i g a n d s ( 7 9 ) , (109), (116) and (127) 
13 

were measured using C NMR methods. 
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2.3.1 Ligand (79) 

Ligand (79) was di s s o l v e d i n D.2O and t i t r a t e d w i t h l i t h i u m 
c h l o r i d e . The r e s u l t i n g s h i f t d i f f e r e n c e s (Ad) are shown i n Figure 2.3. 
I t i s impossible t o estimate the s t o i c h i o m e t r y of complexation i n t h i s 
case. The Ad values are small and c e r t a i n l y do not reach a l i m i t i n g 
value corresponding t o e i t h e r 1:1 or 2:1 s t o i c h i o m e t r y . 

2 0 

A6 
(ppm) 

1 0 

<3) 0 ii 

CNMe, 

0 0 
CH 2 0 © 

SALT/LIGAND 

F i g u r e 2.3 l3C Chemical Shift Displacement (kd) for the 0CH2 

Ring Carbons of Ligand (79) in D2O solution Relative 
to Salt(LiCl):Ligand Ratio. 

I t can only be i n f e r r e d t h a t the complex s t a b i l i t y i s c e r t a i n l y low 
( l o g K < 3) i n t h i s s o l v e n t . The i n s o l u b i l i t y of l i g a n d (79) i n d -
methanol precluded the use of t h a t s o l v e n t , and i t l i k e l y t h a t the 
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higher s o l v a t i o n energy of the l i t h i u m c a t i o n i n prevents s t r o n g 
complexation. I n t e r e s t i n g l y i t appears t h a t r i n g carbon atoms (2) and 
(3) e x h i b i t f a r g r e a t e r Ad values than r i n g carbon atom ( 1 ) . 

2.3.2 Ligand (116) 

Ligand (116) was d i s s o l v e d i n a 2:1 mixture of d^-methanol/CDClg 
and t i t r a t e d w i t h l i t h i u m c h l o r i d e . The r e l a t i v e s h i f t changes (Ad) f o r 
carbon atoms are d e p i c t e d i n Figure 2.4. The f i r s t p o i n t t o be noted i s 
t h a t f o r a l l carbon atoms a l i m i t i n g s h i f t d i f f e r e n c e i s q u i c k l y reached 
a f t e r the a d d i t i o n o f one e q u i v a l e n t of l i t h i u m c h l o r i d e . This i n d i c a t e s 
the f o r m a t i o n of a r e l a t i v e l y s t r o n g complex of 1:1 s t o i c h i o m e t r y . 
However, the f a c t t h a t averaged s h i f t e d resonance s i g n a l s are seen, as 
opposed t o d i s c r e t e s i g n a l s , i m p l i e s t h a t exchange i s f a s t on the NMR 
t i m e s c a l e at room temperature and t h a t l o g K < 4. At low s a l t 
c o n c e n t r a t i o n s , t h e r e i s evidence f o r a r e l a t i v e l y s t r o n g 2:1 complex, 
yet the f a c t t h a t the l i m i t i n g s h i f t values occur when one e q u i v a l e n t of 
l i t h i u m c h l o r i d e has been added, tends t o suggest t h a t the 2:1 complex 
i s somewhat less s t a b l e than the 1:1 complex. I n t e r e s t i n g l y , carbon 
atoms (1) and (2) show l i m i t i n g Ad values t h a t are a p p r e c i a b l y g r e a t e r 
than f o r those of o t h e r carbon atoms i n t h i s l i g a n d . Since a 1:1 
s t o i c h i o m e t r y i s e s t i m a b l e , i t may be be i n f e r r e d t h a t i t i s carbon 
atoms (1) and (2) t h a t probably experience g r e a t e s t c o n f o r m a t i o n a l 
change d u r i n g f o r m a t i o n of a 1:1 complex. However, as has already been 
po i n t e d o u t , i t i s dangerous t o assume t h a t t h i s i s a r e s u l t of oxygen 
atoms (A,B) c o o r d i n a t i n g most s t r o n g l y t o the l i t h i u m c a t i o n . 
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2.3.3 Ligand (109) 

Ligand (109) was d i s s o l v e d i n a 2:1 mixture of d -methanol/CDClg 
13 

and t i t r a t e d w i t h l i t h i u m c h l o r i d e . The r e l a t i v e C s h i f t changes (Ad) 
are depicted i n Figure 2.5. As w i t h l i g a n d (116), a l i m i t i n g chemical 
s h i f t i s q u i c k l y reached when one e q u i v a l e n t of l i t h i u m c h l o r i d e has 
been added, i n d i c a t i n g the f o r m a t i o n of a r e l a t i v e l y s t r o n g complex of 
1:1 s t o i c h i o m e t r y . At low s a l t c o n c e n t r a t i o n s , t h e r e i s some evidence 
f o r f o r m a t i o n of a 2:1 complex though the s t r e n g t h of t h i s complex 
appears t o be much weaker than the 2:1 complex formed at low s a l t 
c o ncentrations w i t h l i g a n d (116). Though the sharp curve bend i n d i c a t e s 
s t r o n g complexation f o r l i g a n d (109), averaged s i g n a l s corresponding t o 
f r e e and complexed carbon atoms, as opposed t o d i s c r e t e l i n e s , are seen. 
I t can be i n f e r r e d t h a t l o g K < 4. I n t e r e s t i n g l y , i n accord w i t h 
r e l a t i v e s h i f t values f o r l i g a n d (116), i t appears t h a t the same carbon 
atoms [ ( 9 ) and (10) i n t h i s case] show a p p r e c i a b l y h i g h e r Ad values than 
any other carbon atoms of l i g a n d (109). F u r t h e r , Ad values of s i d e arm 
carbons ( 1 ) - ( 4 ) were extremely low, and have been o m i t t e d from F i g u r e 
2.5, w h i l s t carbon (5) shows o n l y a moderate Ad value f o r 1:1 
complexation. I f these r e s u l t s are examined w i t h a view t h a t Ad values 
are p r o p o r t i o n a l t o c o n f o r m a t i o n a l change experienced by carbon atoms on 
complexation, then i t may be t e n t a t i v e l y suggested t h a t e i t h e r : 
(1) complexation i n v o l v e s f i r s t , c o o r d i n a t i o n t o side arm e t h e r donors 

r e s u l t i n g i n l i t t l e c o n f o r m a t i o n a l change of s i d e arm carbons, and 
second, deformation of the crown et h e r r i n g ( p a r t i c u l a r l y f o r those 
carbons (9) and (10) f u r t h e s t from the l i t h i u m c a t i o n ) i n order t o 
complete the l i t h i u m s o l v a t i o n sphere, or 

(2) complexation i n v o l v e s c o o r d i n a t i o n t o the crown et h e r r i n g w i t h 
l i t t l e or no c o o r d i n a t i o n from the ether oxygens of the side arm. 
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2.3.4 Ligand (127) 

Ligand (127) was d i s s o l v e d i n a 2:1 mixt u r e o f d -methanol/CDClg 
13 

and t i t r a t e d w i t h l i t h i u m c h l o r i d e . The C s h i f t changes (Ad) are 
de p i c t e d i n Figure 2.6. As w i t h l i g a n d s (116) and (109), a l i m i t i n g 
chemical s h i f t i s q u i c k l y reached when one e q u i v a l e n t of l i t h i u m 
c h l o r i d e has been added. The sharp curve bend i n d i c a t e s a r e l a t i v e l y 
s t r o n g 1:1 complex, indeed, l i g a n d (127) d i s p l a y s a sharper curve bend 
than l i g a n d s (116) and (109). This suggests t h a t f o r the ligands 
s t u d i e d i n t h i s s e r i e s , l i g a n d (127) forms the s t r o n g e s t 1:1 complex 
w i t h l i t h i u m . Averaged s i g n a l s are measured as opposed t o d i s c r e t e 
s i g n a l s i m p l y i n g t h a t l o g K < 4. U n l i k e l i g a n d s (116) and (109), t h e r e 
i s l i t t l e evidence f o r 2:1 complexation f o r l i g a n d (127) even at very 
low s a l t c o n c e n t r a t i o n s . Examination o f Ad values f o r 1:1 complexation, 
r e v e a l s the same r e l a t i v e p a t t e r n as f o r l i g a n d s (109) and (116); i n 
t h a t r i n g carbons ( 7 ) - ( 1 0 ) show ap p r e c i a b l y h i g h e r Ad values than any 
o t h e r carbon atoms. The side arm carbon atoms (1) and (2) have been 
o m i t t e d from Figure 2.6 due t o very low Ad values, w h i l s t carbon atoms 
(3) and (14) show only moderate Ad values. Thus, as w i t h ligands (116) 
and ( 1 0 9 ) , i t appears l i k e l y t h a t the g r e a t e s t c o n f o r m a t i o n a l change 
occurs i n the 14-crown-4 r i n g upon 1:1 l i t h i u m complexation. 

2.3.5 C o n c l u s i o n s 

13 
Taken as a whole, the r e s u l t s o f C experiments p o i n t very 

d e f i n i t e l y t o t h e f o r m a t i o n of r e l a t i v e l y s t r o n g l i t h i u m complexes of 
1:1 s t o i c h i o m e t r y . There i s l i t t l e doubt, t h a t had s o l u b i l i t y problems 
not precluded t h e use o f d^-methanol as a s o l v e n t f o r l i g a n d ( 7 9 ) , the 
same p a t t e r n would have been extended. The r e l a t i v e l y s t r o n g 2:1 
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complex e x h i b i t e d by l i g a n d (116) a t low s a l t c o n c e n t r a t i o n i s a t 
var i a n c e w i t h the o t h e r l i g a n d s of t h i s study, the only i n f e r e n c e a t 
t h i s stage i s t h a t t h i s must r e s u l t from the nature of the hydroxy s i d e 
arms. 

F i n a l l y , though i t i s dangerous t o i n f e r too much from measured 
r e l a t i v e Ad values, i t i s i n t e r e s t i n g t o note t h a t l i g a n d s (109), (116) 
and (127) a l l show the same r e l a t i v e p a t t e r n . The f o u r carbons f u r t h e s t 
from t h e side arms e x h i b i t s u b s t a n t i a l l y higher Ad values than any ot h e r 
carbon atoms f o r a l l t h r e e l i g a n d s . By comparison, carbon atoms 
adjacent t o side arm donor oxygens f o r l i g a n d s (109), (116) and (127) 
show much lower Ad values, as do a l l side arm carbon atoms. These 
r e s u l t s would seem t o suggest t h a t complexation i n v o l v e s a much l a r g e r 
c o n f o r m a t i o n a l change i n the crown et h e r r i n g than i n the s i d e arm f o r 
these l i g a n d s . However, t h i s does not n e c e s s a r i l y imply t h a t a x i a l 
c o o r d i n a t i o n i s weak or absent, since small Ad changes f o r carbon atoms 
adjacent t o a x i a l donors cannot d e f i n i t e l y be associated w i t h 
c o r r e s p o n d i n g l y weak c o o r d i n a t i o n by these a x i a l donors. Whether o r not 
a x i a l c o o r d i n a t i o n i s o p e r a t i v e f o r these l i g a n d s , r e s u l t s suggest t h a t 
s i m i l a r o v e r a l l conformational changes i n l i g a n d s t r u c t u r e are 
experienced i n the f o r m a t i o n of 1:1 complexes w i t h l i t h i u m . 

2.4 FAST ATOM BOMBARDMENT MASS SPECTROMETRY EXPERIMENTS 

Fast atom bombardment (FAB) mass spectrometry has been used t o 
determine the s e l e c t i v i t y of li g a n d s (108), (109), (115), (116), ( 1 2 3 ) , 
(124) and (127) ( F i g u r e 2.8) f o r a l k a l i metals l i t h i u m , sodium, 
potassium and caesium using a procedure adapted from t h a t r e p o r t e d by 
Johnstone and Rose^, and M e i l i and S e i b l ^ . An aqueous s o l u t i o n o f 
the c h l o r i d e s of l i t h i u m , sodium, potassium and caesium was prepared, 
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w i t h each c a t i o n being present at 1.25 x 10 M. Methanol s o l u t i o n s o f 
li g a n d s were al s o prepared a t a c o n c e n t r a t i o n of 1.25 x 10 M. 
A n a l y t i c a l s o l u t i o n s were prepared by mixing an equal volume of the 
c a t i o n s o l u t i o n w i t h each of the l i g a n d s o l u t i o n s t o g e t h e r w i t h an equal 
volume of g l y c e r o l . 

LIGAND X = 
(108) CH20CH2Ph 
(115) CH20H (123) CH2C(0)0Me (127) CH2C(0)NMe2 

LIGAND X = 
(109) CH20CH2Ph 
(116) CH20H (124) CH,C(0)0Me 

F i g u r e 2.8 

Thus, a l l components were present i n equal c o n c e n t r a t i o n s as a (1:1:1) 
methanol:water:glycerol s o l v e n t mixture which allowed t h e metal c a t i o n s 
t o compete f o r a l i m i t e d amount of l i g a n d . The s t a i n l e s s s t e e l t i p of 
the FAB probe was coated w i t h a t h i n l a y e r of the a n a l y t i c a l s o l u t i o n 
and p o s i t i v e FAB mass spectrometry was performed (see exper i m e n t a l , 
Chapter 4 ) . 

Cation s e l e c t i v i t y has been evaluated using t h e expression: 

S = l o g I ( L + L i ) + 

I ( L + M) + 

where: S = S e l e c t i v i t y f a c t o r 
I ( L + L i ) + = Signal I n t e n s i t y o f (Ligand + L i t h i u m ) * 
I ( L + M ) + = Signal I n t e n s i t y o f (Ligand + Metal c a t i o n ) ' 



The s e l e c t i v i t y values are calculated with respect to the l i t h ium 

cat ion; the lower the value(s) , the poorer the s e l e c t i v i t y f o r l i t h ium 

over that ca t ion . The s e l e c t i v i t i e s are represented in Figure 2.9. 

There are several discernible trends: 

(1) For a l l ligands studied, s e l e c t i v i t y fo l lows the order L i + > Na+ > 

K + > Cs + . This is to be expected on the basis of the s i z e - f i t 

concept. 

(2) For the benzyl derivat ives (108,109) and alcohol derivat ives (115, 

116) the d i func t iona l i sed ligands display higher l i t h i u m 

s e l e c t i v i t i e s than the i r monofunctionalised counterparts. The 

d i f fe rence in s e l e c t i v i t i e s must therefore be due to the s ix th 

donor s i t e that is present f o r d i func t iona l i s ed der ivat ives . 

Enhancement of l i t h i u m s e l e c t i v i t y might occur f o r one of two 

reasons: 

( i ) The s ix th donor s i t e coordinates to the l i t h i u m cation 

p r e f e r e n t i a l l y over larger a l k a l i metal cations, as wel l as 

in conjunction wi th the other a x i a l subst i tuent , i n h i b i t i n g 

2:1 complexation by larger cations more e f f e c t i v e l y than when 

only one ax ia l substituent i s present. 

( i i ) The s ix th donor s i t e is non-coordinating, but serves to 

render the d i func t iona l i sed l igand a more e f f e c t i v e i n h i b i t o r 

of 2:1 complexation by larger cations than when only one 

a x i a l substituent i s present. 

(3) The benzyl (108,109) and alcohol (115,116) der ivat ives exhibi t 

higher l i t h i u m . s e l e c t i v i t i e s than the ester (123,124) and amide 

(127) der iva t ives . There are two major di f ferences between these 

two sets of l igands. 

( i ) In coordinating a l k a l i metal ca t ion , benzyl and alcohol a x i a l 

donors form f i v e membered chelate rings whereas the ester and 
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amide ax ia l donors form six membered chelate r ings . 

( i i ) The distance of ax i a l donors from the l i t h ium cation in the 

r i ng plane w i l l be greater f o r ester and amide derivat ives 

than f o r benzyl and alcohol der ivat ives . 

Either one, or other, or both of these fac tors may contribute to 

the observed s e l e c t i v i t y d i f ferences . The very s imi lar s e l e c t i v i t y 

values displayed by amide (127) and ester (123,124) der ivat ives , do 

however, tend to suggest that coordination to l i t h i u m by ax i a l donors i s 

r e l a t i v e l y weak f o r these ligands, since there is a large d i f ference i n 

a- donating power of ax ia l donors. 

Thus, a l l ligands studied are l i t h i u m select ive , though differences 

in r e l a t i v e l i t h i u m s e l e c t i v i t i e s are apparent. I t i s d i f f i c u l t to 

f u l l y understand these d i f ferences , X-ray data is needed and fu r the r 

experiments need to be performed to gain a clearer p ic tu re . The 

r e l a t i ve s e l e c t i v i t y of these ligands f o r l i t h i u m para l l e l s that found 

in the potentiometric experiments described in section 2.6. Reasons f o r 

d i f f e r i n g s e l e c t i v i t i e s are discussed in more d e t a i l in section 2.6 as 

wel l as suggested f u r t h e r experiments that might lead to a more thorough 

understanding of these d i f ferences . 

2.5 IR EXPERIMENTS 

The complexation of ester derivat ives (123,124) and amide 

derivat ives (127,128) with l i t h i u m was studied using IR spectroscopy. 

Each ligand was dissolved i n methanol and so l id l i t h i u m thiocyanate 

was added to each so lu t ion , such that the r a t i o of ligand to l i t h i u m 

thiocyanate was 1:1. These solutions were l e f t to stand f o r two days. 

IR spectra were recorded by taking a drop of methanol solut ion and 

al lowing i t to evaporate on a KBr plate to form a t h i n f i l m . IR spectra 
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of the f r ee ligands were recorded by f i r s t d issolving the ligand in 

methanol and then taking a drop of the methanol so lu t ion and al lowing i t 

to evaporate on a KBr plate to form a t h i n f i l m . The resul t s of these 

measurements are depicted in Table 2 . 1 . 

L I G A N D %ax ( C = ° ) "max t ^ 0 " 0 ) A ( C = 0 ) MC-O-C) 

(123) 1742 1120 
(123)+LiSCN 1726 1082 16 ± 2 38 ± 5 

(124) 1742 1115 
(124)+LiSCN 1729 1087 13 ± 2 28 ± 5 

(127) 1637 1120 
(127)+LiSCN 1622 1080 15 ± 2 40 ± 5 

(128) 1638 1115 
(128)+LiSCN 1622 1090 16 ± 2 25 ± 5 

Table 2.1 IR Data (cm-1) for Free Ligands (123),(124),(127) 
and (128), and their Lithium Complexes, measured as 
a Thin Film in Methanol on a KBr Plate. 

There are discernible trends in t h i s study: 

(1) For a l l ligands in t h i s study, complexation by l i t h i u m thiocyanate 

causes s h i f t s f o r both (C-O-C) and (C=0) stretches. This tends to 

suggest cooperation between r i n g donors and ax i a l donors in 1:1 

complexation of the l i t h i u m ion in so lu t ion . 
-12 

(2) The frequency of radia t ion in in f ra red measurements i s 1 x 10 

v/s. Therefore i n the case of the d i func t iona l i sed der iva t ives , i f 

only one side arm ax ia l donor was coordinating then two separate 

carbonyl stretches would be seen, one corresponding to the 

coordinating carbonyl donor and one to the f r e e carbonyl donor. 

The f ac t that a single carbonyl s t re tch i s seen f o r l i t h i u m 

complexes of both diester (124) and diamide (128) der iva t ives , 

would therefore strongly suggest coordination by both ax ia l donors 

in forming a 1:1 complex with the l i t h i u m ion in so lu t ion . 
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2.6 POTENTIOMETRIC EXPERIMENTS 

S e l e c t i v i t i e s of ligands (108), (109), (115), (116), (123), (124), 

(127) and (128) f o r l i t h i u m were measured potent iometr ica l ly by the 

f i x e d interference method. 

Each ligand was incorporated in to a PVC membrane of the f o l l o w i n g 

composition: 1.27, sensor ( l igand) ; 65.67. p l a s t i c i s e r (o-nitrophenyl 

o c t y l ether, ONPOE); 32.87. high molecular weight PVC (FLUKA); 0.47. 

l i p o p h i l i c anion ( tetrakis-4-chlorophenyl borate, KTpClPB). The 

func t ion of the ONPOE p l a s t i c i s e r was to provide a good, non-vola t i l e 

solvent f o r the po ten t ia l l i t h i u m ionophores and to improve the 

p l a s t i c i t y of the polymeric membrane. 

Reference 
Electrode 

Inner 
filling 
solution 
saturated KCI 

ANALYTE 

EMF 

Internal Reference 
Electrode 

Inner filling solution 
(LiCl 1K10" 3 M ) 

Electroactive membrane 

Hg HgCl 2 Saturated 
KCI 

ANALYTE Electroact ive 
PVC Membrane 

Inner F i l l i n g 
Solut ions 

AgCl Ag 

Figure 2.10 Diagrammatic Representation of the Electrochemical 
Cell Used in Potentiometric Experiments. 
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The l i p o p h i l i c anion (KTpClPB) funct ions in two ways: f i r s t l y i t reduces 

interference from sample anions, and secondly, i t reduces membrane 

resistance. Detai ls of the method used to prepare these membranes are 

given in the experimental section (Chapter 4 ) . The Phi l ips l i t h i u m 

ionophore (Li + 561) was measured as a comparison. 

In order to conduct the potentiometric experiments the membrane was 

incorporated in an ion select ive electrode which was incorporated in to 

an electrochemical c e l l (Figure 2.10). The reference electrode used was 

an RE1 Peta court calomel electrode wi th saturated potassium chloride as 

the inner f i l l i n g so lu t ion . 

2.6.1 Electrode Calibration (Dip-Type Method) 

I f an electrode is behaving idea l ly then i t should display a 

Nernstian response to var ia t ions in l i t h i u m ion concentration, such that 

the Nernst equation i s fo l lowed: 

E = E° + 2 ' 3 0 3 R T log [ L i + ] NERNST EQUATION 
zF 

where: E = Measured EMF Potent ia l 
E° = Standard Electrode Potent ial 
R = Gas Constant 
T = Absolute Temperature 
z = Charge on the Primary Ion ( L i + ) 
F = Faraday Equivalent (96,487 C/eq) 

Cal ibra t ion measurements were performed at 37°C (since these ligands 

were being assessed as candidates f o r measuring l i t h i u m ion a c t i v i t y in 

whole blood, i t was thought sensible to perform experiments at natural 

body temperature). Under those conditions the Nernst Equation can be 

r e - w r i t t e n : 

E = E° + 6 1 ' 5 4 m V log [ L i + ] 
z 
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Therefore, idea l ly AE should be 61.54 mV per decade change in l i t h i u m 

ion concentration. Deviation from t h i s ideal Nernst behaviour and 

l i m i t s of detection of each electrode in pure solut ions of the primary 

ion ( L i + ) were calculated. Limits of detection were measured according 

to IUPAC recommendations which define the l i m i t as "the concentration of 

primary ion at which E deviates by 18.5/z mV (at 37°C) from the 

extrapolat ion of the l inear por t ion of the c a l i b r a t i o n graph". In order 

to perform c a l i b r a t i o n measurements, the fo l l owing procedure was used: 

(1) The ion select ive electrode was conditioned f o r 24 hrs i n 10 M 

l i t h i u m chloride solut ion at 25°C. 

(2) The ion select ive electrode and reference electrode were then 

immersed i n solutions of varying l i t h i u m chlor ide concentration 

(1 x 10 M - 1 x 10 M) where each solut ion was maintained at 

37°C and the electodes were thoroughly rinsed between measurements. 

AE values were thus calculated f o r decade changes in l i t h i u m ion 

concentration at 37°C. The resu l t s are summarised in Table 2.2 and 

there are several points to note: 

(1) In no cases do the electrodes exh ib i t ideal Nernstian slopes of 

61.54 mV/decade [L iCl ] change. 

(2) Of the electrodes measured, the alcohol der ivat ives (115) and (116) 

stand out as the poorest. Furthermore, owing to t h e i r low slope 

values, l i m i t s of detection should be treated wi th caution f o r 

these l igands, since departure from the ideal Nernstian behaviour 

i s subs tant ia l . 

(3) Ligands (108), (109), (123), (124) and (128) a l l exh ib i t a near 

Nernstian response, the most promising being the dibenzyl (109) and 

diamide (128) der ivat ives both in terms of slope and l i m i t s of 

detect ion. 
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(A) (B) 

LIGAND R AE/decade 
[ L i C l ] t 

Detection 
L i m i t t 

(108) 
(109) 

(A) CH2OCH2Ph 
(B) CH2OCH2Ph 

53.1 
56.5 

1 0 - 4 . 8 0 
1 0 - 4 . 8 0 

[ l i e ] 
(A) CH?OB 
(B) CH2OB 

37.3 
32.0 

1 0 - 4 . 4 0 
1 0 - 4 . 4 0 

(!Sj 
(A) CH2C(0)OMe 
(B) CH2C(0)OMe 

54.5 
52.5 

1 0 - 4 . 5 5 
1 0 - 4 . 6 0 

(127) 
(128) 

(A) CB2C(0)NMe2 

(B) CH2C(0)NBu2 

47.6 
58.1 

1 0 - 4 . 7 0 
1 0 - 5 . 1 5 

Phi l ips Ionophore 56.5 1 0 - 5 . 0 0 

Table 2.2 Calibration of Electrodes Using the Dip-Type Method 
in Pure Lithium Chloride Solutions at 31PC; 
fValues averaged from three separate measurements. 

(4) The rather poor slope exhibi ted by ligand (127) is somewhat 

surpr is ing i n conjunction wi th other values. Though the presence 

of impurit ies might account f o r such a poor response, analysis of 

ligand (127) shows t h i s to be no less pure than any other ligands 
1 13 

in t h i s study as gauged by H NMR, C NMR, IR and mass spectral 

data (> 987. p u r i t y ) . Furthermore, the f a c t that values l i s t e d f o r 

ligand (127) are averaged over three separate experiments wi th 

minimal deviation being apparent, tends to lend v a l i d i t y to the 

measured values. 
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(5) Of the electrodes measured, the diamide (128) seems to o f f e r a 

s i g n i f i c a n t improvement to the commercially available Ph i l ips ( L i + 

561) electrode, both in terms of measured slope and l i m i t of 

detect ion. The dibenzyl der ivat ive (109) seems comparable to the 

Phi l ips l i t h i u m ionophore in terms of slope, yet shows a s l i g h t l y 

lower l i m i t of detect ion. 

(6) In a l l cases the response times were f a s t - f o l l owing the IUPAC 

d e f i n i t i o n which states "the response time is the time taken to 

reach a value 1 mV from the equi l ibr ium value" - a l l response times 

were less than one minute, and t y p i c a l l y of the order of 30 

seconds. 

2.6.2 Lithium Selectivity Measurements (Dip-Type Method) 

The l i t h i u m s e l e c t i v i t y of electrodes was measured by the f i x e d 

interference method. This method involved measurements of AE values f o r 

decade changes i n l i t h i u m chloride concentration wi th a constant 

background of : 

(a) 150 mM NaCl (upper concentration l i m i t of [Na +] i n whole blood) 

(b) 4.3 mM KC1 (upper concentration l i m i t of [K + ] i n whole blood) 

(c) 1 mM NaCl. 

No ion select ive electrode responds exclusively to the ion which i t 

is designed to measure. The degree of s e l e c t i v i t y of the electrode f o r 

the primary ion ( L i + ) wi th respect to the i n t e r f e r i n g ion (B) is 
Pot 

expressed by the s e l e c t i v i t y c o e f f i c i e n t , K ^ g defined by the Nickolsky 

equation: 
,Pot E = E° + 6 1 ' 5 4 m V log 

z ( L i + ) F C L i + ] + g C z L i / z B 
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I f the concentration of the primary ion [ L i + ] i s varied wi th a constant 

concentration of i n t e r f e r i n g ion, a graph of the type shown in 

Figure 2.11 is seen. 

/ 
/ R S) 

/ 
/ 

(Q) (mV) 

P) 

[Li +] (Li+] = (X) 

Figure 2.11 Graph of Electrode Potential vs. Lithium Ion 
Concentration with a Fixed Background of 
Interferent Ion. 

In the region (P)-(Q) the electrode i s responding to the primary ion 

( L i + ) in a Nernstian manner. I n the region (Q)-(R), as the l i t h i u m 

concentration f a l l s , the electrode po ten t i a l i s increasingly af fec ted by 

the in t e r f e ren t ion (B) , and i n the region (R)-(S) the electrode is 

responding e n t i r e l y to the in te r fe ren t ion (B) . Both ions contribute 

equally to the electrode response when: 
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I f the l i t h i u m ion concentration at which t h i s occurs is [Li"*"] 1 then: 

E = E° + 2 3 0 3 R T log 

= E° +

 2 3 0 3 R T log 

[ u y + [B] z L i / Z B 

,Pot 

2 [ L i T ] 

The d i f fe rence between EMF in solutions of l i t h i u m chloride with and 

without in t e r fe ren t E can be expressed: 

E 2.303 RT log 2 [ L i + ] 1 - log [ L i * ] 1 

= E ° + 2 3 0 3 R T log 2 

= 18.5 mV (at 37°C). 

Therefore, s e l e c t i v i t y c o e f f i c i e n t s were measured in the fo l l owing 

manner: 

(1) Solutions of 1 mM sodium chlor ide , 150 mM sodium chlor ide , 4.3 mM 

potassium chloride and 1.26 mM calcium chlor ide were prepared. 

Sol id l i t h i u m chloride was added to each so lu t ion so that i t was 
_ i 

present at a concentration of 1 x 10 M. 
1 (2) The stock solutions of in t e r fe ren t ions and 1 x 10 M l i t h i u m 

- 9 f\ 

chlor ide were used to prepare 1 x 10 M - 1 x 10" M l i t h i u m 

chloride solutions i n the presence of i n t e r f e ren t ions by se r i a l 

d i l u t i o n . 

(3) Electrode potent ia ls were measured at 37°C and a curve was p lot ted 

of electrode po ten t i a l against l i t h i u m ion concentration. 

Se l ec t i v i t y c o e f f i c i e n t s were measured from these graphs by methods 

previously ou t l ined . The resul ts of these measurements are l i s t e d 

in Table 2.3. 
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LIGAND PURE LiCl SOLNS. 150 mM NaCl MEDIA 

SLOPE DL SLOPE DL 

53.1 IO- 4 .80 35 2 10-2 00 - 1 .73 - 1 .17 
56.5 10" 4 .80 41 4 10-2 1 5 -2 13 - 1 .24 

37.3 10-4 40 
32.0 10-4 40 

54.5 10-4 55 38 5 10-2 00 - 1 .93 - 1 .17 
52.5 10-4 60 29 5 10-2 05 - 1 .98 - 1 .23 

47.6 10-4 70 29 0 i o - i 73 - 1 68 -0 97 
58.1 10-5 15 43 0 10-2 50 -2 43 - 1 .67 

56.5 10-5 00 40 0 10-2 05 - 1 93 - 1 23 

(108) 
(109) 

( H 5 ) 
(116) 

(123) 
(124) 

(127) 
(128) 58.1 10-5-15 43.0 1Q-2.50 . 2 . 4 3 -1.67 <-2.43 

Ionophore 
<-1.93 

A = l o g K ^ B = l o g K ^ a C = l o g K - a 

Table 2.3 Lithium Selectivity and Limits of Detection Measured 
Using the Dipped System by the Fixed Interference Method 
(at 37°C); DL-Detection Limit; Units of slope= mV/decade 
[LiCl]; A=Fixed Background 4-3 mM KCl; B=Fixed Background 
1.26 mM CaCh; C-Fixed Background 150 mM NaCl. 

There are several points to note from these resu l t s : 

(1) The slopes (AE) per decade change in l i t h i u m chloride concentration 

are a l l substant ia l ly lower wi th a f i x e d background of 150 mM 

sodium chloride than in pure l i t h i u m chloride solut ions . This 

suggests that even at l i t h i u m concentrations of 100 mM, 

interference from sodium is evident. 

(2) The 150 mM sodium chloride background confers subs tant ia l ly lower 

l i m i t s of detection on a l l electrodes compared to those i n pure 

l i t h i u m chloride solut ions . The l i m i t s of detection define the 

ideal 'working range' of these electrodes. For a l l electrodes 

aside from the diamide (128), the detection l i m i t s were very 

s imi l a r , with response to the primary l i t h ium ion f o r the 

concentration range 100 mM - 10 mM being s u f f i c i e n t l y exclusive 

over the in te r fe ren t sodium ion to allow accurate l i t h i u m ion 
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concentration measurement. The diamide (128) has a 'working range' 

subs tant ia l ly larger and l i t h i u m ion concentrations as low as 3 mM 

are able to be accurately measured. However, the c l i n i c a l l i t h i u m 

concentration range of 0.5 mM - 1 mM is s l i g h t l y lower, and 

electrodes used in t h i s study are c lear ly inadequate f o r accurate 

c l i n i c a l l i t h i u m ion measurement i n whole blood with a background 

sodium ion concentration of 150 mM. 

(3) The benzyl derivat ives (108,109) and ester der ivat ives (123,124) 

display very s imi la r s e l e c t i v i t y c o e f f i c i e n t s f o r l i t h i u m over 

sodium, and f o r l i t h i u m over potassium. Furthermore, t h e i r values 

are very close to those of the Phi l ips ionophore. The dibutylamide 

(128) shows by f a r the highest s e l e c t i v i t y f o r t h i s series of 

l igands, yet , though the s e l e c t i v i t y f o r l i t h i u m over potassium is 

near to the s e l e c t i v i t y required f o r measurement of l i t h i u m ion 

concentration i n whole blood wi th less than 11 interference 
Pot 

( log Kj^j£ = - 3 . 0 ) , the s e l e c t i v i t y f o r l i t h i u m over sodium 
Pot 

( log K ^ . ^ j a = -1.67) is subs tant ia l ly lower than the required value 

( log = -4 .50) . 

(4) S e l e c t i v i t y f o r l i t h i u m over calcium was measured f o r the d ibu ty l 

amide (128) and Ph i l ips ionophore. I t i s impossible to derive 

exact s e l e c t i v i t y c o e f f i c i e n t s in t h i s case since deviations of 

18.5 mV with calcium interference do not occur w i th in the Nernstian 

range of these electrodes. I t can, however, be in fe r red that f o r 

both ionophores, calcium interference can be neglected w i t h i n the 
1 -Pi 

l i t h i u m concentration range (1 x 10" M - 1 x 10 M). 

Figure 2.12 graphical ly displays AE changes f o r the ligands (108), 

(109), (123), (124), (127), (128) and Phi l ips ionophore wi th a f i x e d 

background of 150 mM sodium chloride f o r the l i t h i u m ion concentration 
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for the Lithium Ion Concentration Range lxlO'1 M - lxlQ-^M. 



range 1 x 10 M - 1 x 10 M. There are several d iscernible trends: 

(1) For a l l ionophores, appreciable sodium interference is seen when 
- 4 

the l i t h i u m ion concentration f a l l s below 1 x 10 M. 

(2) For the ester derivat ives (123,124), i t i s possible to j o i n 

measured values with smooth curves over the ent i re l i t h i u m ion 

concentration range. I t is d i f f i c u l t to j u s t i f y a l inea r response 

f o r these ligands aside from concentrations of l i t h i u m chlor ide 

that are close to 100 mM. There i s substantial interference below 

a l i t h i u m ion concentration of 10 mM, and the monoester, below a 

l i t h i u m ion concentration of 1 x 10 M, responds e n t i r e l y to the 

i n t e r f e r i n g sodium ion . The monoamide der iva t ive (127) displays a 

s imi la r response to the two ester der iva t ives . 

(3) The benzyl derivatives (108) and (109), and the Phi l ips ionophore 

however, exhibi t near perfect l i n e a r i t y f o r l i t h i u m ion 

concentrations between 100 mM and 1 mM. These resul ts are a l i t t l e 

surpr i s ing . Table 2.3 has shown that substantial deviat ion from 

near Nernstian slopes in pure l i t h i u m chloride solut ions is seen 

with a f i x e d background of 150 mM sodium chloride even at a l i t h i u m 

ion concentration of 100 mM. Indeed, measured slopes wi th a f i x e d 

sodium chloride background imply deviations from slopes in pure 

l i t h i u m chloride solutions where the l i t h i u m ion concentration 

approaches the leve l (150 mM) of the i n t e r f e r e n t . Taking t h i s in to 

account, i t is d i f f i c u l t to explain the f ac t that departure from 

l i n e a r i t y is only evident when the l i t h i u m ion concentration f a l l s 

below 1 mM. This point i s even more per t inent in the case of the 

dibutylamide (128). Here again, Table 2.3 has shown a substant ial 

decrease in measured slope wi th a f i x e d background of sodium 

chloride (150 raM) from the near Nernstian slope i n pure l i t h i u m 

chloride solutions at a l i t h i u m ion concentration of 100 mM. Yet, 
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the response f o r t h i s electrode remains l inear at l i t h i u m ion 

concentrations as low as 1 x 10"^ M. The l i n e a r i t y displayed by 

benzyl derivatives (108,109), the dibutylamide (128) and the 

Phi l ips ionophore, thus seem at odds with the substantial decrease 

i n measured slope when sodium chloride in te r fe ren t is present. 

Table 2.4 shows a l i s t of electrode potent ia l changes (AE) f o r 

benzyl derivat ives (108,109), ester derivat ives (123,124), amide 

der ivat ives (127,128) and the Phi l ips ionophore over the l i t h i u m ion 
- 1 - 6 concentration range 1 x 10 M - 1 x 10 M. 

LIGAND AE /mV 

(108) 105 
(109) 132 
123) 69 

(124) 75 
(127) 80 
(128) 165 
Ph i l ips 
ionophore 119 

Table 2.4 Sensitivity of Electrodes for Lithium over the 
Concentration Range 1x10-1 -lxlO'6 M at 37°C with a 
Fixed Background of 150 mM sodium chloride. 

The values depicted in Table 2.4 provide an insight in to the r e l a t i v e 

s e n s i t i v i t i e s of these electrodes f o r the l i t h i u m ion concentration 
- 1 f \ 

1 x 10 M - 1 x 10 M in a c l i n i c a l sodium chloride background. I f 

these values are combined wi th r e l a t i v e s e l e c t i v i t y c o e f f i c i e n t s f o r 
Pot 

l i t h i u m over sodium ( log K j ^ a , see Table 2.3) then there are 

d iscernible trends: 

(1) For benzyl (108,109) and ester der ivat ives (123,124), the 

d i func t iona l i sed ligands display greater s e l e c t i v i t y c o e f f i c i e n t s 

f o r l i t h i u m over sodium and potassium, and larger AE values over 
1 - f \ 

the l i t h i u m ion concentration range 1 x 10" M - 1 x 10" M than 
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t h e i r m o n o f u n c t i o n a l i s e d c o u n t e r p a r t s . The mono- and d i -
f u n c t i o n a l i s e d s t r u c t u r e s a r e r e p r e s e n t e d i n F i g u r e 2.13. 

R 

H » H 

MONOFUNCTIONALISED 
DERIVATIVES 

(108) R=CH20CH9Ph 
(123) R=CH 2C(0)0Me 

H » R 
DIFUNCTIONALISED 

DERIVATIVES 
(109) R=CH 20CH 2Ph 
(124) R=CH 2C(0)0Me 

Figure 2.13 Newman Projections of the CH&-CH& Fragment for 
Monofunctionalised Ligands (108) and (123) and for 
Difunctionalised Ligands (109) and (124). 

I n o r d e r t o c o o r d i n a t e e f f e c t i v e l y t o t h e m e t a l c a t i o n t h e a x i a l 
o r i e n t a t i o n ( a , a ) must be adopted. The c o n f o r m a t i o n o f t h e f r e e l i g a n d 
w i l l t h u s , o p t i m a l l y , a l s o be ( a , a ) , n e c e s s i t a t i n g m i n i m a l 
c o n f o r m a t i o n a l change on c o m p l e x a t i o n . I n f r a r e d d a t a s u g g e s t s t h a t , i n 
a methanol t h i n f i l m , t h e v a s t m a j o r i t y o f a x i a l donors f o r mono
f u n c t i o n a l i s e d and d i f u n c t i o n a l i s e d e s t e r (123,124) and amide (127,128) 
d e r i v a t i v e s c o o r d i n a t e t o t h e l i t h i u m c a t i o n and a r e t h e r e f o r e i n t h e 
(a, a ) o r i e n t a t i o n . C l e a r l y , i f f r e e l i g a n d (X) e x i s t s i n t h e (e,e) 
c o n f o r m a t i o n , whereas f r e e l i g a n d (Y) e x i s t s i n t h e (a,a) c o n f o r m a t i o n , 
f r e e l i g a n d (X) must undergo a f a r g r e a t e r c o n f o r m a t i o n a l change i n 
o r d e r t o c o o r d i n a t e t h e m e t a l c a t i o n t h a n t h e f r e e l i g a n d ( Y ) . The 
r e s u l t a n t m e t a l c a t i o n l i g a n d (X) complex w i l l t h e r e f o r e be d e s t a b i l i s e d 
r e l a t i v e t o t h a t o f l i g a n d ( Y ) . I n s e e k i n g t o e x p l a i n t h e enhanced 
l i t h i u m s e l e c t i v i t y o f d i f u n c t i o n a l i s e d l i g a n d s (124) and ( 1 0 9 ) , one 
p o s s i b l e c o n t r i b u t i n g f a c t o r m i g h t be t h a t f o r m o n o f u n c t i o n a l i s e d 
d e r i v a t i v e s , t h e l o w e s t energy c o n f o r m e r o f t h e f r e e l i g a n d e x h i b i t s t h e 
(e,e) o r i e n t a t i o n , whereas f o r t h e d i f u n c t i o n a l i s e d d e r i v a t i v e s s t e r i c 
e f f e c t s , as a r e s u l t o f s u b s t i t u t i n g an (R) group f o r a hydrogen atom, 
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d i c t a t e t h a t t h e l o w e s t energy c o n f o r m a t i o n o f t h e f r e e l i g a n d w i l l t e n d 
more t o w a r d t h e ( a , a ) o r i e n t a t i o n . I n o r d e r t o c l a r i f y t h e r e l e v a n c e o f 
t h i s f a c t o r , i t i s necessary t o know t h e o r i e n t a t i o n o f a x i a l groups f o r 
t h e b e n z y l (108,109) and e s t e r (123,124) f r e e l i g a n d s . A t t e m p t s t o grow 
c r y s t a l s o f t h e f r e e l i g a n d s have f a i l e d , and t h e r e f o r e n o t h i n g i s known 
o f t h e o r i e n t a t i o n o f (R) g r o ups i n t h e f r e e l i g a n d s i n t h e s o l i d s t a t e . 
Added t o t h i s , *H s p e c t r a p r o v e d t o be t o o complex i n t h e r e g i o n o f t h e 
CHR s i g n a l s t o g a i n i n f o r m a t i o n f r o m t h e c o u p l i n g c o n s t a n t s Jy JJ by C 
NMR s a t e l l i t e resonances as t o t h e r e l a t i v e p r o p o r t i o n o f ( a , a ) and 
( e , e ) o r i e n t a t i o n s o f t h e s e f r e e l i g a n d s i n s o l u t i o n . T h e r e f o r e , a t 
p r e s e n t , t h e r e l e v a n c e o f t h i s f a c t o r t o o b served d i f f e r e n c e s i n l i t h i u m 
s e l e c t i v i t y remains u n c l e a r . 

R e g a r d l e s s o f o r i e n t a t i o n s o f a x i a l s u b s t i t u e n t s f o r t h e s e l i g a n d s , 
t h e r e a r e two e s s e n t i a l d i f f e r e n c e s between t h e d i f u n c t i o n a l i s e d 
d e r i v a t i v e s (109,124) and t h e m o n o f u n c t i o n a l i s e d d e r i v a t i v e s ( 1 0 8 , 1 2 3 ) . 
( a ) The d i f u n c t i o n a l i s e d l i g a n d s a r e h e x a - c o o r d i n a t e , whereas t h e 

m o n o f u n c t i o n a l i s e d l i g a n d s a r e p e n t a - c o o r d i n a t e . 
( b ) F u n c t i o n a l i s e d groups l i e , one above and one below t h e r i n g p l a n e 

f o r d i f u n c t i o n a l i s e d d e r i v a t i v e s , whereas f o r m o n o f u n c t i o n a l i s e d 
d e r i v a t i v e s t h e s i n g l e a x i a l s u b s t i t u e n t may l i e e i t h e r above o r 
below t h e r i n g p l a n e . 

The s i x t h donor g r o u p may enhance l i t h i u m s e l e c t i v i t y t h r o u g h a more 
e f f e c t i v e c o o r d i n a t i o n t o t h e l i t h i u m i o n t h a n o t h e r l a r g e r a l k a l i m e t a l 
c a t i o n s . I f t h e m o n o f u n c t i o n a l i s e d l i g a n d s a r e c o n s i d e r e d ( F i g u r e 2 . 1 4 ) . 

Na <5> Li + 

Figure 2.14 
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Sodium, whose i o n i c r a d i u s exceeds t h a t o f t h e 14-crown-4 c a v i t y , w o u l d 
be e x p e c t e d t o l i e above t h e r i n g p l a n e . L i t h i u m , on t h e o t h e r hand, 
can p o t e n t i a l l y l i e w i t h i n t h e r i n g p l a n e s i n c e i t s i o n i c r a d i u s i s , i f 
a n y t h i n g , s l i g h t l y s m a l l e r t h a n t h a t o f t h e 14-crown-4 c a v i t y . I f a 
s i x t h donor s i t e i s i n t r o d u c e d t h e n t h e s t r u c t u r e s d e p i c t e d i n F i g u r e 
2.15 can be e n v i s a g e d . 

01 Na 

Li J 
Figure 2.15 

I f t h e l i t h i u m i o n i s c o n s i d e r e d t o l i e i n t h e p l a n e o f t h e 14-crown-4 
c a v i t y , t h e n b o t h donor groups can, t h r o u g h a p p r o p r i a t e d e s i g n , 
c o o r d i n a t e s t r o n g l y a t an e q u a l d i s t a n c e f r o m t h e l i t h i u m i o n . I n t h e 
case o f t h e sodium complex however, i t s g r e a t e r s i z e means t h a t i t must 
l i e above t h e r i n g p l a n e and c o n s e q u e n t l y t h e d i s t a n c e f r o m t h e s i x t h 
c o o r d i n a t i o n s i t e i s a p p r e c i a b l y l o n g e r , and hence i n t e r a c t i o n between 
t h i s donor s i t e and t h e sodium i o n w i l l be weaker. T h e r e f o r e t h e s i x t h 
donor s i t e m ight be e x p e c t e d t o enhance l i t h i u m s e l e c t i v i t y . 

Kimura and K i t i z a w a ^ ' have pe r f o r m e d s t u d i e s w h i c h suggest 
t h a t t h e f o r m a t i o n o f 2:1 sandwich complexes w i t h sodium and p o t a s s i u m 
i o n s ( w h i c h exceed t h e 14-crown-4 c a v i t y s i z e ) can o c c u r i n PVC 
membranes o f i d e n t i c a l c o m p o s i t i o n t o t h o s e o f t h i s s t u d y . I t i s 
reasoned t h a t i o n o p h o r e s t h a t can i n h i b i t 2:1 sandwich f o r m a t i o n w i l l 
a c c o r d i n g l y d i s p l a y enhanced l i t h i u m s e l e c t i v i t i e s o v e r t h o s e i o n o p h o r e s 
w h i c h a r e un a b l e t o f o r m such 2:1 sandwich complexes. I n s e e k i n g t o 
e x p l a i n t h e enhanced l i t h i u m s e l e c t i v i t y o f d i b e n z y l (108) and d i e s t e r 
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(124) d e r i v a t i v e s o v e r t h e i r m o n o f u n c t i o n a l i s e d c o u n t e r p a r t s , a 
c o n t r i b u t i n g f a c t o r m i g h t be t h a t t h e d i f u n c t i o n a l i s e d d e r i v a t i v e s a r e 
more e f f e c t i v e i n h i b i t o r s o f 2:1 c o m p l e x a t i o n by l a r g e r c a t i o n s t h a n 
m o n o f u n c t i o n a l i s e d d e r i v a t i v e s . I n o r d e r t o c l a r i f y t h e i m p o r t a n c e o f 
t h i s e f f e c t , i t i s n e c e s s a r y t o a s c e r t a i n t h e e x t e n t t o w h i c h 2:1 
c o m p l e x a t i o n may o c c u r f o r t h e s e l i g a n d s . F i x e d i n t e r f e r e n c e 
measurements u s i n g v a r y i n g c o n c e n t r a t i o n s o f i o n o p h o r e i n t h e PVC 
membrane can be used f o r t h i s purpose. The l o g i c b e h i n d t h i s i s t h a t 
f o r a l i g a n d which f o r m s e x c l u s i v e 1:1 complexes w i t h a l k a l i m e t a l 
c a t i o n s ( L i + , Na +, K + ) , v a r i a t i o n s i n i o n o p h o r e c o n c e n t r a t i o n w i t h i n t h e 
membrane w i l l have no e f f e c t on l i t h i u m s e l e c t i v i t y . F o r l i g a n d s t h a t 
a r e a b l e t o f o r m 2:1 complexes w i t h l a r g e r c a t i o n s , a r i s e i n l i g a n d 
c o n c e n t r a t i o n w i t h i n t h e membrane w i l l l e a d t o a c o n c u r r e n t f a l l i n 
l i t h i u m s e l e c t i v i t y . These s t u d i e s a r e b e i n g u n d e r t a k e n a t p r e s e n t and 
i f r e s u l t s show t h a t t h e m o n o f u n c t i o n a l i s e d d e r i v a t i v e s a r e a b l e t o 
e n t e r t a i n sodium and p o t a s s i u m i o n s w i t h a 2:1 s t o i c h i o m e t r y , whereas 
d i f u n c t i o n a l i s e d d e r i v a t i v e s a r e l e s s a b l e t o do so, t h e n t h i s would be 
deemed an i m p o r t a n t f a c t o r i n g o v e r n i n g t h e r e l a t i v e l i t h i u m 
s e l e c t i v i t i e s o f t h e s e i o n o p h o r e s . 

(2) The b e n z y l d e r i v a t i v e (108) e x h i b i t s a h i g h e r AE v a l u e o v e r t h e 
1 6 

l i t h i u m i o n c o n c e n t r a t i o n range 1 x 10 M - 1 x 10" M t h a n t h e e s t e r 
(123) o r amide (127) d e r i v a t i v e s . A x i a l c o o r d i n a t i o n t o t h e l i t h i u m i o n 
i n v o l v e s t h e f o r m a t i o n o f a five-membered c h e l a t e r i n g f o r t h e b e n z y l 
d e r i v a t i v e (108) as opposed t o six-membered c h e l a t e r i n g s f o r e s t e r 
(123) and amide (127) d e r i v a t i v e s . D i f f e r e n c e s i n o b s e r v e d l i t h i u m 
s e l e c t i v i t i e s m i g h t r e f l e c t d i f f e r i n g c h e l a t e r i n g s i z e s . I t has been 

123 
a rgued by Hancock , t h a t t h e i n h e r e n t l i t h i u m s e l e c t i v i t y o f t h e 14-
crown-4 r i n g stems l a r g e l y f r o m t h e presence o f two six-membered c h e l a t e 
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r i n g s i n t h e r e s u l t i n g complexes. For t h e s m a l l l i t h i u m i o n , t h e 
hydrogens i n t h e s e six-membered c h e l a t e r i n g s a r e a b l e t o adopt t h e 
e n e r g e t i c a l l y f a v o u r e d s t a g g e r e d o r i e n t a t i o n . However, t h e l a r g e r 
sodium i o n f o r c e s t h e Cg c h a i n hydrogen atoms towards t h e e n e r g e t i c a l l y 
l e s s f a v o u r e d e c l i p s e d p o s i t i o n . I t was f u r t h e r argued t h a t i n t r o d u c t i o n 
o f more six-membered c h e l a t e r i n g s i n t o t h e m e t a l c a t i o n complex would 
cause s t e r i c c r o w d i n g f o r t h e s m a l l l i t h i u m i o n and t h a t t h i s would 
o u t w e i g h t h e e n e r g e t i c a l l y f a v o u r e d s t a g g e r e d hydrogen o r i e n t a t i o n . 
Sodium, however, b e i n g a l a r g e r c a t i o n , would e x p e r i e n c e l e s s 
u n f a v o u r a b l e energy t h r o u g h s t e r i c c r o w d i n g and t h u s s e l e c t i v i t y f o r 
l i t h i u m o v e r sodium would f a l l r e l a t i v e t o t h e u n s u b s t i t u t e d 14-crown-4 
r i n g . I f t h e l i g a n d s ( 1 0 8 ) , (123) and (127) a r e c o n s i d e r e d , t h e y would 
seem t o g i v e credence t o t h i s argument. When t h e five-membered c h e l a t e 
r i n g formed by a x i a l c o o r d i n a t i o n by t h e b e n z y l d e r i v a t i v e ( 1 0 8 ) , i s 
r e p l a c e d by t h e six-membered c h e l a t e r i n g s o f e s t e r (123) o r amide (127) 
d e r i v a t i v e s , a c o n c u r r e n t d r o p i n l i t h i u m s e l e c t i v i t y i s seen. 

The six-membered c h e l a t e r i n g s f ormed by e s t e r (123) and amide 
(127) d e r i v a t i v e s a r e more f l e x i b l e t h a n t h e five-membered c h e l a t e r i n g 
f o rmed by t h e b e n z y l d e r i v a t i v e ( 1 0 8 ) . A x i a l c o o r d i n a t i o n by e s t e r and 
amide l i g a n d s w i l l t h u s be e n t r o p i c a l l y l e s s f a v o u r a b l e . The a x i a l 
c o o r d i n a t i o n by t h e s e l i g a n d s m i g h t t h e r e f o r e be weak and i n d i s c r i m i n a t e 
f o r a l l a l k a l i m e t a l c a t i o n s . Hence, t h o u g h a x i a l c o o r d i n a t i o n m i g h t 
m a r g i n a l l y i n c r e a s e t h e s t a b i l i t y o f l i t h i u m complexes r e l a t i v e t o t h o s e 
o f u n s u b s t i t u t e d 14-crown-4, a c o n c u r r e n t enhancement i n l i t h i u m 
s e l e c t i v i t y would n o t be seen. The v e r y s i m i l a r l i t h i u m s e l e c t i v i t y 
d i s p l a y e d by amide (127) and e s t e r (123) d e r i v a t i v e s i n b o t h FAB mass 
s p e c t r o m e t r y and p o t e n t i o m e t r i c s t u d i e s , t e n d s t o suggest weak a x i a l 
c o o r d i n a t i o n by t h e s e l i g a n d s , s i n c e i f t h e o r i e n t a t i o n o f a x i a l 
c a r b o n y l donors were f a v o u r a b l e f o r l i t h i u m c o m p l e x a t i o n , t h e 
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s u b s t a n t i a l d i f f e r e n c e i n <r-donating power o f a x i a l donors would be 
e x p e c t e d t o r e s u l t i n a s u b s t a n t i a l d i f f e r e n c e i n l i t h i u m s e l e c t i v i t i e s . 
The l e s s f l e x i b l e a x i a l s u b s t i t u e n t o f t h e b e n z y l d e r i v a t i v e (108) 
however, might a p p r e c i a b l y i n c r e a s e t h e s t a b i l i t y o f t h e t h e l i t h i u m 
complex r e l a t i v e t o t h a t o f t h e u n s u b s t i t u t e d 14-crown-4 l i g a n d . 
F u r t h e r m o r e , t h e l a r g e r s i z e o f sodium and p o t a s s i u m m i g h t p r e c l u d e such 
a f a v o u r a b l e a x i a l i n t e r a c t i o n and t h u s l i t h i u m s e l e c t i v i t y would a l s o 
be enhanced r e l a t i v e t o t h a t o f t h e u n s u b s t i t u t e d 14-crown-4 l i g a n d . I n 
o r d e r t o c l a r i f y o b s e r v e d d i f f e r e n c e s , f u r t h e r l i g a n d s o f t h e g e n e r a l 
s t r u c t u r e shown i n F i g u r e 2.16 must be s y n t h e s i s e d where s t r o n g e r a x i a l 
a- donors a r e i n t r o d u c e d t h a t f o r m five-membered c h e l a t e r i n g s . 

I f , as has been s u g g e s t e d , five-membered c h e l a t e r i n g s formed by a x i a l 
donors a r e more f a v o u r a b l e f o r l i t h i u m c o m p l e x a t i o n t h a n six-membered 
c h e l a t e r i n g s on s t e r i c and e n t r o p i c g r o u n d s , t h e n s t r o n g e r a x i a l <r-
donors i n t h e g e n e r a l s t r u c t u r e shown ( F i g u r e 2.16) s h o u l d l e a d t o 
h i g h e r l i t h i u m s e l e c t i v i t i e s t h a n t h o s e d i s p l a y e d by t h e b e n z y l 
d e r i v a t i v e ( 1 0 8 ) . 

(3) The d i b u t y l a m i d e l i g a n d (128) d i s p l a y s a m a r k e d l y h i g h e r l i t h i u m 
s e l e c t i v i t y t h a n any o t h e r l i g a n d o f t h i s s e r i e s . Based on p r e v i o u s 

O 

J COX 

o 

Figure 2.16 X = OR, NS2 . 
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a r g u m e n t s , enhancement o f l i t h i u m s e l e c t i v i t y r e l a t i v e t o t h e monoamide 
(127) can be e x p l a i n e d by t h r e e p o s s i b l e d i f f e r e n c e s : 
( a ) The d i b u t y l a m i d e (128) c o o r d i n a t e s more s t r o n g l y t o l i t h i u m by 

v i r t u e o f t h e s i x t h donor s i t e . 

( b ) The d i b u t y l a m i d e (128) i n h i b i t s 2:1 c o m p l e x a t i o n by l a r g e r c a t i o n s 
more e f f i c i e n t l y . 

( c ) The d i b u t y l a m i d e (128) t e n d s more t o t h e (a , a ) c o n f o r m a t i o n as t h e 
f r e e l i g a n d . 

However, p r e v i o u s arguments sugg e s t t h a t a x i a l c o o r d i n a t i o n i s 
s t e r i c a l l y and e n t r o p i c a l l y l e s s f a v o u r e d f o r six-membered c h e l a t e r i n g s 
r e l a t i v e t o five-membered c h e l a t e r i n g s . Based on t h e s e arguments, t h e 
d i b u t y l a m i d e (128) would be e x p e c t e d t o e x h i b i t a v e r y s i m i l a r l i t h i u m 
s e l e c t i v i t y i n comparison t o e s t e r d e r i v a t i v e s (123,124) and t h e amide 
d e r i v a t i v e ( 1 2 7 ) . The o b v i o u s i m p l i c a t i o n f r o m t h e marked d e v i a t i o n 
f r o m e x p e c t e d b e h a v i o u r , i s t h a t t h e d i b u t y l g roup must i n some way 
o v e r r i d e s t e r i c and e n t r o p i c f a c t o r s . I n o r d e r t o c l a r i f y o b s e r v e d 
d i f f e r e n c e s , two f u r t h e r l i g a n d s must be made ( F i g u r e 2 . 1 7 ) . 

n n o o 
// // 

o o CNB.U 

0^""**CNMe o o u 0 

F i g u r e 2.17 Further Ligands to be Made. 

P o t e n t i o m e t r i c s t u d i e s o f t h e s e l i g a n d s would d e m o n s t r a t e whether o r n o t 
t h e marked l i t h i u m s e l e c t i v i t y o f l i g a n d (128) can be a t t r i b u t e d t o t h e 
n a t u r e o f t h e b u t y l g r o u p . 
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F i g u r e s 2.18, 2.19 and 2.20 g r a p h i c a l l y d i s p l a y response o f t h e 
d i b u t y l a r a i d e ( 1 2 8 ) , d i b e n z y l (109) and P h i l i p s e l e c t r o d e s t o l i t h i u m i o n 
c o n c e n t r a t i o n s ( 1 x 10" M - 1 x 10 M) i n a f i x e d background o f 1 mM 
sodium c h l o r i d e , 150 mM sodium c h l o r i d e , 4.3 mM p o t a s s i u m c h l o r i d e and 
1.26 mM c a l c i u m c h l o r i d e . Most o f t h e i n f o r m a t i o n f r o m t h e s e f i g u r e s has 
been d i s c u s s e d above. The o n l y r e m a i n i n g p o i n t t o n o t e i s t h e marked 
d i f f e r e n c e i n response w i t h a 1 mM sodium c h l o r i d e background as 
compared t o a 150 mM background. I n a number o f r e c e n t p u b l i c a t i o n s , 
h i g h l y s e l e c t i v e l i t h i u m i o n o p h o r e s have been r e p o r t e d * ^ ' 
u n f o r t u n a t e l y s e l e c t i v i t i e s f o r l i t h i u m o v e r sodium were measured i n a 
50 mM sodium c h l o r i d e background. I t i s c l e a r f r o m F i g u r e s 2.18-2.20 
t h a t t h i s l o w e r sodium c h l o r i d e background w i l l a l m o s t c e r t a i n l y l e a d t o 
a markedly d i f f e r e n t e l e c t r o d e response t o t h a t measured i n a c l i n i c a l 
(150 mM) sodium c h l o r i d e background. I n o r d e r t o assess t h e p o t e n t i a l 
u t i l i t y o f a l i t h i u m i o n o p h o r e f o r m e a s u r i n g l i t h i u m i o n c o n c e n t r a t i o n 
i n whole b l o o d , i t i s v i t a l t o measure l i t h i u m s e l e c t i v i t y c o e f f i c i e n t s 
where i n t e r f e r i n g i o n s a r e a t c l i n i c a l l e v e l s . 

2.6.3 Measurement of Electrode Response Using a Flow System 
- Calibration of Electrodes. 

E l e c t r o d e s based on t h e d i b e n z y l ( 1 0 9 ) , d i e s t e r ( 1 2 4 ) , d i b u t y l a m i d e 
(128) d e r i v a t i v e s and t h e P h i l i p s l i t h i u m i o n o p h o r e were c a l i b r a t e d f o r 

1 - fi 

t h e l i t h i u m i o n c o n c e n t r a t i o n range ( 1 x 10" M - 1 x 10 M) u s i n g t h e 
system d e p i c t e d i n F i g u r e 2.21. The i o n s e l e c t i v e e l e c t r o d e s were 
c o n d i t i o n e d o v e r n i g h t a t room t e m p e r a t u r e i n 1 x 10 M l i t h i u m c h l o r i d e 
s o l u t i o n . T h e r e a f t e r , t h e y were t h o r o u g h l y r i n s e d and immersed i n a 
c o n s t a n t volume c e l l c o n t a i n i n g 1 x 10" * M l i t h i u m c h l o r i d e as t h e 
i n i t i a l s o l u t i o n . The d i l u e n t s o l u t i o n ( d e i o n i s e d w a t e r ) was i n t r o d u c e d 
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Figure 2.18 Calibration Curve for Philips Lithium Ionophore at 37°C. 
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Figure 2.19 Calibration Curve for Lithium Ionophore (109) at 37°C. 
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Figure 2.20 Calibration Curve for Lithium Ionophore (128) at 37°C. 



i n t o t h e c o n s t a n t volume c e l l (36.7 ml) a t a r a t e o f 6 ml/min by u s i n g a 
p e r i s t a l t i c pump. 

Burrat 
AMP OVM IttNKB OVM IttNKB OVM IttNKB 

rcRsumc 
PUMP 

• t 
W A S I t 

D I I T I A I D R U H T C M S U N T 
SaUllOH SOLUTION VOLUME 

C t U W I T H 
I S C / C H E M f t l 

Figure 2.21 Apparatus Used in the Flow System. 

A l l s o l u t i o n s were m a i n t a i n e d a t 37°C t h r o u g h o u t t h e p r o c e s s . T h e r e f o r e , 
t h e i n i t i a l l i t h i u m c h l o r i d e s o l u t i o n (1 x 10"* M) was d i l u t e d a t a 
c o n s t a n t r a t e and t h e e l e c t r o d e response was measured d i r e c t l y on a Y/t 

1 Qfi 
r e c o r d e r . T h i s p r o c e s s can be d e s c r i b e d by t h e f o l l o w i n g e q u a t i o n : 

t = V v l ^ _ W 
-V 

where: t = Time Elapsed f r o m t h e b e g i n n i n g o f t h e d i l u t i o n p r o c e s s 
Vv = Cons t a n t Volume o f t h e C e l l (36.7 ml) 
V = Flow Rate (6 ml/min) 

The v a r i a t i o n i n p o t e n t i a l was m o n i t o r e d on a Y/t r e c o r d e r and t h e 
c a l i b r a t i o n g r a p h may be o b t a i n e d d i r e c t l y f r o m t h i s by r e s c a l i n g t h e t -
a x i s i n l o g C u n i t s . 

T r i o c t y l p h o s p h i n e o x i d e (TOPO) has, i n r e c e n t p u b l i c a t i o n s , been 
shown t o enhance l i t h i u m s e l e c t i v i t i e s f o r c e r t a i n l i g a n d s i n membranes 
o f s i m i l a r c o m p o s i t i o n t o t h i s s t u d y . I t i s reasoned t h a t t h e s o f t 
p o l a r i s a b l e phosphonate donor w i l l i n t e r a c t much more f a v o u r a b l y w i t h 
t h e s m a l l l i t h i u m i o n o f h i g h s u r f a c e charge t h a n w i t h l a r g e r a l k a l i 

Rtruuct 
ecu 
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m e t a l c a t i o n s t h a t d i s p l a y l o w e r charge d e n s i t y r a t i o s , and hence, 
i n h e r e n t l i t h i u m s e l e c t i v i t y o f t h e e l e c t r o d e might be enhanced. For 
t h i s r e a s o n , f r e s h membranes were made up f o r t h e d i b e n z y l ( 1 0 9 ) , 
d i e s t e r (124) and d i b u t y l a m i d e (128) d e r i v a t i v e s as b e f o r e , and ll TOPO 
was added. E l e c t r o d e s u s i n g t h e s e membranes w i t h added T0P0 were 
c a l i b r a t e d a t 37°C u s i n g t h e f l o w system p r e v i o u s l y d e s c r i b e d . R e s u l t s 
f r o m c a l i b r a t i o n e x p e r i m e n t s f o r l i g a n d s ( 1 0 9 ) , (124) and (128) w i t h and 
w i t h o u t TOPO, and t h e P h i l i p s i o n o p h o r e o v e r t h e l i t h i u m c o n c e n t r a t i o n 
range ( 1 x 1 0 " 1 M - 1 x 1 0 ~ 6 M) a r e d e p i c t e d i n T a b l e 2.5. 

LIGAND 
WITHOUT TOPO WITH TOPO 

LIGAND 
SLOPE DL SLOPE DL 

(109) 
(124) 
(128) 
P h i l i p s 
I o n o p h o r e 

55 
61 
57 
61 

<10"5 
10-3 

<10"5 
10-4 

00 
20 
00 
50 

60 
28 
59 

10-4.20 

10-4.70 

Table 2.5 Calibration of Electrodes in Pure Lithium Chloride 
Solution (1x10'1 -1x10-6 M) Using Flow Method at 37°C; 
DL=Detection Limit; Units of slope-mV/decade [LiCl]. 

There a r e s e v e r a l p o i n t s t o n o t e : 
(1) For d e r i v a t i v e s w i t h o u t TOPO, a l l s l o p e s a r e near N e r n s t i a n . 

I n d e e d , t h e P h i l i p s i o n o p h o r e and d i e s t e r d e r i v a t i v e ( 124) d i s p l a y 
a p p a r e n t p e r f e c t N e r n s t i a n b e h a v i o u r . 

( 2 ) The d i a m i d e (128) and d i b e n z y l (109) d e r i v a t i v e s , t h o u g h e x h i b i t i n g 
s l i g h t l y l o w e r s l o p e s t h a n t h e P h i l i p s i o n o p h o r e , show a p p r e c i a b l y 
g r e a t e r l i m i t s o f d e t e c t i o n . 

( 3 ) The d i e s t e r d e r i v a t i v e ( 1 2 4 ) , a l t h o u g h e x h i b i t i n g a p p a r e n t l y 
p e r f e c t N e r n s t i a n b e h a v i o u r f o r t h e l i t h i u m i o n c o n c e n t r a t i o n range 

- 1 - 2 
( 1 x 10 M - 1 x 10 M), has a poor d e t e c t i o n l i m i t compared t o 
o t h e r l i g a n d s i n t h i s s t u d y . 
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( 4 ) A d d i t i o n o f l7o TOPO t o membranes c o n t a i n i n g d i b e n z y l (109) and 
di a m i d e (128) d e r i v a t i v e s , s e r v e s t o improve measured s l o p e s . 
However, t h e d e t e c t i o n l i m i t s a r e l e s s good. 

( 5 ) The d i e s t e r (124) d e r i v a t i v e d i s p l a y s a d r a s t i c a l l y reduced s l o p e 
w i t h added TOPO and t h e d e t e c t i o n l i m i t i s c o n s e q u e n t l y v e r y poor. 

2.6.4 Measurements of Lithium Selectivity Using the Flow System 

Measurements o f l i t h i u m s e l e c t i v i t y f o r l i g a n d s ( 1 0 9 ) , (124) and 
(128) ( w i t h and w i t h o u t TOPO) and t h e P h i l i p s i o n o p h o r e were made 
a g a i n s t a f i x e d background o f 150 mM sodium c h l o r i d e , 4.3 mM p o t a s s i u m 
c h l o r i d e and 1.26 mM c a l c i u m c h l o r i d e by u s i n g t h e f l o w system o u t l i n e d 
p r e v i o u s l y . 

I n t h i s case t h e e l e c t r o d e s were c o n d i t i o n e d o v e r n i g h t i n a 1 x 
1 0 " 1 M l i t h ium c h l o r i d e s o l u t i o n c o n t a i n i n g 150 mM sodium c h l o r i d e , 4.3 
mM p o t a s s i u m c h l o r i d e and 1.26 mM c a l c i u m c h l o r i d e a t 37°C. The d i l u e n t 
s o l u t i o n c o n s i s t e d o f i n t e r f e r e n t i o n s i n d e i o n i s e d w a t e r and t h e f l o w 
r a t e and c e l l volume were i d e n t i c a l t o t h o s e i n t h e c a l i b r a t i o n 
e x p e r i m e n t s . Hence l i t h i u m s e l e c t i v i t y c o e f f i c i e n t s were c a l c u l a t e d 
d i r e c t l y f r o m t h e c u r v e s p l o t t e d on t h e Y/t r e c o r d e r . These r e s u l t s a r e 
d e p i c t e d i n T a b l e 2.6. 

LIGAND 
WITHOUT TOPO WITH TOPO 

LIGAND 
SLOPE DL SLOPE DL 

(109) 
(124) 
(128) 
P h i l i p s 
I o n o p h o r e 

55 
25 
57 
47 

10-2.90 

10-3.40 
1Q-2 .15 

47 
13 
59 

10-2.70 

10-3.20 

Table 2.6 Lithium Selectivity Measurements Using the Flow System by the 
Fixed Interference Method at 37°C; LiCl Solutions with a 
Fixed Background of 150 mM NaCl, 4.3 mM KCl and 1.26 mM 
CaCh; DL=Detection Limit; Units of slope=mV/decade [LiCl]. 
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E l e c t r o d e responses f o r t h e s e d e r i v a t i v e s , w i t h and w i t h o u t 
i n t e r f e r e n t s , as measured i n t h e f l o w system a r e d e p i c t e d g r a p h i c a l l y i n 
F i g u r e s 2.22-2.26. 

Since p r e v i o u s r e s u l t s f o r t h e s e l i g a n d s have d e m o n s t r a t e d t h a t 
i n t e r f e r e n c e f r o m b o t h p o t a s s i u m and c a l c i u m i o n s do n o t d e f i n e a 
d e t e c t i o n l i m i t w i t h i n t h e l i t h i u m i o n c o n c e n t r a t i o n used ( 1 x 10 * M -
1 x 10 ̂  M), t h e i n t e r f e r e n c e w h i c h g i v e s r i s e t o measured d e t e c t i o n 
l i m i t s can be assumed t o be e n t i r e l y due t o sodium. W i t h t h i s i n mind a 
t a b l e o f l i t h i u m / s o d i u m s e l e c t i v i t y c o e f f i c i e n t s may be c o n s t r u c t e d 
( T a b l e 2 . 7 ) . 

r TPANn 
l o S K L i N a 

WITHOUT T0P0 WITH T0P0 
(109) D i b e n z y l 
(128) Diamide 
P h i l i p s I o n o p h o r e 

-2.07 
-2.57 
-1.32 

-1.88 
-2.37 

Table 2.7 Lithium/Sodium Selectivity Ratios Using the Flow System. 

There a r e s e v e r a l p o i n t s t o n o t e f r o m t h e s e r e s u l t s : 
( 1 ) I n comparison t o t h e d i p - t y p e method used i n p r e l i m i n a r y 

e x p e r i m e n t s , t h e d i a m i d e ( 1 2 8 ) , d i b e n z y l (109) d e r i v a t i v e s and 
P h i l i p s i o n o p h o r e e x h i b i t h i g h e r s l o p e s i n a f i x e d background o f 
150 mM sodium c h l o r i d e u s i n g t h e f l o w system. I n t h e f l o w system, 
t h e e l e c t r o d e s a r e i n c o n t a c t w i t h t h e a n a l y t e t h r o u g h o u t t h e 

1 f\ 

l i t h i u m i o n c o n c e n t r a t i o n range 1 x 10" M - 1 x 10 M. However, 
t h e d i p - t y p e method n e c e s s i t a t e s d i p p i n g t h e e l e c t r o d e s i n s e p a r a t e 

11f5 

l i t h i u m c h l o r i d e s o l u t i o n s . S t u d i e s have shown t h a t t h e d i p -
t y p e method g e n e r a t e s l o w e r s l o p e s i n t h e presence o f i n t e r f e r e n t s 
t h a n i n t h e f l o w system. 
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Figure 2.22 Graph of Electrode Potential Against lithium Chloride 
Concentration for ligand (109) at 37°C; (a) in Pure LiCl 
Solutions and (b) Vith a Fixed Background of 150 mM 
NaCl, 4.3 mM SCI and 1.26 mM CaClo. 
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Figure 2.23 Graph of Electrode Potential Against lithium Chloride 
Concentration for Ligand (109) at 37°C; (a) in Pure LiCl 
Solutions with TOPO and (b) Vith a Fixed Background of 
150 mM NaCl, 4.3 mM KCl and 1.26 mM CaCh with TOPO. 



ELECTRODE LIGAND (128) 
POTENTIAL (mV) 
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Figure 2.24 Graph of Electrode Potential Against lithium Chloride 
Concentration for ligand (128) at 37°C; (a) in Pure LiCl 
Solutions and (b) Vith a Fixed Background of 150 mM 
NaCl, 4 - 3 mM KCl and 1.26 mM CaCl2. 

ELECTRODE LIGAND (128) • TOPO 
POTENTIAL (mV) 

240 

200 
a No Interferents 

160 

120 b With Interferents 

80 

40 

• i 

0 -1 0 - 2 0 - 3 0 - 4 0 - 5 0 
log[LiCI] 

Figure 2.25 Graph of Electrode Potential Against Lithium Chloride 
Concentration for Ligand (128) at 3?>C; (a) in Pure LiCl 
Solutions with TOPO and (b) Vith a Fixed Background of 
150 mM NaCl, 4 . 3 mM KCl and 1.26 mM CaCl2 with TOPO. 



ELECTRODE Philips Ionophore (Li 561) 
POTENTIAL (mV) 
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Figure 2.26 Graph of Electrode Potential Against Lithium Chloride 
Concentration for Philips Ionophore (Li* 561) at 37°C; 
(a) in Pure LiCl Solutions and (b) Vith a Fixed Back
ground of 150 mM NaCl, 4 . 3 mM KCl and 1.26 mM CaCl2. 

I t has been reasoned that t h i s i s due to r e l a t i v e l y f a s t 

concentration changes occurring in the dip-type method as the 

electrodes are dipped in to each d i f f e r e n t l i t h i u m chloride solut ion 

wi th the f i x e d background of i n t e r f e r en t s , as opposed to a slower 

constant d i l u t i o n rate in the f low system. This has been f u r t h e r 

emphasised by the resul ts of a series of ca l i b r a t i on experiments 

carr ied out at d i f f e r e n t f low rates. I t was found that the 

d i f fe rence between the slopes obtained using the dip-type method 

and the f low system increased when the f low rate was increased and 
e -i Of? 

when the concentration of primary ion was lower than 10 M . 

The f low system would seem an eminently preferable technique since 

i t allows d i rec t electrode poten t ia l measurements over the en t i re 
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l i t h i u m chlor ide concentration range (1 x 10" M - 1 x 10 M). In 

the dipped system, on the other hand, measurements were taken at 

increments of one decade change in the l i t h i u m ion concentration. 

Added to t h i s , the measured s e l e c t i v i t y c o e f f i c i e n t f o r the Phi l ips 
Pot 

ionophore ( log K^iNa = -1.32) by the f low system, compares very 
Pot 

favourably wi th the s e l e c t i v i t y c o e f f i c i e n t ( log K ^ V ^ = -1.30) 

quoted by the manufacturers. 

For the dibenzyl (109) and diamide (128) der iva t ives , wi th no added 

TOPO, the slopes i n a f i x e d background of in te r fe ren t s remain 

iden t i ca l to those measured in pure l i t h i u m chloride solut ions . 

For the Ph i l ips ionophore, and especial ly the diester der iva t ive 

without added TOPO, measured slopes f a l l when in te r fe ren t s are 

present. As a consequence, the diamide (128) and dibenzyl (109) 

der ivat ives show appreciably higher l i m i t s of detection when 

in te r fe ren t s are present as compared to the Ph i l ips ionophore and 

diester de r iva t ive (124). 

Addit ion of 17. TOPO to the benzyl der iva t ive confers a lower slope 

in the presence of i n t e r f e r en t s . This i s at variance wi th the 

improved slope wi th added TOPO measured in pure l i t h i u m chloride 

so lu t ions . The mechanism of act ion of TOPO w i t h i n the membrane is 

s t i l l not c l ea r ly understood, and hence i t i s d i f f i c u l t to explain 

the observed dif ferences in behaviour. The low slope exhibi ted by 

the benzyl der iva t ive wi th added TOPO confers a lower l i m i t of 

detection f o r t h i s electrode i n the presence of i n t e r f e r en t s . 

The addi t ion of 17, TOPO to the diamide der iva t ive confers a higher 

slope i n the presence of i n t e r f e r en t s . The l i m i t of detection i s , 

however, lower than when no TOPO is present. 
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(5) The lithium/sodium s e l e c t i v i t y c o e f f i c i e n t s indicate that both the 

diamide (128) and dibenzyl (109) der iva t ives , wi th or without TOPO, 

are subs tan t ia l ly more l i t h i u m select ive wi th respect to sodium, 

than the Phi l ips l i t h i u m ionophore. The addi t ion of TOPO confers 

lower s e l e c t i v i t i e s on both diamide (128) and dibenzyl (109) 

de r iva t ives . 

The d i func t iona l i s ed dibutylamide (128) emerges from t h i s study as 

by f a r the most promising l i t h i u m ionophore. In both dip-type and f low 

systems, i t exhib i t s the highest l i t h i u m s e l e c t i v i t y and the highest 

detect ion l i m i t s , in both pure l i t h i u m chloride so lu t i on , and wi th 

i n t e r f e r en t s present. The l i thium/sodium s e l e c t i v i t y c o e f f i c i e n t ( log 
Pot 

^LiNa = "2-60)> as measured in the f low system, marginally improves on 
that of l igand (10) (Figure 2 .27) , which displays a l i thium/sodium 

50 

s e l e c t i v i t y of -2.50 as measured in a f low system , and was widely 

recognised to be the most se lect ive l igand f o r l i t h i u m over sodium i n a 

c l i n i c a l sodium background before the present study. 

at 
Figure 2.27 Structure (10). 

The response times f o r the dibutylamide electrode are f a s t (< 60 

seconds), the s t a b i l i t y of the electrode in aqueous solut ions seems 

excel lent and response is near Nernstian in e i ther pure l i t h i u m chlor ide 

so lu t ion or in the presence of i n t e r f e r en t ions. Though the l i t h i u m / 
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sodium s e l e c t i v i t y value i s s t i l l lower than that required f o r ideal 
Pot 

accurate l i t h i u m ion measurement in whole blood ( log = -4 .50 ) , 

interference from potassium and calcium ions can be safely ignored 

wi th in the c l i n i c a l l i t h i u m ion concentration range (0.5 mM - 1.0 mM). 

Since the c l i n i c a l sodium levels f l uc tua t e over a narrow concentration 

range (135 mM - 150 mM), a p rac t i ca l appl ica t ion f o r t h i s electrode, 

using adequate ca l i b r a t i on solut ions , seems possible. 
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CHAPTER THREE 

AMIDE FUNCTIONALISED TRIAZA AND TETRAAZA 

MACROCYCLES AS IONOPHORES FOR LITHIUM AND CALCIUM IONS 



3.1 DESIGN OF A LITHIUM SELECTIVE IONOPHORE 

Ligands (129)-(132) (Figure 3.1) have been synthesised p r imar i ly as 

select ive ionophores f o r l i t h i u m . 

CONMe, 

N- \ 
CONMe2 

CONMe2 

624 

CONMe, 

N-

CONMe, 

CONMe, 

(130) 

CONMe. 

CONMe 

CONMe2 

(131) 

CONMe 

CONMe, 

Figure 3.1 

There are two features common to a l l ligands of t h i s series: 

(1) Amide Substituents. 

These donor groups display two important features: ( i ) they have a 

large dipole moment which ensures a high electron density on the oxygen, 

and ( i i ) they are so f t e r and more polarisable than ether oxygen donors. 

These features d ic ta te that the most favourable in te rac t ion w i l l occur 
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with cations of high charge density, as these cations not only form 

strong ion-dipole in te rac t ions , but are also able to polar ise the 

r e l a t i v e l y so f t amide donors and enjoy ion-induced dipole in te rac t ions . 

Amide donors are therefore expected to co-ordinate most s trongly to 

l i t h i u m , magnesium and calcium ions, whose charge density exceeds that 

of other a l k a l i and a lka l ine earth metal cations. 

(2) Amine Ring Donors. 

The more polar isable , sof te r amine donors should in te rac t more 

favourably and more se lec t ive ly , wi th cations of high charge density, 

than ether oxygen donors. Therefore, the nature of donors, common to 

a l l ligands of t h i s series, is expected to favour complexation of 

l i t h i u m , magnesium and calcium over other a l k a l i and a lka l ine earth 

metal cations. The s t ruc tu ra l features of the ligands i n t h i s series 

are worthy of consideration. 

3.1.1 Ligands (129) and (130) 

The triazacyclononane r i ng i n ligands (129) and (130) may adopt 

e i the r a [333] or [234] conformation in both i t s f r ee and complexed 

forms (Figure 3 .2 ) . 

The [333] conformer i s s t ab i l i s ed (by about 35 KJ mol" 1 ) r e l a t i v e 

to the [234] conformer in both f r e e and complexed forms as deduced from 
137 

molecular mechanics calculat ions . I t i s therefore l i k e l y that 

ligands (129) and (130) w i l l exh ib i t the [333] conformation i n both f r e e 

and uncomplexed forms, wi th a l k a l i and a lka l ine earth metal cat ions. 

Assuming the [333] conformation i s maintained during the complexation 

process, t h i s doesn't imply that the triazacyclononane r i n g i s wholly 
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preorganised f o r complexation; i n that t o r s iona l angles may change 

during the complexation process. 

R R 

[333] Conformation [234] Conformation 

Figure 3.2 Diagrammatic Representation of [234] and [333] 
Conformations of Trisubstituted Triazacyclononane 
Ligands; Anti (>±90°J; Gauche (<±90<>); R=C0NMe2 

(129); R=CH2C0Me2 (130). 

However, as can be seen from the large energy d i f fe rence between [333] 

and [234] conformations, a change in to r s iona l angles i n t h i s small 

r i g i d r i n g , from the conformation i n i t s uncomplexed form, i s 

energet ical ly expensive. Therefore i t seems probable that s t e r ic s t r a in 

in the r i n g w i l l increase rap id ly wi th increasing metal s ize, 

po t en t i a l l y al lowing select ive complexation of small cations such as 

l i t h ium and magnesium over other larger a l k a l i and a lka l ine earth metal 

cations. 

Complexation of a l k a l i and a lka l ine earth metal cations with 

ligands (129) and (130) w i l l be f a c i a l , and co-ordination of the metal 

cation with a l l s ix donor s i tes w i l l resul t in a d i s tor ted octahedral 

geometry (Figure 3 .3 ) . 
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X X 

N 
N N 

Figure 3.3 Diagrammatic Representation of the Facial 
Co-ordination of Ligands (129) and (130) to 
Metal cations. 

Since the triazacyclononane r ing is too small to accommodate any a l k a l i 

and a lka l ine earth metal cations, the lone pairs of the amine r i n g 

donors are focused to a point above the centre of the r i n g and these 

donors co-ordinate from below the metal cation sphere. The three amide 

donors may then po ten t i a l l y or ientate themselves so as to complete the 

d i s to r t ed octahedral co-ordination from above the metal cat ion sphere. 

As the metal cat ion size increases, s t e r i c s t r a i n increases wi th in the 

r i n g as the amine donors attempt to increase the distance between 

themselves. As a consequence of t h i s , the CHgN bonds of the three amide 

substi tuents are forced f a r the r away from the centre of the r i n g , which 

introduces f u r t h e r s te r ic s t r a in w i t h i n the l igand as amide substituents 

attempt to co-ordinate the metal ca t ion . Furthermore, as the the size 

of the metal cation increases, so the amide substi tuents are less and 

less able to envelop the ca t ion. Clearly then, ligands (129) and (130) 

w i l l be expected to to exhib i t a pronounced s e l e c t i v i t y on the basis of 

metal cat ion s ize. 
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Ligands (129) and (130) are hexacoordinate and w i l l therefore 

favour complexation of a l k a l i metal and magnesium ions, whose optimal 

co-ordination number is s i x . 

Ligands (129) and (130) d i f f e r in the length of side arm 

subst i tuent . For ligand (129), co-ordination by amide substituents 

leads to the formation of five-membered chelate r ings , whereas f o r 

l igand (130) six-membered chelate rings are formed. Studies by 

Hancock suggest that f o r six-membered chelate r ings , the carbon 

substituents can adopt the more favoured staggered arrangement wi th 

small metal cat ions, but as the size of the metal cat ion increases, the 

substituents are increasingly forced in to the less favourable eclipsed 

o r i en t a t i on . In the case of the five-membered chelate r ings , no such 

favourable staggered arrangement i s possible, and the e f f e c t of an 

increase i n metal ion size i s less marked. Clearly l igand (130) may 

therefore provide a more pronounced size s e l e c t i v i t y r e l a t i v e to l igand 

(129) i n favour of small metal cations, by v i r t u e of i t s three six-

membered chelate r ings . However, i t must be remembered that the longer 

side-arms of l igand (130) may have three other e f f e c t s : 

(1) A more complete envelopment of larger cations may be possible, 

thereby increasing s t a b i l i t y of resul tant complexes r e l a t i v e to 

those of l i t h i u m and magnesium, as compared to ligand (129) 

complexes. 

(2) The co-ordinat ion to l i t h i u m and magnesium ions by a l l three amide 

donors may be s t e r i c a l l y impossible, thereby decreasing s t a b i l i t y 

of l i t h i u m and magnesium complexes r e l a t i v e to those of larger 

cations as compared to ligand (129) complexes. 

(3) The longer, more f l e x i b l e amide substituents may bind less strongly 

to a l l metal cations as compared to l igand (129) due to a less 

favourable complexation entropy. 
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A l l three e f f ec t s would lead to a lower l i t h i u m and magnesium 

s e l e c t i v i t y as compared wi th ligand (129). 

3.1 .2 Ligand (131) 

The triazacyclododecane r i n g of l igand (131) can exis t i n a number 

of conformations as the f r ee l igand. The most stable i s the [444] 

conformation and i t is l i k e l y that l igand (131) w i l l exh ib i t t h i s 

o r i en ta t ion in the f r ee form (Figure 3 .4) . 

R 

53 53 

53 N 

N N 
165 165 

53 53 

Figure 3.4 Diagrammatic Representation of the [ 4 4 4 } Conformation 
of Trisubstituted Triazacyclododecane Ring; inti (>±90°); 
Gauche (<±9(P); R=CH2C0NMe2. 

In t h i s conformation the nitrogen lone pairs are focused to a point 

at the centre of the r i n g approximately l eve l wi th the r i n g plane. The 

r i n g i s too small to accommodate even l i t h i u m and magnesium cations, and 

therefore , i n order to complex any a l k a l i or a lka l ine earth metal 

ca t ion, the conformation of the f r ee l igand must change in order to 

allow the nitrogen lone pairs to focus to a point above the centre of 

the r i n g plane. As the size of the metal cat ion increases, the amine 

r i n g donors w i l l attempt to increase the distance between themselves 
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which w i l l have three e f f e c t s : 

(1) Ster ic s t ra in in the r i n g w i l l increase, however, as the twelve-

membered triazacyclododecane r i n g is more f l e x i b l e than the nine-

membered triazacyclononane rings of ligands (129) and (130), t h i s 

e f f e c t w i l l be less extreme f o r l igand (131). 

(2) The nitrogen lone pairs w i l l focus to a point f u r t h e r above the 

r i n g plane and the Ch^N bond of the amide substituents w i l l be 

forced f u r t h e r away from the centre of the r i n g . For larger 

cations, addi t ional s t e r i c s t r a i n may be caused as the angle 

through which the Ch^N bond must t u rn inward toward the r i n g 

centre, in order to allow co-ordination to the centra l metal 

ca t ion, i s increased. 

(3) The hydrogen atoms in the six-membered chelate rings formed by co

ordinat ion between metal cat ion and amine r i n g donors w i l l be 

increasingly forced in to the more unfavourable eclipsed 

o r i en ta t ion . In add i t ion , as the size of the metal cat ion 

increases, the amide substituents are less able to envelop that 

metal cat ion. 

I t must be emphasised tha t , that though the design of l igand (131) would 

appear to po t en t i a l l y favour complexation of l i t h i u m and magnesium ions 

by v i r t u e of the nature of donor groups, formation of six-membered 

chelate rings and the presence of s ix donor groups, the topology of he 

l igand may dic ta te that complexation of even these seemingly most 

favoured cations might be rendered unfavourable on s t e r i c grounds. I f 

t h i s were the case, then l igand (131) might co-ordinate weakly to a l k a l i 

and a lka l ine earth metal cations and binding would, as a consequence, be 

indiscr iminate . In designing l igand (131), however, i t was hoped that 

the larger r i n g size as compared to ligands (129) and (130), might 

ensure a more complete wrapping of l i t h i u m and magnesium ions, and that 
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t h i s , i n addi t ion to the six-membered chelate rings formed by co

ordinat ion of the metal cation to amine r i n g donors, might lead to an 

increased s e l e c t i v i t y f o r l i t h i u m and magnesium as compared wi th ligands 

(129) and (130). 

3.1.3 Ligand (132) 

Ligand (132) d i f f e r s from ligands (129)-(131) in that i t i s penta-

coordinate. Examination of the c rys t a l structures of l i t h i u m complexes 

reveals t ha t , i n a high proport ion of cases, l i t h i u m i s penta-

coordinate. This is at variance wi th larger a l k a l i and a lka l ine earth 

metal cations, whose co-ordination number rare ly f a l l s below s ix . I t 

was therefore hoped that decreasing the number of l igand donors from s ix 

in ligands (129)-(131), to f i v e in l igand (132), might decrease the 

resul tant s t a b i l i t y of the l i t h i u m complex to less of an extent than 

complexes of larger a l k a l i and a lka l ine earth metals, thereby enhancing 

l i t h i u m s e l e c t i v i t y . 
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3.2 DESIGN OF A CALCIUM SELECTIVE IONOPHORE 

Ligand (133) was synthesised p r imar i ly as a select ive ionophore f o r 

calcium. The f r ee ligand i s l i k e l y to adopt the most stable [3333] 

conformation (Figure 3 .5) . 

CON Me CONMe2 

CONMe2 

(133 ) 

CONMe, 

Figure 3.5 Diagrammatic Representation of the [3333] 
Conformation of ligand (133); Anti (>±9(P); 
Gauche (<±90°); R=C0NMe2. 
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Dale has synthesised ligand (143) (Figure 3.6) and performed 

complexation studies wi th a l k a l i and a lka l ine earth metal cations. 

< 
Figure 3.6 

141 



re are several points that emerge from these studies: 

During complexation of a l k a l i metal cations, the [3333] 

conformation of the f r ee l igand i s maintained, and to rs iona l angles 

vary only s l i g h t l y as a consequence of complexation. Comparison of 

the to r s iona l angles in complexes of l i t h i u m , sodium and potassium 

reveal that two changes i n l igand structure occur as the size of 

the complexing cation increases: (a) the nitrogen lone pairs focus 

to a point increasingly above the centre of the r i n g as amine 

donors increased donor-acceptor distance by f u r t h e r i n g the distance 

between themselves and, as a consequence, (b) the CI^N bonds of 

ethanol substituents are directed f u r t h e r away from the centre of 

the r i n g . I t must be stressed that to r s iona l angle va r i a t i on i s 

only marginal with increasing cat ion size, and i t i s obvious that 

the tetraazacyclododecane r i n g can be considered to 'cap' the 

complexed metal cation and l i t t l e size s e l e c t i v i t y can be envisaged 

as regards the r i ng i t s e l f owing to the f l e x i b i l i t y of the [3333] 

conformation. 

13 

Ligand (143) was found to be sodium select ive by C NMR studies. 

Crystal structures reveal that i n the s o l i d state the sodium cat ion 

is hepta-coordinate, coordinating to a l l fou r amine donors and 

three side-arm oxygen donors, whereas the l i t h i u m cat ion i s penta-

coordinate, only coordinating to one side-arm donor (Figure 3 .7 ) . 

The small size of of the l i t h i u m cation precludes the coordination 

to more than one side-arm donor. As can be seen from the c rys t a l 

s t ruc ture , the coordinating oxygen donor l i e s v e r t i c a l l y above the 

centre of the r i ng and f u r t h e r favourable coordination from above 

the r i n g plane i s s t e r i c a l l y impossible. The sodium cation i s 

coordinated by three oxygen donors because coordination cannot 

occur v e r t i c a l l y above the centre of the r i n g , rather i t must be at 
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an angle of approximately 30 from the v e r t i c a l owing to the larger 

size of the sodium cat ion. This means that i t is s t e r i c a l l y 

possible f o r simultaneous coordination of three side-arm donors. 

(A) (B) 

Figure 3.7 Crystal Structures of (a) LiSCN and (b) NaSCN 
with Ligand (143). 

The s e l e c t i v i t y of l igand (143) f o r sodium over l i t h i u m can be 

ra t iona l i sed by the r e l a t i v e coordination numbers displayed by 

these metals i n t h e i r complexes. However, the potassium ion i s 

octa-coordinate i n the s o l i d s ta te , coordinating to a l l avai lable 

oxygen donors. Clearly the r e l a t i v e weakness of the potassium 

complex must be due to e i ther (a) a need f o r s t i l l higher 

coordination and/or (b) a poor matching of l igand topology to the 

large size of the potassium ca t ion . 

Ligand (143) was found to complex more s t rongly to calcium than 

other a l k a l i and a lka l ine earth metal cat ions. This can be 

ra t iona l i sed i n tha t : (a) calcium i s of a very s imi l a r radius to 

sodium, (b) calcium! displays a higher charge density than sodium 

and i s able to enjoy a more favourable in t e rac t ion wi th the 

r e l a t i v e l y s o f t polarisable amine r i n g donors, and (c) the topology 
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of the ligand dictates that calcium w i l l be se lec t ively complexed 

over other a lka l ine earth metal cations on the basis of size. 

The reasoning behind the design of l igand (133) as a calcium select ive 

ionophore was therefore tha t : ( i ) the topology of ligand (133), being 

v i r t u a l l y iden t i ca l to l igand (143), would se lec t ively complex calcium 

and sodium on the basis of cation s ize, and ( i i ) the more e f f e c t i v e 

a- donor properties of the amide carbonyls might enhance the s e l e c t i v i t y 

of calcium over a l k a l i metal cations, i n pa r t i cu l a r sodium. 

3.3 SYNTHESIS OF LIGANDS (129)-(133) 

3.3.1 Synthesis of Ligaad (129) 

Ligand (129) was synthesised from triazacyclononane (134) by 

react ing one equivalent of triazacyclononane (134) with three 

equivalents of N,N'-dimethylbromoacetamide (135) using powdered sodium 

carbonate as a base and r e f l u x i n g the mixture i n dry a c e t o n i t r i l e 

(Scheme 3 .1) . The product was p u r i f i e d by column chromatography using 

alumina to y i e l d a clear viscous o i l . „ 

HN, 

HN 

034) 

NH 
54% 

(1) 

CONMe 

c N \ 
CONMe 

< 
CONMe 

Scheme 3.1 (1) Na2C0z, BrCH2C0NMe2 (135), MeCN, 8$>, N2-
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3.3.2 Synthesis of Ligand (130) 

Ligand (130) was synthesised by reacting triazacyclononane (134) 

wi th s ix equivalents of N,N'-dimethylpropenamide i n methanol, heating 

under r e f l u x f o r 3 hours ensured a complete reaction (Scheme 3 .2) . The 

product was p u r i f i e d by column chromatography using alumina to y i e l d a 

clear viscous o i l . 
CONMe 

HN 
0) 

NH N 
60° / 

HN 

( CONMe 

M \ 
N CONMe2 

(130) 

Scheme 3.2 (1) BrCH2C0Me2, Me OH, Reflux, N2. 

3.3.3 Synthesis of Ligand (131) 

Ligand (131) was synthesised according to Scheme 3.3. In the f i r s t 

attempted synthesis of t h i s l igand, an iden t i ca l procedure to that of 
1 o 

l igand (129) was fo l lowed . Though a l k y l a t i o n was successful , the C 

spectra of the product indicated that an adduct had been formed and i t 

was in fe r red that the a c e t o n i t r i l e solvent was complexing i n some way to 

the triamide product. When the reaction was repeated using caesium 

carbonate as a base and dry ethanol as a solvent, the synthesis proved 

successful. Pure product was obtained by column chromatography using 

alumina to y i e l d a clear viscous o i l . 
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CONMe 

(1) 

60% 

CONMe 

CONMe, 

(131) 

Scheme 3.3 (1) BrCB2C0Me2 (135), Cs2C03, EtOH, Reflux, N2. 

3.3.4 Synthesis of Ligand (132) 

Ligand (132) was synthesised according to Scheme 3.4. 

TsN 

(1) 

61% 

-CONMe, 

/ 
CONMe2 

(138) 

HN 
•CONMe, 

/ 
CONMe2 

(13^ 

Scheme 3.4 (1) BrCB2 C0NMe2 (135), Cs2C03, CH3CN, 83*, N2; 
(2) HBr/acetic acid/phenol, 90°. 
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The f i r s t step involved a l k y l a t i n g l-p-toluenesulphonyl-1,5,9-

triazacyclododecane (137) using N,N'-dimethylbromoacetamide (135) wi th 

caesium carbonate as above and r e f l u x i n g i n a c e t o n i t r i l e . The product 

(138) was p u r i f i e d by column chromatography using alumina to y i e l d a 

clear viscous o i l . The f i r s t attempted detosylation of (138) involved 

s t i r r i n g ligand (138) (1 equivalent) i n a 1:10 mixture of dry methanol/-

tetrahydrofuran at -78° under an atmosphere of dry ni t rogen. Ammonia 

was condensed in to the reaction vessel and l i t h i u m metal (40 

equivalents) was added i n small por t ions . The reaction mixture turned 

deep-blue and was s t i r r e d at - 7 8 ° u n t i l the blue colour had disappeared. 

The reaction was then warmed to room temperature and the product was 

i so la ted . This method, however, though successfully removing the 

p-toluenesulphonyl group, also reduced the amide substi tuents . The 

second attempted detosylation using HBr/acetic acid/phenol mixture 

proved successful. The product was p u r i f i e d by column chromatography to 

y i e l d a clear viscous o i l . This procedure however d id not prove i dea l , 

as f i r s t l y , the detosylation could not be forced to completion, which 

necessitated separation of product (132) from tosylated material (138) 

by column chromatography, and secondly, the overa l l y i e l d of the process 

was rather disappointing. 

3.3.5 Synthesis of Ligand (133) 

The f i r s t step involved t o sy l a t i on of 1,4,7,10-tetraazadecane (139) 

to y i e l d the te t ra tosyla te (140) as a white so l i d (Scheme 3 .5 ) . As the 

product was insoluble i n both water and dichloromethane, p u r i f i c a t i o n 

was afforded by washing the crude product in both of these solvents, 

fol lowed by f i l t r a t i o n . The t e t r a tosy la t e (140) was then reacted wi th 

ethane-1,2-di-p-toluenesulphonate (89) i n dimethylformamide according to 
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148 the method of Kellogg to y i e l d the cyc l i c t e t ra tosy la te (141) as a 

white s o l i d . The cyc l i c t e t ra tosy la te (141) was detosylated by using 

l i t h i u m metal as an electron source, ammonia as a solvent f o r electrons 
149 

and methanol as a proton source , to y i e l d 1,4,7,10-tetraazacyclo-

dodecane (142) as a white s o l i d . 

CONMe CONMe 

< 

TsN NTs 

TsN NTs 

(141) 

(3) 60% 

HN NH 

HN NH 

CONMe, CONMe, (142) 

Scheme 3.5 (1) TsCl, K2C03, M , 80^; (2) Ethane-1,2-di-ploluene 
sulphonate (89), Cs2C03, DMF, N2; (3) Li(s), M 3 ( l ) , 
-78^, fl2; ( 4 ) BrCH2C0Me2 (135), EtOH, Cs2C03, N2, Re flux. 

Alky la t i on of (142) to y i e l d l igand (133) was f i r s t attempted using 

sodium carbonate as a base with a c e t o n i t r i l e as the react ion solvent. 

However, though a l k y l a t i o n was successful, spectral data indicated that 

a mixture of f r ee l igand (133) and the sodium complex of (133) had been 

formed. Attempts to separate f ree l igand from complexed l igand f a i l e d 

and so a second a l k y l a t i o n was attempted using caesium carbonate as a 

base wi th ethanol as the react ion solvent. This method proved 

successful and l igand (133) was p u r i f i e d by column chromatography using 

alumina to y i e l d a pale yellow viscous o i l . 
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3.4 FAST ATOM BOMBARDMENT EXPERIMENTS 

FAB mass spectrometry has been used to determine the s e l e c t i v i t y of 

ligands (129)-(133) f o r a l k a l i metals ( L i + , Na + , K + , Cs +) and a lka l ine 
2+ 2+ 2+ 2+ earth metals (Mg , Ca , Sr , Ba ) using a procedure adapted from 

that reported by Johnstone and Rose^ and M e i l i and S e i b l * ^ . 

An aqueous solut ion of the chlorides of l i t h i u m , sodium, potassium 

and caesium was prepared wi th each cat ion being present at 1.25 x 

10" 2 M. Methanol solutions of ligands (129)-(133) were also prepared at 
_ o 

a concentration of 1.25 x 10 M. Ana ly t i ca l solutions were prepared by 

mixing an equal volume of the cation so lu t ion wi th each of the l igand 

solut ions together wi th an equal volume of g lyce ro l . Thus, a l l 

components were present at equal concentrations as a 1:1:1 methanol:-

water:glycerol solvent mixture which allowed metal cations to compete 

f o r a l i m i t e d amount of l igand. The stainless steel t i p of the FAB mass 

spectrometry probe was coated with a t h i n layer of the ana ly t i ca l 

so lu t ion and posi t ive FAB mass spectrometry was performed (see Chapter 4 

f o r d e t a i l s ) . The procedure f o r a lka l ine earth metal cations was 

i d e n t i c a l to that described f o r a l k a l i metal cations and concentrations 

of ligands (129)-(133) and a lka l ine earth metal cations were 1.25 x 

10 M. Cation s e l e c t i v i t y has been evaluated using the expression: 

log I (L+Ml) 
I (L+M2) 

where: S = s e l e c t i v i t y f a c t o r . 
I(L+M 1) = signal i n t ens i ty of l igand and metal cat ion that 

i s se lec t ive ly bound 
I(L+M 2) = signal in tens i ty of l igand and metal cat ion less 

se lec t ive ly bound 

The poorer the s e l e c t i v i t y of ligand (L) f o r M1 over M2 the lower the 

value (S). 
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3.4.1 Ligand (129) 

The s e l e c t i v i t i e s are l i s t e d i n Table 3.1 and depicted graphical ly 

in Figure 3.8. 

S e l e c t i v i t y S(l 

L i + Na+ K + Cs+ Mg 2 t Ca 2 + S r 2 + B a 2 + 

0 1 .380 1 610 - - - 0 0.750 - - - - - -
0 1 .420 1 590 - - - 0 0.750 - - - - - -

0 1 .400 1 600 - - - 0 0.750 - - - - - -

Table 3.1 Selectivities for Ligand (129) for Alkali And 
Alkaline Earth Metal Cations Measured by FAB MS. 

Alkali metals 

O O r Li'* 1 

Alkaline earth metals 

0 5 

10 

15 

Ca (2*) 

Na w 

2 0 L 

Figore 3.8 Fast Atom Bombardment Selectivity values 
(S) for Ligand (129). 

Selectivity of Ligand (129) with Alkali Metal Cations. 

Ligand (129) shows a d i s t i n c t s e l e c t i v i t y f o r l i t h i u m over other 

a l k a l i metal cations. From these studies, i t is impossible t o know the 

r e l a t i v e coordination numbers exhibi ted by the a l k a l i metal cations in 
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t h e i r complexes wi th l igand (129). However, as the unsubstituted 

triazacyclononane r i n g would be un l ike ly to generate complexes that were 

stable in t h i s solvent system, and f u r t h e r , would not be expected to 

exh ib i t such marked s e l e c t i v i t y patterns, side-arm coordination is 

almost cer ta in ly evident. I f i t is assumed that side-arm coordination 

is occurring f o r l i t h i u m , sodium and potassium ions, the s e l e c t i v i t y of 

l igand (129) can be ra t iona l i sed i n tha t : 

(1) Li th ium, by v i r t u e of i t s highest charge density, w i l l coordinate 

most strongly t o amide donors. 

(2) Li thium, by v i r t u e of i t s smallest s ize, w i l l be more e f f e c t i v e l y 

enveloped by l igand (129) than larger sodium and potassium ions. 

(3) The larger sodium and potassium cations introduce increased s t e r i c 

s t r a in i n the l igand r e l a t i ve to that experienced in the l i t h i u m 

complex as a consequence of : (a) amine donors attempting to 

increase donor-acceptor distances, and (b) CHgN bonds being forced 

to an increased angle from that required to allow favourable 

coordination by amide donors. 

(4) The need f o r s t i l l higher coordination by sodium and potassium 

ions. 

The absence of a s ignal corresponding to coordination of l igand (129) by 

caesium probably resu l t s from the mismatch between the topology of 

l igand (129) and the large caesium ion , the low charge density of the 

caesium ion and perhaps the need f o r higher coordination by the caesium 

ion. 

Selectivity of Ligand (129) with Alkaline Earth Metal Cations 

Ligand (129) shows a d i s t i n c t s e l e c t i v i t y f o r magnesium over 

calcium and no evidence of coordination to e i ther strontium or barium. 
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The s e l e c t i v i t y pattern can be ra t iona l i sed as fo l lows : 

(1) Magnesium has an i den t i c a l ion ic radius to l i t h ium and ligand 

topology w i l l thus best su i t magnesium. 

(2) The higher charge density of the magnesium ion w i l l ensure a more 

favourable in te rac t ion than wi th the calcium ion. 

(3) Calcium requires octa-coordination f o r optimal in te rac t ion , whereas 

magnesium requires hexa-coordination. 

Use of FAB mass spectrometry to gauge the s e l e c t i v i t y of l igand 

(129) f o r a l k a l i metal cations i n r e l a t i o n to a lka l ine earth metal 

cations i s d i f f i c u l t owing to the existence of complexes of the form 
2+ 

(M| CLjLigand) wi th a lka l ine earth cat ions, which cannot be r e l i a b l y 

compared wi th (M +-Ligand) complexes formed wi th a l k a l i metal cat ions. 

However, i t is l i k e l y that l igand (129) would show the s e l e c t i v i t y order 

M g 2 + > L i + > Ca 2 + > Na + . 

3.4.2 Ligand (130) 

Ligand (130) showed very l i t t l e evidence of binding t o a l k a l i or 

a lka l ine earth metal cat ions, and can be thought of as a weak, 

indiscr iminate complexing agent i n t h i s solvent system. Several 

inferences can be made from these r e su l t s : 

(1) The longer side-arm substi tuents of l igand (130) are u n l i k e l y to 

impede coordination of a l k a l i or a lka l ine earth metal cations to 

the amine donors of the triazacyclononane r i n g , r e l a t i v e to the 

side-arm substituents of l igand (129). Therefore, the d i f fe rence 

in behaviour of ligands (129) and (130) must stem from ax ia l 

coordination f o r l igand (129) as opposed to very weak or absent 

ax i a l coordination f o r l igand (130). 
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(2) The absence of ax ia l coordination f o r ligand (130) must resu l t from 

the fac t tha t , though the longer substituents may reduce s t e r i c 

s t ra in f o r complexation of l i t h i u m r e l a t i v e to larger cat ions, the 

increased f l e x i b i l i t y of the six-membered chelates formed by ax i a l 

coordination i n complexes of l igand (130), must disfavour 

complexation of a l l cations on entropic grounds, and that t h i s must 

be the overr id ing f a c t o r . 

3.4.3 Ligands (131) and (132) 

Both ligands (131) and (132) show very l i t t l e evidence of binding 

to a l k a l i or a lka l ine earth metal cations, and appear to act as weak, 

indiscriminate complexing agents in t h i s solvent system. There are two 

fac tors which might explain these resu l t s : 
+ 2+ 

(1) Complexation i s rendered weak f o r small metal cations ( L i , Mg ) 

because the presence of three six-membered chelate r ings formed by 

coordination to amine r i ng donors induces unfavourable s t e r i c 
+ + 2+ 

s t r a in wi th in the l igand. For larger cations (Na , K , Ca ) , as 

the amine donors increase the distance between themselves so as to 

increase donor-acceptor distance, there w i l l be two e f f e c t s : (a) 

s te r ic s t r a in i n the r i n g i t s e l f w i l l increase as the hydrogen 

atoms in the C^ chains are increasingly forced in to the more 

unfavourable eclipsed o r i en ta t ion , and (b) increased s t r a i n as the 

Ch^N bonds are forced to turn through an increased angle i n order 

to a f f e c t favourable coordination by ax i a l amide donors. 

(2) As the f r ee l igands, ligands (131) and (132) w i l l ex i s t i n the 

[444] conformation and w i l l be monoprotonated i n the aqueous 

solvent system employed in t h i s study. The monoprotonated form of 

these ligands i s stable owing to the f a c t that the hydrogen atom 
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may form planar hydrogen bonds of equal strength w i t h i n the r i ng 

plane, to amine donors. In order to complex an incoming cation the 

ligand must f i r s t be deprotonated and secondly undergo a 

conformational change so as to focus the nitrogen lone pairs above 

the centre of the r i n g . The [333] conformation of the t r iazacyclo

nonane r i n g of l igand (129) renders t h i s l igand less basic because 

of the f a c t tha t the hydrogen atom in the monoprotonated form is 

bound above the r i n g plane which doesn't allow planar hydrogen 

bonding to occur. Added to t h i s , once the ligand has been 

deprotonated, the conformational change in order to complex an 

incoming metal cat ion i s minimal. Therefore, the marked d i f fe rence 

in behaviour between ligands (131) and (132) i n r e l a t i o n to l igand 

(129) doesn't necessarily imply a lower s t a b i l i t y or s e l e c t i v i t y 

f o r the former, but rather, might r e f l e c t a d i f fe rence in complex 

formation rates f o r the monoprotonated ligands i n t h i s solvent 

system. 

3.4.4 Ligand (133) 

The s e l e c t i v i t i e s are given in Table 3.2 and represented 

graphica l ly i n Figure 3.9. 

L i + Na+ K + Cs+ M g 2 + Ca 2 + S r 2 + Ba2 

S e l e c t i v i t y S ( l ) 1.550 0 0.895 - - - 1.000 0 0.870 - - -
S e l e c t i v i t y S(2) 1.450 0 0.905 - - - 1.000 0 0.890 - - -

Average 1.500 0 0.900 - - - 1.000 0 0.880 - - -

Table 3.2 Seleciiviiies for Ligand (133) for Alkali And 
Alkaline Earth Metal Cations Measured by FAB MS. 
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Fast Atom Bombardment selectivity measurements for 
Ligand (133) 0 _ / 0 

Alkali metals Alkaline earth metals 

0 0 r N a w Ca , : 

0 5 

1 0 

1 5 

'(•) Sr<» 

Li i*] 

2 0 L 

Figure 3.9 Fast Atom Bombardment Selectivity values 
(S) for Ligand (133). 

Selectivities of Ligand (133) for Alkali Metal Cations. 

Ligand (133) shows a d i s t i n c t preference f o r sodium over other 

a l k a l i metal cations, e x h i b i t i n g a s e l e c t i v i t y i n the order Na+ > K + > 

L i + . The s e l e c t i v i t y f o r sodium over l i t h i u m is probably a resu l t of 

octa or hepta coordination f o r the sodium ion as opposed to penta 

coordination f o r the l i t h i u m ion . The s e l e c t i v i t y f o r potassium over 

l i t h i u m is also l i k e l y to stem from d i f f e r i n g coordination number in 

respective complexes. F i n a l l y the s e l e c t i v i t y f o r sodium over potassium 

is l i k e l y to resul t from: (a) the f a c t that the topology of l igand (133) 

best matches the smaller sodium ca t ion , and/or (b) the need f o r s t i l l 

higher coordination by the potassium ion , and/or (c) the higher charge 

density of sodium r e l a t i v e to potassium. 
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Seleciivities of Ligand (133) for Alkaline Earth Metal Cations 

Ligand (133) shows a d i s t i n c t preference f o r calcium over other 

a lka l ine earth metal cat ions. This s e l e c t i v i t y can be ra t iona l i sed as 

f o r Group ( I ) metal cations i f l i t h i u m is subst i tuted by magnesium, 

sodium by calcium and potassium by strontium. 

For reasons previously ou t l ined , i t i s d i f f i c u l t to use the f a s t 

atom bombardment technique to r e l i a b l y gauge r e l a t i v e s e l e c t i v i t i e s of 

l igand (133) f o r a l k a l i metal cations in r e l a t i o n to a lka l ine earth 

metal cations. However, i t i s l i k e l y that l igand (133) would exh ib i t 

the s e l e c t i v i t y order Ca 2 + > Na+ > S r 2 + > K + > Mg 2 + > L i + . 

3.5 NMR EXPERIMENTS 

3.5.1 Ligand (129) 

Ligand (129) was dissolved in a 2:1 d^-methanol/CDClg mixture and 

t i t r a t e d wi th so l i d l i t h i u m ch lor ide . Discrete l ines f o r f r e e and 

complexed ligand were seen, ind ica t ing the formation of a r e l a t i v e l y 

strong l i t h i u m complex, in that exchange was slow on the NMR timescale. 

The signals corresponding to f r ee ligand disappeared when one equivalent 

of l i t h i u m chloride had been added, ind ica t ing that a 1:1 complex was 

formed. The r e l a t i v e s h i f t s (A£) f o r carbons of l igand (129) are 

depicted in Table 3.3 and spectra are recorded in Figure 3.10. The 

major point to notice i s that A<5 values s h i f t f o r both carbon atoms i n 

the r i n g and carbon atoms i n the side-arm. Taking t h i s in to account as 

well as the A<5 a 1 ppm f o r the carbonyl carbon atoms, data would suggest 

that : ( i ) 1:1 complexation involves co-operation between between amine 

donors and side-arm amide donors, and ( i i ) l i t h i u m is coordinated by a l l 

three amide donors i n the 1:1 complex. 
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Figure 3.10 13C NMR Spectra Recorded in a 2:1 d*-methanol/CDCl3 

Mixture for the Titration of Ligand (129) with 
Solid Lithium Chloride. 



IN ATOM {±6 /ppm 

1) 0.47 
2 0.74 
3 1.36 
4) 3.98 
5) 1.02 

Table 3.3 MR Shifts (16) for Carbon Atoms of ligand (129) 
Vith Lithium Chloride in 2:1 CD30D/CDCh. 

Rather surpr is ing i s the large bti (a 4 ppm) s h i f t experienced by 

carbon atoms w i t h i n the triazacyclononane r i n g . As discussed ea r l i e r i n 

t h i s chapter, the [333] conformation i s s t ab i l i sed considerably r e l a t i v e 

to the [234] conformation and was not expected to undergo a large 

conformational change during complexation. Rather, i t was predicted to 

cap the complexed l i t h i u m cation with minimal concurrent va r i a t ion in 

to r s iona l angles. I t must be remembered, that the A<5 s h i f t on 

complexation w i l l not ju s t be a consequence of conformational change and 

that e f f ec t s such as the degree to which the complexed metal cation 

1 deshields ' the d i f f e r e n t carbon atoms must be considered. 

(1.2) 
(5) CONMe 

So 3 

( 4 ) 
N \ 

CONMe, 

( CONMe 

3.5.2 Ligand (130) 

Ligand (130) was dissolved in a 2:1 d^-methanol/CDClg mixture and 

t i t r a t e d with s o l i d l i t h i u m chlor ide . Averaged signals f o r f r ee and 

complexed l igand were seen and A<5 values f o r carbons are l i s t e d in 

Table 3.4 and depicted graphical ly i n Figure 3 .11 . 
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(1.2) (6) CONMe (3) 

( 4 ) 

c 5 

CONMe2 

CONMe2 

(130) 

CARBON ATOM as /ppm 

(1) 0 05 
(2 0 14 
(3) 1 05 
4) 0 07 

(5) 0 02 
(6) 0 70 

Table 3.4 MR Shifts (AS) for Ligund (130) Vith LiCl 
in 2:1 CD30D/CDCh (298K). 

ft .2) [ScONM (3 

« 

(5) 

CONMe 

CONMe, 
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CHCrO 
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S A L T / U G A N D RATIO 

1?1 COMPLEXATION 

Figure 3.11 Graph of A<5 Values for Carbon Atoms (3) and (6) of 
Ligand (130) During a Titration of Ligand (130) and a 
2:1 dA-Methanol/CDClz Solvent Mixture Using Solid LiCl. 
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There are se v e r a l p o i n t s t o note: 
(1) Ligand (130) forms a 1:1 complex w i t h l i t h i u m as ^6 values q u i c k l y 

reach a l i m i t i n g value when one e q u i v a l e n t o f l i t h i u m c h l o r i d e i s 
added. 

(2) Averaged s i g n a l s e x h i b i t e d by l i g a n d (130) as opposed t o d i s c r e t e 
s i g n a l s f o r l i g a n d ( 1 2 9 ) , i n d i c a t e t h a t i n t h i s s o l v e n t system, t h e 
1:1 l i t h i u m complex o f (129) appears t o be more s t a b l e . 

(3) The A<5 values d e p i c t e d i n Table 3.4 s t r o n g l y suggest t h a t o n l y t h e 
carbonyl carbon (6) and adjacent carbon (3) experienced a 
c o n f o r m a t i o n a l change d u r i n g t h e complexation process. The carbon 
(5) of the t r i a z a c y c l o n o n a n e r i n g and the CI^N side-arm carbons (4) 
show minimal A£ va l u e s . These values seem t o suggest a 1:1 l i t h i u m 
complex i n which t h e l i t h i u m c a t i o n c o o r d i n a t e s t o side-arm amide 
donors w i t h l i t t l e o r no i n t e r a c t i o n w i t h t h e t r i a z a c y c l o n o n a n e 
r i n g i t s e l f . 

3.5.3 Ligand (131) 

Ligand (131) was d i s s o l v e d i n a 2:1 d^-methanol/CDC1^ m i x t u r e and 
t i t r a t e d w i t h l i t h i u m c h l o r i d e . D i s c r e t e l i n e s f o r f r e e and complexed 
l i g a n d were seen and s i g n a l s corresponding t o f r e e l i g a n d had almost 
disappeared when one e q u i v a l e n t o f l i t h i u m c h l o r i d e had been added, 
i n d i c a t i n g t h a t a 1:1 complex was formed. The A£ values f o r carbons i n 
l i g a n d (131) are d e p i c t e d i n Table 3.5 and s p e c t r a are d e p i c t e d i n 
F i g u r e 3.12. There are s e v e r a l p o i n t s t o note: 
(1) Though f r e e and bound s i g n a l s were evide n t f o r l i g a n d (131) t h e 

s i g n a l s are exchange broadened a t 25°C. This i n d i c a t e s t h a t t h e 
l i t h i u m complex of l i g a n d (131) i s s t r o n g e r than t h a t o f l i g a n d 
(130) yet weaker than than t h a t of l i g a n d (129) i n t h e 2:1 d 4-
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Figure 3.12 MR Spectra Recorded in a 2:1 </4-methanol/CDCl3 

Mixture for the Titration of Ligand (131) with 
Solid Lithium Chloride. 



(6) CONMe 

(3) CONMe2 

CARBON ATOM N 
(4) 

1 
(5) 

CONMe2 

methanol/CDC1- s o l v e n t system used i n these s t u d i e s . 

&6 /ppm 
0.10 
0.70 
3.55 
3.35 
4.20 
0.20 

(131) 

Table 3.5 13<? NMR Shifts for Ligand (131) Vith Lithium 
Chloride in 2:1 CD^OD/CDCh (298K). 

(2) Large A<5 values f o r r i n g carbons (4) and (5) and carbon atom (3) i n 
th e side-arm suggest t h a t : (a) 1:1 complexation almost c e r t a i n l y 
i n v o l v e s c o o r d i n a t i o n by both r i n g donors and and side-arm donors, 
and (b) i n o r d e r t o complex t h e l i t h i u m c a t i o n , l a r g e 
c o n f o r m a t i o n a l changes probably occur i n both r i n g and side-arm 
from t h e conformation o f l i g a n d (131) i n i t s uncomplexed form. 

3.5.4 Ligand (133) 

Ligand (133) was d i s s o l v e d i n a 2:1 d^-methanol/CDClg m i x t u r e and 
t i t r a t e d w i t h calcium c h l o r i d e . D i s c r e t e l i n e s were seen f o r f r e e and 
complexed l i g a n d , i n d i c a t i n g slow exchange on the NMR ti m e s c a l e and thus 
r e l a t i v e l y s t r o n g complexation. When one e q u i v a l e n t o f cal c i u m c h l o r i d e 
had been added the s i g n a l s corresponding t o f r e e l i g a n d disappeared, 
i n d i c a t i n g t h a t a 1:1 complex had been formed. A# values f o r carbons i n 
l i g a n d (133) are d e p i c t e d i n Table 3.6 and s p e c t r a are d e p i c t e d i n 
Fi g u r e 3.13. 
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(5 CONMe CONMe 

> 

CONMe CONMe, 

CARBON ATOM A<5 /ppm 
(1) 0 53 
(2) 0 47 
(3) 0 78 
(4) 2 32 
(5) 1 30 

Table 3.6 i3<7 MR Shifts (t±8) for Ligand (133) Vith Calcium 
Chloride in 2:1 CD3OB/CDCh (298K). 

There are s e v e r a l p o i n t s t o note: 
(1) A<5 values f o r r i n g carbon (4) and side-arm carbons (3) and (5) 

i n d i c a t e t h a t 1:1 complexation w i t h c a l c i u m probably i n v o l v e s a 
con f o r m a t i o n a l change f o r both t h e r i n g and side-arm from t h a t o f 
the f r e e l i g a n d . This data suggests t h a t complexation i n v o l v e s 
c o o r d i n a t i o n t o both amine r i n g donors and amide side-arm donors. 
Indeed, t h e e x i s t e n c e of one d i s c r e t e s i g n a l f o r t h e c a r b o n y l 
carbon atom (5) i n the calcium complex, added t o the f a c t t h a t when 
one e q u i v a l e n t o f calcium c h l o r i d e had been added t h e s i g n a l 
corresponding t o t h e carbo n y l carbon (5) i n the f r e e l i g a n d 
c ompletely disappeared, suggests t h a t i n f o r m i n g a 1:1 complex w i t h 
c a l c i u m , a l l f o u r amide donors c o o r d i n a t e t o the calcium i o n . 

(2) O v e r a l l A£ values are modest, and would seem t o i n d i c a t e a g r e a t e r 
c o n f o r m a t i o n a l change i n t h e r i n g than t h e side-arm o f l i g a n d (133) 
d u r i n g 1:1 complexation w i t h t h e calciu m i o n . 
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3.6 IR EXPERIMENTS 

The complexation o f l i g a n d s (129)- (131) w i t h l i t h i u m and l i g a n d 
(133) w i t h c a l c i u m , was s t u d i e d u s i n g IR spectroscopy. Each l i g a n d was 
d i s s o l v e d i n methanol, and t h e a p p r o p r i a t e s o l i d t h i o c y a n a t e s a l t was 
added t o each s o l u t i o n such t h a t t h e r a t i o of l i g a n d t o c a t i o n was 1:1. 
These s o l u t i o n s were l e f t t o stand f o r 2 days. IR s p e c t r a were recorded 
by t a k i n g a drop o f methanol s o l u t i o n and a l l o w i n g i t t o evaporate on a 
KBr p l a t e t o form a t h i n f i l m . IR s p e c t r a o f t h e f r e e l i g a n d s were 
recorded by f i r s t d i s s o l v i n g t h e l i g a n d i n methanol and then t a k i n g a 
drop o f t h e t h e methanol s o l u t i o n and a l l o w i n g i t t o evaporate on a KBr 
p l a t e t o form a t h i n f i l m . The r e s u l t s of these measurements are 
d e p i c t e d i n Table 3.7. 

LIGAND max (C=0) A(C=0) 

129) 1645 
129) + LiSCN 1619 
130) 1637 
130) + LiSCN 1635 
131) 1646 
131) + LiSCN 1615 
133) 1647 
133) + Ca(SCN) 2 1618 

26 ± 2 

2 ± 2 

31 ± 2 

29 ± 2 

Table 3.7 IR Data (or*) for Free Ligands (129)-(131) and their 
Lithium Complexes, and for Ligand (133) and its Calcium 
Complex, Measured as a Thin Film in MeOH on a KBr Plate. 

There are s e v e r a l d i s c e r n i b l e t r e n d s : 
(1) For l i g a n d s ( 1 2 9 ) , (131) and (133) complexation r e s u l t e d i n a s h i f t 

o f t h e amide c a r b o n y l s t r e t c h of approximately 30 cm . Furthermore 
i n each case, o n l y one s h i f t e d amide carbo n y l s t r e t c h was seen. 
This s t r o n g l y suggests t h a t t h e l i t h i u m c a t i o n i s b i n d i n g t o a l l 
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t h r e e amide donors i n l i g a n d s (129) and (131) and t h e ca l c i u m 
c a t i o n i s b i n d i n g t o a l l f o u r amide donors i n l i g a n d (133). 

(2) I n t h e case o f l i g a n d (130) no s h i f t i n t h e amide c a r b o n y l was 
seen, which suggests t h a t complexation o f t h i s l i g a n d w i t h l i t h i u m 
i n methanol i s weak and does not i n v o l v e c o o r d i n a t i o n t o a x i a l 
amide donors. 

3.7 pH METRIC TITRATIONS 

3.7.1 Determination of Acid Dissociation Constants 

The a c i d d i s s o c i a t i o n constants f o r l i g a n d s (129) and (131)-(133) 
were determined by p o t e n t i o m e t r i c t i t r a t i o n . 

CONMe CONMe /UlNMeO 

CONMe 
N 

N \ 
CONMe 

( CONMe 
CONMe (131 

12<J n CONMe CONMe 

> < CONMe HN 

CONMe CONMe CONMe 0 3 d 
1 3 3 
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Stock l i g a n d s o l u t i o n s were made up c o n t a i n i n g 0.001 mol dm 
l i g a n d , O.OOn mol dm n i t r i c a c i d (n = number o f amine n i t r o g e n atoms) 
and 0.1 mol dm tetramethylammonium n i t r a t e , t o ensure a const a n t i o n i c 
s t r e n g t h i n 25 ml M i l l i Q water. For each t i t r a t i o n , 3 ml o f l i g a n d 
s o l u t i o n was placed i n t h e t i t r a t i o n c e l l . The t i t r a n t v e s s e l was 
maintained at 25° using a thermostat bath. The t i t r a t i o n s were performed 
under n i t r o g e n and c o n t r o l l e d by t h e use of basic software on a BBC 
microprocessor through a M e t t l e r DL20 automatic t i t r a t o r . The apparatus 
used i s represented i n F i g u r e 3.14. 

Ligand 
solution 

Teflon 

TECHNE 
TEMPEITE 
THERMOSTAT 

TETRAMETHYL 
AMMONIUM HYDROXIDE 

• B U R E T T E (1ml) 

METTLER 
AUTOMATIC 
TITRATOR 

Combination electrode 

Magnet ic 
stirrer 

EPSON 
FX 85 
PRINTER 

BBC 
MICRO 
PROCESSOR 

MAINFRAME 
MTS 

Analysed 
using SCOGS2 
SUPERQUAD! 

The data was s t o r e d on the BBC microprocessor and t r a n s f e r r e d t o 
the MTS mainframe u s i n g Kermit and subsequently analysed by two 
n o n - l i n e a r l e a s t squares programs SC0GS2 and Superquad. Two t i t r a t i o n s 
were performed f o r each l i g a n d and t h e r e s u l t s are d e p i c t e d i n 
Table 3.8. 
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LIGAND PK LH^ + 

a O 
PK a LB*" P K a LH + 1 ? a 

129 3.22 7.32 10 31 12 36 1.77 
3.30 7.45 10 36 4 00 1.29 

131 7.19 11 13 6 96 2.91 
7.12 11 20 5 04 1.90 

132 6.23 10 01 10 40 2.76 
6.05 10 31 5 16 2.68 

133 10.25 11 37 14 68 1.65 
10.23 11 34 8 52 2.74 

Table 3.8 Acid Dissociation Constants for Ligands (129) and 
(131)-(133) as Measured by pH-Metric Titrations. 

The f i r s t p o i n t t o note i s t h a t i n a l l cases t h e d e v i a t i o n s (<r) f o r 
o 

these t i t r a t i o n s l i e below t h e upper l i m i t o f 3, and t h a t i/> (which 
g i v e s an i n d i c a t i o n of how c l o s e l y t h e r e s u l t s f i t t h e Superquad model) 
i s i n a l l cases lower than t h e upper l i m i t o f 12.6 ( f o r > 95% accuracy). 
For a l l f o u r l i g a n d s i n t h i s study, PK a (LH +) values are h i g h i n d i c a t i n g 
t h a t t hey are h i g h l y b a s i c . Comparative values o f 1 , 4 , 7 - t r i a z a c y c l o -
nonane (134) and d i e t h y l e n e t r i a m i n e (144) a c i d d i s s o c i a t i o n constants 
are shown i n Table 3 . 9 1 3 9 . 

LIGAND PK0 LH + PK LH? + PK LH!*+ 

a a 2 a 3 
1,4,7-Triazacyclononane (134) 10 6 6.88 < 2.5 
D i e t h y l e n e t r i a m i n e (144) 9 7 8.98 4.25 

Table 3.9 Acid Dissociation Constants Measured by pH-Metric 
Titration in Vater at 25° for 1,4,7-triazacyclononane 
(134) and diethylenetriamine (144)-

The b a s i c i t y of t h e f i r s t amine n i t r o g e n (PK LH +) increases upon 
a 

c y c l i s a t i o n , but t h e b a s i c i t y of t h e second and e s p e c i a l l y t h e t h i r d 
n i t r o g e n s (PKft L H ^ and ?K& LHg + r e s p e c t i v e l y ) d i m i n i s h . The non-bonded 
e l e c t r o n p a i r s o f the amine n i t r o g e n s i n 1,4,7-triazacyclononane (134) 
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are probably d i r e c t e d towards the c e n t r e o f the r i n g because o f t h e 
[333] conformation imposed by the c y c l i c s t r u c t u r e . Thus t h e f i r s t 
p r o t o n uptake i s f a c i l i t a t e d by the increased e l e c t r o n d e n s i t y i n t h e 
macrocycle c a v i t y . The f i r s t p r o t o n i s t h e r e f o r e more s t r o n g l y bound i n 
the macrocycle than i n t h e open ch a i n t r i a m i n e . The increased e l e c t r o n 
d e n s i t y i n t h e c y c l e and t h e close p r o x i m i t y o f t h e amine n i t r o g e n s i s 
thought t o a l l o w hydrogen bonding such t h a t t h e s t r u c t u r e d e p i c t e d i n 
Fi g u r e 3.15 may be envisaged, i n which t h e p r o t o n i s trapped by i n t e r n a l 
hydrogen bonding. At va r i a n c e w i t h t h i s , i n t h e a c y c l i c d i e t h y l e n e t r i -
amine, t h e r e i s l i t t l e c o - o p e r a t i o n between amine donors. 

The view o f p r o t o n t r a p p i n g by i n t e r n a l hydrogen bonding w i t h i n t h e r i n g 
c a v i t y has been b o l s t e r e d by measurements of a c i d d i s s o c i a t i o n c o n s t a n t s 
of donor macrocycles* 4^ and open c h a i n ^ X analogues**^ where X = 
oxygen or sulphur (Table 3.10). 

NH 

'H+mH"NH 

N 

Figure 3.15 Diagrammatic Representation of "Internal Hydrogen 
Bonding" in 1,4,7-Triazacyclononane-H* . 

LIGAND PK LH + PK a LH< 2+ 

9-ane N3 
9-ane N20 9-ane N2S 

10.6 
9.59 
9.67 
9.70 
9.75 
9.50 

6.88 
5.32 
3.98 
8.98 
8.90 
8.70 

HN CH2CH2NH0 2 
0 CH2CH2NH2 2 S CH2CH2NH2 2 

Table 3.10 Acid Dissociation Constants for N2X Macrocycles and 
their Acyclic Analogues (X = 0 or S); Measured by 
pH-Metric Titration in Vater at 25°. 
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When the c e n t r a l donor atom i s changed from n i t r o g e n t o sulphur or 
oxygen, PK LH + values do not change much f o r open c h a i n l i g a n d s . This a 
tends t o i n d i c a t e t h a t f o r these l i g a n d s t h e r e i s l i t t l e c o - o p e r a t i v e 

+ 2+ 
a c t i o n between n i t r o g e n donors d u r i n g f o r m a t i o n o f e i t h e r LH or LH^ 
species. I n t h e c y c l i c systems however, when t h e c e n t r a l donor atom i s 

+ 2+ 
changed from n i t r o g e n t o sulp h u r or oxygen, t h e PK LH and PK LH 9 

values f a l l , which i s p r e c i s e l y what would be expected i f t h e donor 
atoms o f the ma c r o c y c l i c r i n g were i n v o l v e d i n a c o - o p e r a t i v e 
s t a b i l i s a t i o n of the at t a c h e d p r o t o n by i n t e r n a l hydrogen bonding ( s i n c e 
t h e hydrogen bonding a b i l i t y i s N >> 0 > S). 

There seems l i t t l e doubt t h a t f o r l i g a n d s (129) and (131)-(133) t h e 
LH + species are s t a b i l i s e d due t o c o - o p e r a t i v e hydrogen bonding by amine 
r i n g donors r e s u l t i n g i n h i g h PK LH + values. The d i f f e r e n c e s between 
PK LH + values f o r these l i g a n d s are a r e s u l t o f many f a c t o r s . The 
a 

s t r e n g t h o f t h e hydrogen bonds i n t h e LH + species w i l l be determined t o 
an e x t e n t by t h e r i n g s i z e o f t h e l i g a n d which w i l l d i c t a t e both t h e 
symmetry o f c o - o p e r a t i v e hydrogen bonding by amine r i n g donors and the 
number o f donors t h a t are i n cl o s e enough p r o x i m i t y t o e f f e c t a 
reasonable i n t e r a c t i o n w i t h t h e p r o t o n . Added t o t h i s , t h e conformation 
of t h e r i n g w i l l determine the d i r e c t i o n o f t h e amine n i t r o g e n lone 
p a i r s and t h e r e f o r e t h e p l a n a r i t y , and thus s t r e n g t h , o f t h e co
o p e r a t i v e hydrogen bond. C l e a r l y , f o r maximum s t a b i l i t y o f t h e LH + 

species, t h e n i t r o g e n lone p a i r s should be d i r e c t e d toward t h e c e n t r e o f 
the r i n g , l e v e l w i t h t h e r i n g plane d e l i n e a t e d by t h e amine n i t r o g e n 
donors and i d e a l l y t h e r i n g conformation should be such t h a t a l l 
n i t r o g e n donors can co-operate i n a symmetrical i n t r a m o l e c u l a r hydrogen 
bond. F i n a l l y , t h e conf o r m a t i o n of t h e r i n g i n t h e LH + species should 
be m i n i m a l l y d e s t a b i l i s e d r e l a t i v e t o t h e lowest f r e e energy 
conformation of t h e f r e e l i g a n d . Data would suggest t h a t t h e C~ 
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symmetric [444] conformation of l i g a n d (132) and symmetry [3333] 
c o n f o r m a t i o n of l i g a n d (133) are more pre-disposed t o e f f e c t i v e l y t r a p 
t h e f i r s t p r o t o n than l i g a n d s l i g a n d s (129) and (131). t h e p r e c i s e 
reasons f o r t h i s are d i f f i c u l t t o p i n p o i n t . 

The PK a LH?>+ values f o r t r i a z a l i g a n d s ( 1 2 9 ) , (131) and (132) 
139 

c l o s e l y p a r a l l e l 1,4,7-triazacyclononane (6.88) and 
1,5,9-triazacyclododecane ( 7 . 5 7 ) ^ and are a p p r e c i a b l y lower than those 

137 139 of d i e t h y l e n e t r i a m i n e (8.98) and d i p r o p y l e n e t r i a m i n e (9.57) . I n 
the c y c l i c l i g a n d s (129), (131) and (132) t h e p r o t o n bound i n the LH + 

species w i l l have a high l o c a l i s e d p o s i t i v e charge which w i l l cause 
e l e c t r o s t a t i c r e p u l s i o n t o a second p r o t o n a t t e m p t i n g t o c o - o r d i n a t e i n 
c l o s e p r o x i m i t y . I n the case of th e a c y c l i c l i g a n d s , t h e p o s i t i v e 
charge i n t h e L f l + species w i l l have l e s s o f an e l e c t r o s t a t i c r e p u l s i o n 

2+ 
as t h e p r o x i m i t y o f the amine donors i s lower. Therefore t h e L I ^ 
species w i l l be more basic i n c y c l i c systems. 

The PK a LH 2/ value f o r t h e t e t r a a z a l i g a n d (133) (10.25) i s 
s i g n i f i c a n t l y h i g h e r . This p a r a l l e l s t h e values measured f o r 
1,4,7,10-tetraazacyclododecane (PK LH + = 10.97; PK LH 2/ = 9 . 8 7 ) 1 4 2 . 

a ex It 

The probable reason f o r t h i s i s t h a t t h e second p r o t o n may add trans t o 
the f i r s t p r o t o n thereby l e s s e n i n g t h e e l e c t r o s t a t i c r e p u l s i o n r e l a t i v e 
t o t h a t experienced by t r i a z a l i g a n d s ( 1 2 9 ) , (131) and (132). 

I f t h e PK LH2 + values are examined w i t h t h e view t h a t t h e c l o s e r 
a O 

t h e amine donors are t o one another, t h e h i g h e r t h e e l e c t r o s t a t i c 
r e p u l s i o n and hence the h i g h e r t h e a c i d i t y o f t h e LHg + species, then t h e 
lowest a c i d i t y o f t h e seemingly s m a l l e s t l i g a n d (129) (PK f t LHg + = 3.26) 
would seem i l l o g i c a l . A t e n t a t i v e e x p l a n a t i o n might be t h a t th e 

2+ 
conformations of L I ^ species f o r l i g a n d s ( 1 3 1 ) , (132) and (133) are 
such t h a t t h e t h i r d n i t r o g e n lone p a i r i s more e f f e c t i v e l y s t e r i c a l l y 
s h i e l d e d and/or more e f f e c t i v e l y e l e c t r o s t a t i c a l l y s h i e l d e d by the 
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l i g a n d by protonated amine n i t r o g e n s than f o r l i g a n d (129). 

3.7.2 Determination of Stability Constants 

The metal b i n d i n g constants f o r l i g a n d s (129) and (131) w i t h 
l i t h i u m and sodium i o n s , and l i g a n d (133) w i t h l i t h i u m , sodium and 
calcium ions were determined by t h e p o t e n t i o m e t r i c t i t r a t i o n method. 
Stock l i g a n d s o l u t i o n s were prepared as f o r t h e a c i d d i s s o c i a t i o n 
constants but i n t h i s case t h e a p p r o p r i a t e metal c h l o r i d e s were added 
such t h a t t h e r a t i o of l i g a n d t o c a t i o n was 1:1. The t i t r a t i o n 
procedure was i d e n t i c a l t o t h a t p r e v i o u s l y d e s c r i b e d and two t i t r a t i o n s 
were performed f o r each l i g a n d c a t i o n combination. 

The basis of t h i s method i s t h a t protons are l i b e r a t e d d u r i n g 
complex f o r m a t i o n between metal c a t i o n and t h e p r o t o n a t e d l i g a n d : 

»+(aq) + < ( „ ) * » L + • 2 « + 

"'(aq) + L B + ( a q ) * » L + + H + 

By d e t e r m i n a t i o n of t h e hydrogen i o n c o n c e n t r a t i o n t h e degree o f complex 
f o r m a t i o n or t h e p o s i t i o n o f e q u i l i b r i u m can be e s t a b l i s h e d . The 
complex f o r m i n g agent, the weak a c i d ( p r o t o n a t e d base) i s t i t r a t e d 
p o t e n t i o m e t r i c a l l y w i t h a standard s o l u t i o n of a s t r o n g base i n t h e 
presence of an i n e r t e l e c t r o l y t e o f s u i t a b l e c o n c e n t r a t i o n and a pH vs 
(a) curve i s p l o t t e d (a = degree o f n e u t r a l i s a t i o n o f t h e a c i d ) . Then a 
s o l u t i o n of a s i m i l a r composition but a l s o c o n t a i n i n g t h e metal i o n i s 
t i t r a t e d s i m i l a r l y and t h e t i t r a t i o n curve i s again c o n s t r u c t e d . I f 
complex f o r m a t i o n occurs e x t e n s i v e l y i n t h e pH range 3-10 (ie. i f t h e 
complex i s r a t h e r s t a b l e ) and t h e l i g a n d c o n c e n t r a t i o n i s equal t o t h e 
metal i on c o n c e n t r a t i o n then t h e r e w i l l be an a p p r e c i a b l e d i f f e r e n c e 
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between the two curves. I f the protonation constants of the ligands are 
known, then by using values of the coordinates, from points on the 
curves, the s t a b i l i t y constants may be calculated. I f metal complexation 
is occurring,then this w i l l have the effect of increasing the acidity of 

+ 2+ 
both LH and LH^ species due to a competition between proton(s) and the 
metal cation for the ligand. The calculated log values are depicted 
in Table 3.11. 

LIGAND CATION l 06 KML ff 

129 L i + 3.910 18.18 1.85 
3.905 7.32 2.10 

129 Na+ 4.230 5.79 1.76 
4.220 1.58 2.04 

132 L i + 4.230 15.05 2.05 
4.200 6.67 2.62 

132 Na+ 4.020 12.40 1.60 
4.030 10.00 1.47 

133 L i + 5.230 2.81 2.07 
5.265 2.17 2.51 

133 Na+ 5.810 16.21 1.92 

Ca 2 + 

5.840 6.74 2.12 
133 Ca 2 + 6.780 11.85 1.15 

6.850 12.12 2.93 

Table 3.11 Log K(ML) Values Measured Potentiometrically by pH 
Titration at 25° in MilliQ Vater. 

The complexation process can be represented: 
M +(aq) + L(aq) * M L + ( a q ) 

where: M+(aq) = free metal cation 
L (aq) = free ligand 
ML*(aq) = metal/ligand complex 

The s t a b i l i t y constant can be represented: 
[ML+] 

KML [M+] [L] 

The fraction of the M+(aq) as the free aquo ion (X Q) can be represented: 
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[M +] 
u Cm 

where: [M +] = c o n c e n t r a t i o n o f f r e e aquo metal i o n 
Cm = t o t a l c o n c e n t r a t i o n o f metal i o n . 

The f r a c t i o n of the M + 

represented: 
[M +] 

ft = 
0 Cm 

(aq) a s t^ie ^ r e e a (* u 0 * o n c a n n o w ^ e ^ u r t n e r 

[M +] [ML +] I 
( 1 + K f L ] ) " 1 

[M +] [M +] 

The r e f o r e i t i s p o s s i b l e t o c a l c u l a t e aQ f o r a range of l i g a n d 
c o n c e n t r a t i o n s and thus c a l c u l a t e t h e 7. metal c a t i o n bound a t each 
l i g a n d c o n c e n t r a t i o n : 7. Metal Bound = (1 - a o)*100. 

Figures 3.16, 3.17 and 3.18 r e p r e s e n t t h e 7. metal bound f o r l i g a n d s 
( 1 2 9 ) , (132) and (133) r e s p e c t i v e l y f o r a range o f l i g a n d c o n c e n t r a t i o n s 
as c a l c u l a t e d from l o g data i n Table 3.11. 

ligand 129 

C N ~) 0 
% Metal Bound 

6 0 - log lL ] 

Figure 3.16 Graph Showing Percentage of Lithium (o) and Sodium (x) 
Bound vs Concentration of Ligand (129) (L). 

- 171 -



% Metal Bound ligand 131 
11 

CnMe3 

N N \:nMej 

70 -log[L] 

Figure 3.17 Graph Showing Percentage of lithium (x) and Sodium (o) 
Bound vs Concentration of Ligand (131). 

" 9 a n d 1 3 3 . <w CN J j> % Metal Bound 

8 0-log[L] 

Figure 3.18 Graph Showing Percentage of Lithium (•), Sodium (x) and 
Calcium (o) Bound vs Concentration of Ligand (133). 



3.7.2.1 Ligand (129) 

As can be seen from Figure 3.16 and Table 3.11, separate 
potentiometric t i t r a t i o n s f o r l i t h i u m and sodium indicated a preference 
of ligand (129) f o r sodium. This i s at variance with FAB mass sp e c t r a l 
data which suggested that ligand (129) i s l i t h i u m s e l e c t i v e . I n 
comparing r e s u l t s obtained using these techniques i t must be stressed 
that there are several d i f f e r e n c e s . 
(1) In the FAB mass spe c t r a l experiments a l k a l i metal cations were 

competing f o r a deficiency of ligand (129) and competitive 
s e l e c t i v i t y was being measured. I n the pH-metric t i t r a t i o n 
experiments a comparison i s made of separately measured s t a b i l i t y 
constants where i n each case the r a t i o of ligand t o metal cation i s 
1:1; i n t h i s case the measured values do not represent a t r u e 
competitive s e l e c t i v i t y . 

(2) FAB mass spectral experiments were performed i n a mixed solvent 
system of 1:1:1 water:glycerol:methanol, whereas pH-metric 
experiments were performed i n M i l l i Q water. 

(3) I t i s uncertain whether the FAB mass spe c t r a l data represents a 
competitive s e l e c t i v i t y measurement at e q u i l i b r i u m since the e f f e c t 
of bombarding 3 /*L of a n a l y t i c a l s o l u t i o n w i t h argon atoms 
accelerated by a p o t e n t i a l d i f f e r e n c e of 8 eV i s not f u l l y 
understood. The pH-metric t i t r a t i o n technique more accurately 
represents an e q u i l i b r i u m measurement since a n a l y t i c a l s o l u t i o n s 
were allowed t o stand f o r 48 hrs before being t i t r a t e d , and 
f u r t h e r , during the t i t r a t i o n , stable pH values were a t t a i n e d 
w i t h i n 1-2 minutes of each t i t r a n t a d d i t i o n . 

13 
C NMR and IR data suggest t h a t the l i t h i u m c a t i o n coordinates t o a l l 

three amide a x i a l donors and th a t formation of a 1:1 l i t h i u m complex 
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with ligand (129) also involves co-ordination t o the amine r i n g donors. 
I t i s therefore l i k e l y t h a t the r e l a t i v e l y strong 1:1 l i t h i u m complex 
formed i n water w i l l involve co-ordination of the l i t h i u m c a t ion t o both 
amine and amide donors. The data from pH-metric studies suggests t h a t 
formation of a 1:1 sodium complex by ligand (129) must also involve 
coordination of the sodium ion by both amine and amide donors. The 
s e l e c t i v i t y of ligand (129) implies that e i t h e r : (a) ligand (129) i s 
sodium s e l e c t i v e regardless of the solvent i n which complexation takes 
place, or (b) ligand (129) i s only sodium s e l e c t i v e i n a solvent of high 
d i e l e c t r i c constant and/or high donor number. 

The measurement of s t a b i l i t y constants i n water w i l l favour sodium 
strongly over l i t h i u m i n terms of reaction enthalpy owing t o the higher 
so l v a t i o n energy of the l i t h i u m cation. However, the higher charge 
density r a t i o of the l i t h i u m cation w i l l lead t o a more favourable 
entropy of complexation than f o r the sodium ion. I t i t thus possible 
that i f the unfavourable enthalpy outweighs the favourable entropy f o r 
the l i t h i u m cation i n water, ligand (129) may merely be sodium s e l e c t i v e 
i n t h i s solvent. I n order t o ascertain whether or not t h i s i s the case, 
f u r t h e r pH-metric studies need t o be performed i n solvents of lower 
d i e l e c t r i c constant. Clearly, c a l o r i m e t r i c studies i n a v a r i e t y of 
solvents would c l a r i f y both the e f f e c t of solvent on s e l e c t i v i t y of 
ligand (129) f o r these a l k a l i metal cations, and lead t o a more thorough 
understanding of the thermodynamics of the cat ion/1igand i n t e r a c t i o n . 

3.7.2.2 Ligand (131) 

As can be seen from Figure 3.17 and Table 3.11, separate pH-metric 
t i t r a t i o n s f o r l i t h i u m and sodium indicated a preference of ligand (131) 
fo r l i t h i u m . Once again pH-metric data c o n f l i c t s w i t h FAB mass spe c t r a l 

173 -



data. The FAB mass spectral data suggested that ligand (131) was 
i n d i s c r i m i n a t e and formed weak complexes with a l k a l i metal cations. 
However, pH-metric studies point very d e f i n i t e l y t o formation of 
r e l a t i v e l y strong complexes. In seeking t o explain the d i f f e r e n c e , the 
relevance of the FAB mass spectral technique as a representation of an 
e q u i l i b r i u m s i t u a t i o n must be questioned. 

1 ̂  
C NMR and IR studies both indicated i n t e r a c t i o n of the three 

amide and amine r i n g donors of ligand (131) i n forming a 1:1 complex 
13 

wi t h the l i t h i u m cation. Further, the C NMR data supports the 
formation of a r e l a t i v e l y strong 1:1 l i t h i u m complex as measured by 
pH-metric t i t r a t i o n . 

I n t e r e s t i n g l y , ligand (131) i s l i t h i u m s e l e c t i v e whereas ligand 
(129) i s sodium s e l e c t i v e . The measured d i f f e r e n c e i n s e l e c t i v i t y must 
r e f l e c t a d i f f e r e n c e i n the f r e e energy of complexation of l i t h i u m and 
sodium ions by these ligands i n the absence of solvent e f f e c t s since 
r e s u l t s are obtained i n and i d e n t i c a l solvent system. The reversal i n 
s e l e c t i v i t y suggests two things: 
(1) The six-membered chelate rings formed by coordination of amine r i n g 

donors t o l i t h i u m and sodium cations i n ligand (131) tend t o favour 
small cations ( l i t h i u m ) over l a r g e r cations (sodium). 

(2) The f a c t that both the size of r i n g and chelate r i n g has an e f f e c t 
on l i t h i u m vs sodium s e l e c t i v i t y suggests that 1:1 complexation by 
these cations with ligands (129) and (131) involves co-ordination 
t o amine r i n g donors. 
Unfortunately, supplies of ligand (132) were not s u f f i c i e n t t o 

measure l i t h i u m and sodium complexation constants using t h i s technique. 
I t would be i n t e r e s t i n g t o ascertain whether the lower donor number (5) 
of ligand (132) might enhance the l i t h i u m s e l e c t i v i t y exhibited by 
ligand (131). 
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n CON Me 
HN 

/ 
CONMe2 

Ligand (132) 

3.7.2.3 Ligand (133) 

Potentiometric t i t r a t i o n studies point t o a s e l e c t i v i t y order of 
2+ + + 

Ca > Na > L i f o r ligand (133). The t o p o l o g i c a l match of the t e t r a -
azacyclododecane r i n g e x h i b i t e d by t h i s ligand f o r sodium and calcium 
ions has previously been noted^. I t i s l i k e l y t h a t the s e l e c t i v i t y of 
ligand (133) f o r calcium over sodium r e f l e c t s the expected stronger 
i n t e r a c t i o n of amide a x i a l donors w i t h the small calcium ion which 
e x h i b i t s a higher charge density. The s e l e c t i v i t y f o r sodium over 
l i t h i u m probably r e s u l t s from hepta- or octa-coordination of the sodium 
ion i n s o l u t i o n as opposed t o penta-coordination by the l i t h i u m ion and 
hence an enhanced enthalpy of complexation f o r sodium. 

Comparison of the s t a b i l i t y constants f o r complexation of ligand 
(133) w i t h l i t h i u m and sodium ions i n r e l a t i o n t o those of ligand 

138 
(143) , indicate t h a t ligand (133) forms stronger complexes. 

^C NMR studies i n methanol'* showed f a s t exchange on the NMR 
timescale f o r complexation of l i t h i u m and sodium ions w i t h ligand (143), 
implying that log < 4 i n both cases. Even i n water, the s t a b i l i t y 
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constants f o r complexation of ligand (133) with l i t h i u m and sodium ions 
are higher. 

OH OH 

N c N 
OH OH 

(143) 
Ligand (143) 

This comparison strongly suggests t h a t amide donors are involved i n 
complexation and t h a t , as expected, a strong i n t e r a c t i o n w i t h cations of 

+ 2+ + 
high charge density r a t i o s ( L i , Ca , Na ) i s t a k i n g place. Indeed, 
the r e l a t i v e l y strong l i t h i u m and sodium complexes formed by ligands 
(129) and (131) i n water serve t o r e i t e r a t e t h i s p o i n t . 
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CHAPTER FOUR 

EXPERIMENTAL SYNTHESIS 



4.1 INTRODUCTION 

For a l l compounds used i n t h i s work, temperatures are quoted i n C 
unless otherwise stated. Alumina r e f e r s t o Merck Alumina ( a c t i v i t y I I 
to I I I ) and s i l i c a r e f e r s t o Fluka s i l i c a gel 60 (230-400 mesh). 

13 
Proton NMR spectra and C spectra were recorded using a Bruker 

AC250 spectrometer operating at 250.134 MHz and 62.896 MHz resp e c t i v e l y . 
Chemical s h i f t s are given i n ppm ( r e l a t i v e t o Me^Si (TMS) at 0 ppm). 
Chemical s h i f t s f o r protons showing an AB pattern have been calculated 

2 2 1/2 
using the formula: (1-3) = (2-4) = [(Av) + j ] ' . The peak po s i t i o n s 
1-4 are numbered from l e f t t o r i g h t and are given i n Hz from TMS. Av i s 
the chemical s h i f t d i f f e r e n c e i n Hz and J i s the scalar coupling 
constant i n Hz. I t f o l l o w s that the s h i f t p o s i t i o n of each proton i s 
Av/2 from the midpoint of the p a t t e r n . 

I n f r a r e d spectra were recorded on a Perkin-Elmer 577 spectrometer 
e i t h e r as a t h i n f i l m or as a mull i n Nujol as stated. Mass spectra 
were recorded on a VG 7070E mass spectrometer, operating i n FAB, DCI, CI 
and EI modes as stated. Optical Rotations were measured w i t h a 
Perkin-Elmer 141 Polarimeter and Combustion Analyses were performed by 
Mrs. M. Cox ( U n i v e r s i t y of Durham). Gas Chromatography was c a r r i e d out 
with a Hewlett Packard HP 5890 using an SE 30 c a p i l l a r y column. 
4.2 SYNTHESIS OF COMPOUNDS 

(R,R)-(+)-N,N,N',N>-Tetramethyltartramide (80). A s o l u t i o n of (R,R)-
( + ) - d i e t h y l t a r t r a t e (82) (10.3g, 0.05 mmol) i n dry methanol (100 ml) was 
s t i r r e d at -10° i n an ice s a l t slush bath under an atmosphere of 
nitrogen. Anhydrous dimethylamine was added dropwise t o the s t i r r e d 
s o l u t i o n by condensation from a dry ice/acetone c o l d - f i n g e r . A f t e r the 
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a d d i t i o n was complete, the resultant s o l u t i o n was allowed t o warm t o 
room temperature and was s t i r r e d overnight under dry nitrogen. As the 
reaction proceeded, the s o l u t i o n darkened from a pale yellow straw 
colour to a deep orange, viscous mixture. The solvents were evaporated 
o f f in vacuo t o y i e l d crude product, which was p u r i f i e d by 
r e c r y s t a l l i s a t i o n from a 1:1 mixture of ethanol/petroleum ether (40-60) 
to a f f o r d a white c r y s t a l l i n e s o l i d (7.15g, y i e l d 60%). Mpt. 185-186 
( l i t . 1 8 7 ) 1 4 3 ; [a]l° = +35° (C = 1.00, CH2C12) ( l i t . [ a ] D = +42.7° (C = 
3.00, C.2H50H); h NMR (CDClg) 6: 2.90 (3H,s,CH3N), 3.10 (3H,s,CB3N), 
4.20 (2H,s,0H), 4.66 (2H,s,CB); 1 3C NMR (CDClg) 6: 35.9 (CH gN), 36.9 
(CB 3N), 69.5 (CHOH), 170.7 (C=0); IR cm"1 ( N u j o l ) : 3600-3100 (OH), 
1632 (C=0); m/e (CI,isobutane): 205 ( M + l ) + , 160 (-NMe2), 132 (-C0NMe2), 
72 (G0NMe2); 7. Analysis Calculated: C, 23.2; B, 3.3; N, 1.3; Found: C, 
23.1; H, 3.2; N, 1.37.. 

(RySJ-lfS-p-tolneuesulphonyl-NfNfN',N'-Tetramethylsucci%amide (94). 

(R,R)-(+)-tetramethyltartramide (80) (2g, 10 mmol) was s t i r r e d i n dry 
dichloromethane (10 ml) with dry t r i e t h y l a m i n e (5.05g, 50 mmol) at a 
temperature of -10° i n an ice s a l t / s l u s h under an atmosphere of 
nitrogen. A s o l u t i o n of p-toluenesulphonyl c h l o r i d e (4.20g, 0.022 mol) 
in dry dichloromethane (10 ml) was added dropwise, keeping the 
temperature at less than 0° throughout the a d d i t i o n . A f t e r the a d d i t i o n 
was complete the reaction mixture was allowed t o warm t o room 
temperature and s t i r r e d under nitrogen overnight. D i s t i l l e d water 
(15 ml) was added, and the lower, organic layer was separated. This was 
washed with 6 M BC1 ( 2 x 5 ml), d i s t i l l e d water (2 x 10 ml) , d r i e d over 
anhydrous MgSO^ and concentrated in vacuo t o y i e l d crude product. The 
product was p u r i f i e d by r e c r y s t a l l i s a t i o n from methanol t o a f f o r d a 
white c r y s t a l l i n e s o l i d (1.8g, 357.). Mpt. 152-153; 1H NMR (CDC1,) 8: 
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2.35 (6fl,s,CH 3 aromatic), 2.72 (6H,s,CH3N), 3.00 (6H,s,CH3N), 5.53 
(2H,s,CHOTs), 7.23 (2H,d,J=8Hz,half of AA'XX' system,CH aromatic), 7.73 
(2H,d,J=8Hz,half of AA'XX* system,CH aromatic); 1 3C NMR (CDClg) 6: 21.5 
(CH3 aromatic), 35.8 (CHgN), 37.5 (CHgN), 73.5 (CHOTs), 127.8, 129.5, 
132.7, 145.1 (CH aromatic), 164.1 (C=0); I Analysis Calculated: C, 51.6; 
H, 5.5; N, 5.4; Found: C, 51.9; H, 5.6; N, 5.3. 

l-Benzyloxymethyl-2,2-dineihyl-propan-3-ol (100). A mixture of benzyl 
c h l o r i d e (5.3g, 42.2 mmol), excess 2,2-dimethyl-propan-1,3-diol (10g, 96 
mmol), sodium hydroxide (1.69g, 42.2 mmol) and a phase t r a n s f e r 
c a t a l y s t , tetrapropylammonium bromide (50 mg) were refluxed i n dry THF 
under an atmosphere of nitrogen f o r 24h. The mixture was allowed t o 
cool and the THF was removed under reduced pressure. The residue was 
taken up i n dichloromethane (30 ml) and any s o l i d was f i l t e r e d o f f . The 
f i l t r a t e was washed with d i s t i l l e d water (2 x 10 ml), brine (2 x 10 ml), 
d r i e d over MgSO^ and concentrated in vacuo t o y i e l d crude product. The 
product was p u r i f i e d by column chromatography using s i l i c a w i t h 
dichloromethane as the eluent (R^ product = 0.5), t o y i e l d a clear o i l 
(7.5g, y i e l d 927.). *H NMR (CDC13) 6: 0.78 (6H,s,CH3C), 3.13 (2H,s,CH20), 
3.28 (2H,s,CH20H), 4.33 (2H,s,PhCH2), 7.17 (5H,s,Ph); 1 3C NMR (CDClg) 6: 
21.2 (CH3C), 35.8 (C), 69.4 (CH20H), 77.8 (CH 2Ph), 126.7, 127.7, 137.8 
(CH,aromatic); IR v m a x cm'1 (Thin Film): 3600-3100 (OH), 3050, 3075 (CH, 
aromatic), 1595 ( r i n g v i b r a t i o n ) , 1127 (CH 3), 1095 (C-O-C). 

l-Benzylozymethyl-2,2-dimethyl-3-p-tolueuesnlphouyl-propane (101). A 
s o l u t i o n l-benzyloxy-2,2-dimethylpropan-3-ol (100) (2.5g, 12.8 mmol) i n 
dry p y r i d i n e was s t i r r e d at -10° i n an i c e / s a l t slush bath under an 
atmosphere of nitrogen. p-Toluenesulphonyl c h l o r i d e (2.9g, 15 mmol) was 
added i n small portions w h i l s t maintaining the temperature at -10°. The 
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r e a c t i o n vessel was sealed under nitrogen and l e f t to stand at -20 f o r 
48h. The mixture was then poured i n t o iced water and the crude product 
was f i l t e r e d o f f . This was dissolved i n dichloromethane (20 ml) , washed 
with 1 M HC1 (4 x 10 ml), d r i e d over MgSÔ  and concentrated in vacuo t o 
y i e l d crude product uncontaminated with p y r i d i n e . The product was 
p u r i f i e d by r e c r y s t a l l i s a t i o n from hot methanol as i t cooled t o room 
temperature t o a f f o r d a white c r y s t a l l i n e s o l i d (3.5g, y i e l d 797.). *H 
NMR (CDC13) 6: 0.82 (6H,s,CH3C), 2.28 (3H,s,CH3 aromatic), 3.08 (2H,s, 
CH20), 3.78 (2H,s,CH2OTs), 4.30 (2B,s,0CH2Ph), 7.17 (5H,s,CHPh), 7.20 
(2H,d,J=8Hz,half of AA'XX' system,CH aromatic), 7.66 (2H,d,J=8Hz,half of 
AA'XX' system,CH aromatic). 

l-Benzyloxymethyl-2,2-dimethyl-3-iodopropaue (102). 1-Benzyloxymethyl-
2,2-dimethyl-3-p-toluenesulphonyl-propane (101) (5.0g, 14.3 mmol) and 
sodium iodide (2.6g, 17.2 mmol) were s t i r r e d i n dry dimethylformamide at 
90° under nitrogen f o r 48h. The s o l u t i o n was allowed t o cool and the 
solvent was removed under reduced pressure. The residue was taken up 
i n t o dichloromethane (30 ml) and washed with sodium thiosulphate (2 x 10 
ml, 57. s o l u t i o n ) , d i s t i l l e d water (2 x 10 ml) and dri e d over MgSO^ and 
concentrated in vacuo t o a f f o r d crude product. The product was p u r i f i e d 
by vacuum d i s t i l l a t i o n t o give a clear o i l (2.15g, y i e l d 497.). *H NMR 
(CDC13) 6: 0.95 (6H,s,CH3C), 3.14 (4H,broad,s,CH2I,CH20), 7.17 (5H,s, 
CH2Ph); 1 3C NMR (CDClg) 6: 23.6 (CHgC), 20.1 (CH 2I), 34.3 (C), 72.3 
(CH20), 76.3 (PhCH20), 126.5, 127.4, 137.6 (CH aromatic); m/e ( I n t e n s i t y 
7.) (CI,isobutane): 305(100,M ++l), 177(35,M +-1). 

3,6-Dioxa-l,8-di-p-tolueuesnlphonyloctane (86). Triethylene g l y c o l (85) 
(15g, 0.2 mol) was s t i r r e d i n dry p y r i d i n e (30 ml) at -10° i n an ice-
s a l t slush bath under nitrogen. p-Toluenesulphonyl c h l o r i d e (38.lg, 0.2 
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mol) was added i n small portions w h i l s t keeping the temperature of the 
reac t i o n mixture at -10°. When the a d d i t i o n was complete the reaction 
vessel was sealed under nitrogen and l e f t to stand at -20 °C f o r 48 hr. 
The r e a c t i o n mixture was poured i n t o iced water (100 ml) and the crude 
product was f i l t e r e d as an o f f - w h i t e s o l i d . Pure product was obtained 
by r e c r y s t a l l i s a t i o n from a 1:1 mixture of methanol/petroleum ether 
(40-60) a f f o r d i n g a white c r y s t a l l i n e s o l i d (42.lg, y i e l d 867.). Mpt. 
77-78° ( l i t . 1 4 4 78°); 7. Analysis Calculated: C, 52.2; H, 6.1; Found: C, 
52.1; H, 6.1. 

Ethane-lJ-di-p-tolaeuesnlphouaie (89). Ethane-1,2-diol (91) (6.2g, 0.1 
mol) was s t i r r e d i n dry p y r i d i n e at -10° under nitrogen, p-toluene-
sulphonyl ch l o r i d e (38.lg, 0.2 mol) was added i n small portions w h i l s t 
maintaining the temperature at -10°. When the a d d i t i o n was complete, 
the r eaction vessel was sealed under nitrogen and l e f t t o stand at -20° 
f o r 48 hr. The reaction mixture was then poured i n t o iced water (100 
ml) and the crude product was f i l t e r e d o f f as a white s o l i d . The crude 
product was dissolved i n dichloromethane (30 ml) and washed w i t h 1 M HC1 
(3 x 20 ml) t o remove traces of py r i d i n e . The dichloromethane was 
removed under reduced pressure and the product was p u r i f i e d by 
r e c r y s t a l l i s a t i o n from methanol at room temperature t o a f f o r d a white 
c r y s t a l l i n e s o l i d (31.2g, y i e l d 847.). Mpt. 118-119°; h NMR (CDClg) 6: 
2.30 (6H,s,CH3), 4.10 (4H,s,CH2OTs), 7.30 (2H,d,J=8Hz,half of an AA'XX' 
system,CH aromatic), 7.74 (2H,d,J=8Hz,half of an AA'XX' system, CH 
aromatic); 1 3C NMR (CDC13) 6: 21.6 (CHg), 66.7 (CH2OTs); 127.7, 129.9, 
132.3, 145.2 (CH aromatic). 

l,8-Dicyano-3,6~dioxaoctane (87) - Procedure A. 3,6-Dioxa-1,8-di-p-
toluenesulphonyloctane (86) (5g, 0.011 mol) was s t i r r e d w i t h dry 
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potassium cyanide (1.43g, 0.022 mol) i n dry dimethylsulphoxide (20 ml) 
at room temperature, under an atmosphere of nitro g e n , f o r f i v e days. 
During the course of the reac t i o n , the s o l u t i o n changed from colourless 
t o a clear brown. The so l u t i o n was then poured i n t o d i s t i l l e d water (50 
ml) and extracted w i t h dichloromethane (4 x 20 ml). The organic layer 
was washed with d i s t i l l e d water (2 x 10 ml), d r i e d over MgSO^ and 
concentrated in vacuo t o y i e l d crude product. The product was p u r i f i e d 
by vacuum d i s t i l l a t i o n (90°, 0.1 mm Bg) t o a f f o r d a clear o i l (0.65g, 
y i e l d 357.). 

1,8-Dicyaao-3,6-dioxaoctane (87) - Procedure B. To a s t i r r e d s o l u t i o n 
of 27. aqueous sodium hydroxide (40 ml) and ethane-1,2-diol (91) (24.8g, 
0.2 mol) at 0° was added a c r y l o n i t r i l e (90) (43g, 0.4 mol) dropwise 
w h i l s t maintaining the temperature at 0°. When the a d d i t i o n was 
complete, the reaction mixture was warmed t o room temperature and 
s t i r r e d f o r 24 hr. The mixture was then allowed t o stand f o r 10 minutes 
during which time two layers separated. The lower, aqueous layer was 
discarded. The upper, organic layer was dri e d over MgSO^ and 
concentrated in vacuo t o y i e l d crude product. The product was p u r i f i e d 
by vacuum d i s t i l l a t i o n (90-95°, 0.1 mm Hg) t o a f f o r d a clear o i l (28.6g, 
y i e l d 857.). H NMR (CDClg) 6: 2.58 (4B,t,J=6Hz,CH2CN), 3.58 (4H,t, 
J=6Bz,CB20), 3.53 (4H,s,CB20); 1 3C NMR (CDCI3) 6: 17.9 (CHgCN), 64.9 
(CH20), 69.5 (CH20), 117.7 (C=N); IR ^ cm"1 (Thin F i l m ) : 2225 (C=N), 
840, 1105 (C-O-C); m/e ( I n t e n s i t y ^ ) (CI,isobutane): 169(15,M ++l), 98 
(M+-CB2CB2CN). 

Diethyl-4,7-dioxadecan-l,10-dioate (92). Concentrated sulphuric acid 
(20g) was added with care t o a s o l u t i o n of ethanol (100 ml) at 0°. 1,8-
Dicyano-3,6-dioxaoctane (87) (50.2g, 0.3 mol) was added and the mixture 
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was s t i r r e d under r e f l u x f o r 24 hr. The mixture was allowed t o cool and 
evaporated t o dryness in vacuo. D i s t i l l e d water (100 ml) was added t o 
the residue and the mixture was extracted w i t h dichloromethane (3 x 20 
ml) and d i e t h y l ether (3 x 20 ml). The pooled organic e x t r a c t s were 
washed with brine (2 x 20 ml), dried over MgSO^ and concentrated in 
vacuo t o y i e l d crude product. The product was p u r i f i e d by vacuum 
d i s t i l l a t i o n (40°, 0.1 mm Hg) t o give a clear o i l (65.5g, y i e l d 847.). 
h NMR (CDC13) 8: 1.25 (6H,t,J=7Hz,CB 3), 2.60 (4H,t,J=6.3Hz,CH2C0), 3.75 
(4H,t,J=6.4Hz,CH20), 3.61(4H,s,CH20), 4.15 (4H,q,J=7Hz,CH2CH3); 1 3C NMR 
(CDC13) 6: 13.9 (CH 3), 34.8 (CH2C0), 60.2 (CRgCty, 66.3 (CH 20), 68.7 
( C O ) , 171.3 (C=0); IR i / cm"1 (Thin F i l m ) : 1110, 840 (C-O-C), 1735 

id lllcLsv 

(C=0); m/e (CI,isobutane): ( M + l ) + Found: 263.147740, C 1 2H 2 20 6 requires 
263.149463. 

l,10-Dihydroxy-4,7-dioxadecaue (84) - Procedure A. Sodium metal 
(1.104g, 0.048 mol, 2 equivalents) was s t i r r e d i n excess propan-1,3-diol 
(89) (20 equivalents, 36.5g) at room temperature under nitrogen u n t i l 
a l l of the sodium had dissolved. The temperature was raised t o 50° and 
ethane-1,2-di-p-toluenesulphonate (1 equivalent, 8.7g, 0.024 mol) was 
added. The reaction mixture was s t i r r e d at 50° under nitrogen f o r 24 
hr. during which time the colourless s o l u t i o n turned pale brown. The 
mixture was allowed t o cool and was f i l t e r e d . The f i l t r a t e was 
concentrated in vacuo and dichloromethane (50 ml) was added t o the 
residue, any undissolved s o l i d was f i l t e r e d o f f . The dichloromethane 
f i l t r a t e was dr i e d over MgSO^ and concentrated in vacuo t o y i e l d crude 
product mixed wit h excess propan-1,3-diol. The maj o r i t y of the excess 
propan-1,3-diol was removed by vacuum d i s t i l l a t i o n and the product was 
p u r i f i e d by column chromatography using s i l i c a , w i t h dichloromethane as 
e l u t a n t , followed by a 27. methanol/dichloromethane s o l u t i o n (R^ product 
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i n CH2Cl2/27. MeOH = 0.45). This yielded a colourless viscous o i l 
(0.35g, y i e l d 97.). 

l,10-Dihydroxy-4,7-dioxadecane (84) - Procedure B. A suspension of 
l i t h i u m aluminium hydride (4 equivalents, 20g) was s t i r r e d at 0° under 
nitrogen i n dry d i e t h y l ether (50 ml). Diethyl-4,7-dioxa-1,10-dioate 
(38.8g, 0.148 mol, 1 equivalent) i n dry d i e t h y l ether (50 ml) was added 
at such a ra t e as t o gently r e f l u x the system. Once the a d d i t i o n was 
complete, the mixture was warmed t o room temperature and s t i r r e d under 
nitrogen f o r 2 hr. The reaction was cooled t o 0° and d i s t i l l e d water 
(20 ml) was added (CARE - any excess l i t h i u m aluminium hydride reacts 
highl y exothermically w i t h water). This was followed by the c a r e f u l 
a d d i t i o n of 157. aqueous sodium hydroxide s o l u t i o n (40 ml) and d i s t i l l e d 
water (20 ml). Throughout the additions the mixture was s t i r r e d i n ice 
and the ether l e v e l was topped up so as t o ensure t h a t the mixture was 
continuously s t i r r e d . The white p r e c i p i t a t e was then f i l t e r e d and 
washed w i t h d i e t h y l ether (6 x 100 ml). The solvents were evaporated 
o f f under reduced pressure t o leave an o i l y residue. The residue was 
s t i r r e d i n dichloromethane (100 ml) f o r 2 hr. and a f t e r t h i s time any 
undissolved material was f i l t e r e d o f f . The f i l t r a t e was d r i e d over 
MgSO^ and concentrated in vacuo to y i e l d crude product. The product was 
p u r i f i e d by vacuum d i s t i l l a t i o n (90°, 0.05 mm Hg) as a c l e a r o i l (13.9g, 
y i e l d 517.). h NMR (CDClg) 6: 1.70 (4H,q,J=6Hz,CH20H), 3.52 (4H,t, 
J=6Hz,CH20), 3.49 (4H,s,CH20), 3.60 (4B,t,J=6Hz,CH20H); 1 3C NMR (CDClg) 
6: 31.8 (CH2CH2CH2), 59.1 (CH20H), 68.3 (CH 20), 69.5 (CH 20); IR *> m a x 

cm"1 (Thin Film): 3550-3100 (OH), 1105, 845 (C-O-C); m/e (CI,isobutane): 
( M + l ) + Found: 179.117410, required f o r C g H ^ : 179.120509. 
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l,tO~Dichloro-4,7-diozadecane (83). A s t i r r e d s o l u t i o n of 1,10-di-
hydroxy-4,7-dioxadecane (84) (9.2g, 52 mmol), dry pyridine (0.12 mol) i n 
dry benzene (50 ml) was heated t o r e f l u x under an atmosphere of 
nitrogen. Thionyl chloride (14.3g, 0.12 mol) was added dropwise. When 
the a d d i t i o n was complete, the mixture was s t i r r e d under r e f l u x under 
nitrogen f o r 24 hr. The mixture was allowed t o cool and 3 M HC1 (5 ml) 
was added dropwise t o the s t i r r e d s o l u t i o n . The reaction mixture was 
allowed t o stand and two layers separated. The lower, aqueous layer was 
discarded. The organic layer was washed with d i s t i l l e d water (2 x 20 
ml), dried over MgSO^ and concentrated in vacuo t o y i e l d crude product. 
The product was p u r i f i e d by vacuum d i s t i l l a t i o n (89-93°, 0.4 mm Hg) t o 
y i e l d a pale yellow l i q u i d (6.9g, y i e l d 627,). h NMR (CDClg) 6: 1.94 
(4H,txt,J=6.1Hz,CH2CH2CH2), 3.55 (12H,m,CH20,CH2Cl); 1 3C NMR (CDClg) 6: 
32.4 (CH2CH2CH2), 41.6 (CHjCl), 67.3 (CH 20), 69.9 (CH20); IR z / ^ cm"1 

(Thin F i l m ) : 1120 (C-O-C), 655 (C-Cl); m/e (CI, isobutane): M+ Found: 
214.053765, required f o r CgH 1 60 2Cl 2: 214.052735. 

1,10-Diiodo-4,7-dioxadecane (81). Sodium iodide (1.5g, 0.01 mol) was 
added t o a s o l u t i o n of l,10-dichloro-4,7-dioxadecane (83) (0.86g, 4 
mmol) i n analar acetone containing a c a t a l y t i c amount of te t r a p r o p y l -
ammonium bromide (15 mg). The mixture was s t i r r e d and r e f l u x e d f o r 72 
hr. The reaction was cooled t o room temperature, the s o l i d removed by 
f i l t r a t i o n and f i l t r a t e concentrated in vacuo t o y i e l d a l i g h t brown 
waxy residue. The residue was dissolved i n e t h y l acetate (15 m l ) , 
washed w i t h aqueous 57. sodium thiosulphate s o l u t i o n (2 x 20 ml), 
d i s t i l l e d water (10 ml) and brine (10 ml). The et h y l acetate s o l u t i o n 
was d r i e d over MgSO^ and concentrated in vacuo to y i e l d crude product. 
The product was p u r i f i e d by column chromatography using s i l i c a with 
dichloromethane as elutant t o y i e l d a pure product as a l i g h t yellow o i l 
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[R f(CH 2Cl 2) =0.75] (1.25g, yield 787,)- h NMR (CDClg) 6: 2.00 (4H,txt, 
J=6.1Hz,CH2CH2CH2), 3.27 (4H,t,J=6.9Hz,CH2I), 3.50 (4H,t,J=6.3Hz,CB20), 
3.56 (4H,s,CH20); 13C NMR (CDClg) 6: 3.8 (CHgl), 33.4 (CH2CH2CH2), 70.3 
(CH20), 70.4 (CH20); m/e (Intensity?.) (CI, isobutane): 399(70,M++l). 

(2R,3£)-N,N,N',N',-Tetramethyl-l,4,8,ll-tetraoxa-cyclotetradecane-2,3-

dicarboxaaide (78). Lithium metal (0.2g, 28.6 mmol) was added to dry 
t-butanol (150 ml) which was being stirred and refluxed under nitrogen. 
When a l l of the lithium had dissolved, (R,R)- (+)-N,N,N',N'-tetramethyl-
tartramide (80) (2.9g, 9.3 mmol) was added. To the homogeneous mixture 
were added, l,10-dichloro-4,7-dioxadecane (83) (2g, 9.3 mmol) and 
lithium bromide (0.8g, 9.3 mmol) in d i s t i l l e d water (2 ml). This mixture 
was refluxed under nitrogen for two weeks. The reaction was allowed to 
cool to room temperature and was concentrated to a volume of 25 ml under 
reduced pressure. Distilled water (100 ml) was added, and the resultant 
mixture was extracted with dichloromethane (5 x 30 ml). The combined 
extracts were washed with d i s t i l l e d water (2 x 20 ml), dried over MgSÔ  
and concentrated in vacuo to yield crude product. The product was 
purified by column chromatography using alumina with ethyl acetate as 
elutant [R^(EtOAc) =0.5] to yield a white crystalline product (60mg, 
yield 1.87.)- *H NMR (CDClg) 6: 1.77 (4H,txt,J=5Hz,CH2CH2CH2), 2.87 
(6H,s,CHgN), 3.10 (6H,s,CHgN), 3.40 (12H,m,CH20), 4.87 (2H,s,CH); 13C 
NMR (CDClg) 6: 30.7 (CH2CH2CH2), 36.0 (CHgN), 37.8 (CHgN), 66.1, 66.8, 
70.6 (CH20), 78.2 (CHO), 170.5 (C=0); IR cm-1 (Nujol): 1645 (C=0), 
1110 (C-0-C); m/e (Intensity?.) (FAB,glycerol): 347(100,M++l), 274 
(-C0NMe2), 72 (C0NMe2). 
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3- Benzyloxymeihyl-propan-l,2-diol (104). 3-Benzyloxymethyl-propan-
1,2-diol (104) was synthesised from commercially available 2,2-dimethyl-
4- hydroxymethyl-1,3-dioxalane (110) according to the procedure by Howe 
and M a l k i n ^ . 

Trans-(4i,5&)-(-)-4,5-bis(ethoxycarbonyl)-2,2-dimethyl-l,3-dioxalane 

(112) . (R,R)-(+)-Diethyl tartrate (82) (10.2g, 50 mmol), 
2,2-dimethyoxy-propane (6.25g, 60 mmol) and p-toluenesulphonic acid (100 
mg) were refluxed in dry toluene (100 ml) under nitrogen for 3 hr. The 
reaction mixture was allowed to cool and the solution was neutralised 
with potassium carbonate. Excess 2,2-dimethoxypropane and toluene were 
removed under reduced pressure. The residue was dissolved in dichloro-
methane (100 ml), washed with d i s t i l l e d water (2 x 30 ml), dried over 
MgSÔ  and concentrated in vacuo to yield crude product. Vacuum 
d i s t i l l a t i o n (89-94°, 0.1 mm Hg) ( l i t . 80-85°, 0.1 mm B g ) 1 4 5 yielded 
desired product as a clear o i l contaminated with 57. trans- esterif ication 
ethylmethylester product impurity (10.5g, yield 857,). [a]p° = -40.7° (C 
= 1.00, CH2C12); h NMR (CDCI3) 6: 1.24 (6H,t,J=7.lHz,CH3CB2), 1.42 
(6H,s,Cfl3C), 4.20 (4H,q,J=7.1Hz,CH3CB2), 4.72 (2H,s,CH); 13C NMR (CDClg) 
6: 13.9 (CB3CH2), 26.2 (CHgC), 61.8 (CH3CH2), 76.9 (CH), 113.7 (C), 
169.6 (C=0); IR v cm"1 (Thin Film): 1745 (C=0), 1100 (C-O-C), 1374 
(CHg); m/e (CI,isobutane): (M+l) + Found: 247.118163, CjjHjgOg requires 
247.119380. The mixture of desired product (112) and trans-esterif i-
cation impurity was used in the next step without further purification. 

Trans-(4S,5S)-(+)-4,5-bis(hydroxymethyl)-2,2-dimethyl-l,3-dioxalane 

(113) . Trans-(4R,5R)-(-)-4,5-bis(ethoxycarbonyl)-2,2-dimethyl-1,3-
dioxalane (112) (12.lg, 50 mmol) in anhydrous ethanol (50 ml) was added 
dropwise to a vigorously stirred mixture of sodium borohydride (5.-7g, 
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0.15 mol) in anhydrous ethanol (200 ml) at room temperature under 
nitrogen. The rate of addition was so as to maintain a gentle reflux in 
the system. When the addition was complete, the mixture was refluxed 
under nitrogen for 3 hr. The reaction was allowed to cool and the 
ethanol was removed under reduced pressure. The residue was taken up 
into dichloromethane (50 ml) and any dissolved solid was f i l t e r e d off. 
The f i l t r a t e was dried over MgSÔ  and concentrated in vacuo to yield 
crude product. The product was purified by vacuum d i s t i l l a t i o n (140°, 
0.1 mm Hg) to yield a clear viscous o i l (6.5g, yield 807c). *H NMR 
(CDC13) 8: 1.34 (6H,s,CH3C), 3.65 (4B,s,CH20H), 3.87 (2H,s,CH); 13C NMR 
(CDC1-) 6: 26.5 (CH«C), 61.9 (CB.OB), 78.2 (CH), 108.9 (C); IR i/ cm"1 

(Thin Film): 3600-3100 (OH), 1373 (CH3), 1070 (C-O-C); m/e (CI, 
isobutane): (M+l) + Found: 163.095057, C7H1404 requires 163.097034. 

(4S,5S)-(-)-4,5-bis(benzyloxymethyl)-2,2-dimethyl-l,3-dioxalane (114). 

(4S,5S)-(+)-4,5-bis(hydroxymethyl)- 2,2- dimethyl-1,3-dioxalane (113) (5g, 
31 mmol), sodium hydroxide (2.95g, 74 mmol), benzyl chloride (9.0g, 74 
mmol) and tetrapropy1ammonium bromide (100 mg) were refluxed in 
anhydrous tetrahydrofuran (200 ml) under nitrogen for 24 hr. The 
mixture was allowed to cool and was f i l t e r e d . The f i l t r a t e was 
concentrated in vacuo and the residue was taken up into dichloromethane 
(50 ml). The dichloromethane layer was washed with d i s t i l l e d water (2 x 
20 ml), dried over MgSÔ  and concentrated in vacuo to yield crude 
product. The product was purified by vacuum d i s t i l l a t i o n (115°, 0.1 mm 
Hg) ( l i t . 173-175°, 0.2 mm Hg) 1 4 6 to yield a clear o i l (7.1g, yield 
607,). [a]l° = -8.5° (C = 1.00, CH2C12) ( l i t . [a]§° = -7.5°, C = 2.6, 
CHClg)14^; G.C. Analysis indicated that the product was > 99.77. 
chemically homogeneous, h NMR (CDClg) 6: 1.44 (6H,s,CH3C), 3.61 
(4H,d,J=3Hz,CH20), 4.00 (2H,m,J=3Hz,CH), 4.57 (4H,s,CH2Ph), 7.32 (10H,s, 
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CH aromatic); 1JC NMR (CDClg) 6: 26.9 (CHgC), 70.5 (CH20), 73.4 
(PhCH20), 77.4 (CH), 109.5 (CHgC), 127.8, 128.3, 137.9 (CH aromatic); IR 
"»nv c m 1 ( T h i n F i l m ) : 1 6 0 0 ( r i nS vibration), 1372 (CHQ), 1081 (C-O-C). 

(2S,3S)-(-)-l,4-bis(benzyloxyb%tan)-2,3-diol (111). Trans-(4S,5S)-4,5-
bis(benzyloxymethyl)-2,2-dimethyl-1,3-dioxalane (114) (15g, 44mmol), 
was refluxed and stirred in a solution of analar acetone (35 ml) and 1 M 
HC1 (100 ml) for 24 hr. The mixture was then allowed to cool and 
solvents were removed under reduced pressure. The residue was dissolved 
in dichloromethane (40 ml) which was dried over MgSÔ  and concentrated 
in vacuo to yield crude product. The product was purified by column 
chromatography using s i l i c a with ethyl acetate as elutant (R^ product = 
0.75) to yield a white waxy solid (12g, yield 907.). Mpt. 50-52°. 
= -7.5° (C = 1.00, CH2C12) ( l i t . [a]f = -5.0°, C = 5.0, CHClg) 1 4 6; G.C. 
Analysis indicated that the diol was > 99.77. chemically homogeneous. H 
NMR (CDClg) 6: 3.60 (4H,d,J=3.4Hz,CH20), 3.87 (2H,m,CH), 4.54 (4H,s, 
PhCH20), 7.3 (10H,s,CH aromatic); 13C NMR (CDClg) 6: 70.4 (CH20), 73.4 
(PhCH20), 71.7 (CH), 127.6, 128.3, 137.6 (CH aromatic); 7. Analysis 
Calculated: C, 71.5; H, 7.3; Found: C, 71.2; H, 7.4. 

2-Benzyloxyaeihyl-l,4,8,11-tetraoxacyclotetradecane (108). Lithium 
metal (0.39g, 55.8 mmol) was added to dry t-butanol (200 ml) which was 
st i r r i n g under reflux under an atmosphere of nitrogen. Once a l l of the 
lithium had dissolved, 3-benzoyloxymethylpropan-1,2-diol (104) (3.39g, 
18.6 mmol) was added. To the cloudy heterogeneous mixture 
l,10-dichloro-4,7-dioxadecane (83) (4g, 18.6 mmol) and lithium bromide 
(1.62g, 18.6 mmol) were added. The resulting mixture was stirred and 
refluxed under nitrogen for two weeks. The reaction was allowed to cool 
and the t-butanol was removed under reduced pressure. The residue was 
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taken up in d i s t i l l e d water (50 ml) and neutralised using 6 M HC1. The 
aqueous layer was extracted with dichloromethane (5 x 40 ml) which was 
washed with d i s t i l l e d water (2 x 20 ml), dried over MgSÔ  and 
concentrated in vacuo to give crude product. The product was purified 
by column chromatography using alumina with a 5:1 hexane/ethyl acetate 
mixture as elutant (R^ product = 0.5) to yield a colourless o i l (2.5g, 
yield 427.). *H NMR (CDCLj) 6: 1.73 (4B,txt,J=5Hz,CB2CB2CH2), 3.65 
(17fl,m,CH20,CH0), 4.47 (2H,s,CB2Ph), 7.27 (5H,s,CH aromatic); 13C NMR 
(CDC13) 6: 30.3 (CH2CH2CB2), 30.4 (CH2CB2CH2), 65.7, 66.6, 67.5, 68.8, 
70.0, 70.9, 72.5 (CH20), 73.2 (CH2Ph), 77,7 (CB), 127.5, 128.2, 138.1 
(CB aromatic); IR x/ffl cm"1 (Thin Film): 1600 (Aromatic ring vibration), 
1112 (C-O-C); m/e (Intensity7.) (CI,isobutane): 325(100,M++l). 

Tra*s-(2S,3S)-(-)-2,3-bis(be*zyloxymethyl)-l,4,8,tl-tetraoxacyclotetra-

decaue (108). An analogous procedure to that of (108) was followed 
using lithium (0.9g, 129 mmol), t-butanol (500 ml), (2S,3S)-(-)- 1,4-
dibenzyloxybutan-2,3-diol (111) (13g, 43 mmol), l,10-dichloro-4,7-dioxa-
decane (9.25g, 43 mmol) and lithium bromide (3.75g, 43 mmol). 
Purification by column chromatography on alumina eluting with a 3:1 
hexane/ethyl acetate mixture (R^ product =0.5) yielded a clear viscous 
o i l (9.8g, yield 517.). [o]p° = -10.5° (C = 1.00, CB.2C12); h NMR 
(CDC13) 6: 1.77 (4fl,txt,J=5Bz,CB2CB2CH2), 3.65 (18B,m,CB20,CB0), 4.44 
(4H,s,CH2Ph), 7.26 (10B,s,CB aromatic); 13C NMR (CDClg) 6: 30.5 
(CB2CB2CB2), 66.0, 66.3, 68.9, 69.9 (CB20), 72.4 (CB2Ph), 79.7 (CBO), 
127.0, 127.7, 137.7 (CH aromatic); IR 1/ cm"1 (Thin Film): 1600 
(Aromatic ring vibration), 1113 (C-O-C); m/e (Intensity7.) (CI, 
isobutane): 445(100,M++l), 355(50,M+-PhCB2), 337(80,M+-PhCB20), 245(70, 
M+- PhCfl2-PhCB20). 
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2-Bydroxyaethyl-l,4,8,ll-tetraoxacyclotetradecane (115). 2-Benzyloxy-
methyl-1,4,8,11-tetraoxacyclotetradecane (5g, 15.4 mmol), Pearlmans 
catalyst, Pd(0H)2 (30% v/v H20) (500 mg) and a catalytic amount of p-
toluenesulphonic acid in ethanol (50 ml), were shaken under a hydrogen 
pressure of three atmospheres for 24 hr. at room temperature. The 
catalyst was removed by f i l t r a t i o n and the f i l t r a t e was evaporated in 
vacuo to give crude product. The product was purified by column 
chromatography using ethyl acetate as the elutant (R^ product = 0.3). 
This yielded a clear viscous o i l (3.3g, yield 92%). ^ NMR (CDC13) 8: 
1.50-1.90 (4H,m,CH2CH2CH2), 2.85 (lB,s,0H), 3.20-3.90 (17H,m,CH20, 
CH20H,CH0); 13C NMR (CDClg) 8: 30.3, 30.4 (CH2CH2CH2), 62.8 (CiyjH), 
66.1, 66.8, 66.9, 67.5, 69.5, 71.3, 72.5 ( C O ) , 78.7 (CHO); IR i/ 
cm"1 (Thin Film): 3600-3100 (OH), 1120, 1090 (C-O-C); m/e (CI, 
isobutane): (M+l) + Found: 235.159100, C uH 2 20 5 requires 235.154540. 

Trans -(2S,3S)-(-)-2,3-bis(hydroxymethyl)-l,4,8,11-tet raoxacyclotetra-

decane (116). The procedure was analogous to the synthesis of (115). 
Purification by column chromatography using alumina with ethyl acetate 
as elutant (R^ product = 0.3) yielded a clear viscous o i l (1.85g, yield 
907.). = -11.5° (C = 1.00, CH2C12); h NMR (CDClg) 8: 1.60-1-82 
(4H,m,CH2CH2CH2), 2.88 (2H,s,0H), 3.41-3.85 (18H,m,CO,CH20H,CH0); 13C 
NMR (CDClg) 8: 29.8 (CH2CH2CH2), 61.5 (COH), 66.1, 67.4, 70.0, 71.4 
(C O ) , 78.5 (CHO); IR i/ cm"1 (Thin Film): 3600-3100 (OH), 1135, 1072 
(C-O-C); m/e (CI,isobutane): (M+l) + Found: 265.146890, C 1 2H 2 50 6 requires 
265.154890. 

2-p-Tolueaestilphonatomethyl-l ,4,8,11-tetraoxacycloieiradecane (119). A 
solution of 2-hydroxymethyl-1,4,8,11-tetraoxacyclotetradecane (115( (5g, 
21.3 mmol) was stirred in dry pyridine (10 ml) under nitrogen at -10°. 
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p-Toluenesulphonyl chloride (4.4g, 23.5 mmol) was added in small 
portions, keeping the temperature of the reaction mixture at -10° 
throughout the addition. When the addition was complete, the mixture 
was sealed under nitrogen and l e f t to stand at -20° for 48 hr. The 
reaction mixture was poured onto iced water (30 ml) and acidified with 
cold 6 M HC1. The acidic aqueous layer was extracted with dichloro-
methane (5 x 30 ml) and the extracts were dried over MgSÔ  and 
concentrated in vacuo to yield crude product. The product was purified 
by column chromatography using s i l i c a with dichloromethane as elutant 
(R^ product = 0.7), yielding a clear viscous o i l (3.7g, yield 457.). *H 
NMR (CDC13) 6: 1.45-1.75 (4fl,m,CH2CH2CH2), 2.43 (3B,s,CH3 aromatic), 
3.25-3.60 (14H,m,CH20), 3.71 (lH,m,CH0), 3.95 (2B,d,J=5Bz,CB2OTs), 7.28 
(2H,d,J=8Hz,part of an AA'XX' system, CB aromatic), 7.71 (2B,d,J=8Bz, 
part of an AA'XX' system, CB aromatic); 13C NMR (CDClg) 6: 21.6 (CB3 

aromatic), 30.2 (CB.2CB2CB2), 65.8, 66.4, 66.5, 67.3, 69.3, 69.7, 70.7 
(CB90), 76.2 (CB0), 127.2, 129.7, 132.9, 144.7 (CB aromatic); IR v 
cm"1 (Thin Film): 1125, 1095 (C-O-C), 1360, 1192, 1176 (S0 2); m/e 
(Intensity?.) (CI,isobutane): 389(100,M++l), 216(30,-OTs). 

(2S,3S)-(-)-2,3-bis(p-toluenesulphonatomethyl)-l,4,8,ll-teiraoxacyclo-

tetradecane (120). The procedure was analogous to the synthesis of 
(119) using trans-(2S,3S)-(-)-2,3-bis(hydroxymethyl)-1,4,8,11-tetraoxa-
cyclotetradecane (116) (4g, 15.2 mmol), dry pyridine (15 ml) and p-
toluenesulphonyl chloride (3.2g, 16.7 mmol). Purification by column 
chromatography using s i l i c a with dichloromethane as elutant (R^ product 
= 0.85) yielded a white crystalline solid (4.2g, yield 487.). Mpt. 73-
75°. [a]J° = -15° (C = 1.00, CB2C12). *H NMR (CDClg) 6: 1.40-1.65 
(4B,m,CB2CH2CB2), 2.36 (6B,s,CBg aromatic), 3.20-3.77 (14H,m,CB20,CB0), 
4.05 (4H,2xd,CB2OTs), 7.27 (2B,d,J=7.6Bz,part of an AA'XX' system, CB 
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aromatic), 7.68 (2H,d,J=7.6Hz,part of an AA'XX' system, CH aromatic); 
13C NMR (CDClg) 6: 21.6 (CH3 aromatic), 30.5 (CH2CH.2CH2), 66.5, 66.6, 
68.6, 70.3 (CH20), 77.2 (CHO), 127.9, 129.8, 132.6, 144.9 (CH aromatic); 
IR i/ cm"1 (Nujol): 1120, 1083 (C-O-C), 1360, 1185, 1178 (S0 9); m/e 
(Intensity^) (CI, isobutane): 573(100,M++l), 229(35,-20Ts); 7. Analysis 
Calculated: C, 54.5; H, 6.3; Found: C, 54.6; H, 6.3. 

2-Cyanomethyl-l,4,8,ll-teiraozacycloieiradecane (121). 2-p-Toluene-
sulphonatomethyl-1,4,8,11-tetraoxacyclotetradecane (119) (3.5g, 9 mmol) 
was added to a suspension of potassium cyanide (0.98g, 15 mmol) in dry 
dimethylsulphoxide (50 ml) which was s t i r r i n g at 90° under nitrogen. 
The resultant mixture stirred at this temperature under nitrogen for 3 
hr. The reaction was was allowed to cool and d i s t i l l e d water (40 ml) 
was added. This was extracted with dichloromethane (5 x 20 ml) and the 
combined extracts were washed with d i s t i l l e d water (2 x 15 ml), dried 
over MgSÔ  and concentrated in vacuo to yield crude product. The 
product was purified by column chromatography using alumina with a 1:4 
ethyl acetate/hexane mixture as elutant (R^ product = 0.6), yielding a 
clear viscous o i l (1.35g, yield 627.). h NMR (CDClg) 6: 1.76 (4H,m, 
J=5Hz,CH2CH2CH2), 2.52 (2H,d,J=7Hz,CH2N), 3.30-4.05 (15H,m,CH20,CH0); 
13C NMR (CDClg) 6: 20.8 (CH2CN), 30.1 (CH2CH2CH2), 66.2, 66.4, 67.5, 
69.5, 70.2, 70.8, 71.9 (CH90), 75.7 (CHO), 117.7 (C=N); IR i/ cm"1 

(Thin Film): 2250 (C=N), 1123 (C-O-C); m/e (Intensity^) (CI,isobutane): 
244(100,M++1); (M+l) + Found: 244.140720, C12H21N04 requires 244.154880. 

Trans-(2S,3S)-(-)-2,3-bis(cyanoniethyl)-l,4,8,ll-tetraoxacyclotetradecane 

(122). The procedure was analogous to that of (121), using trans-

(2S,3S)- (-)-2,3-bis(toluenesulphonatomethyl)-1,4,8,11-tetraoxacyclo
tetradecane (120) (5.15g, 9 mmol), potassium cyanide (0.95g, 14 mmol) 
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and dry dimethylsulphoxide (50 ml). The product was purified by column 
chromatography using alumina with a 1:5 ethyl acetate/hexane mixture as 
elutant (R^ product = 0.65) to yield a white crystalline solid (1.2g, 
yield 48%). MPt. 77-78°; [a]jj° = -6.5° (C = 1.00, CB2C12); *H NMR 
(CDC13) 6: 1.75 (4H,txt,J=5.5Hz,CH2CH2CH2), 2.55 (4H,m,CH2N), 3.40-3.85 
(14H,m,CH20,CH0); 13C NMR (CDClg) 6: 18.7 (CH2CN), 30.1 (CH2CB2CH2), 
66.9, 67.3, 69.5 (CO), 75.7 (CBO), 117.1 (C=N); IR 1/ v cm"1 (Nujol): 
2250 (C=N), 1023 (C-O-C); m/e (Intensity?.) (FAB, glycerol): 283(30,M++l); 
7. Analysis Calculated: C, 59.6; B, 7.9; N, 9.9; Found: C, 59.3; B, 7.9; 
N, 9.8. 

2-Methoxycarbonylnethyl-l,4,8,ll-tetraoxacyclotetradecane (123). 2-
(Cyanomethyl)-1,4,8,11-tetraoxacyclotetradecane (500mg, 2.05 mmol) was 
stirred in dry methanol (30 ml) under nitrogen. The methanol was then 
saturated with gaseous BC1 and the resulting mixture stirred and 
refluxed under nitrogen for 5 hrs. The reaction was allowed to cool and 
the methanol was evaporated off under reduced pressure. The residue was 
taken up into d i s t i l l e d water (15 ml) which was extracted with dichloro
methane (3 x 20 ml). The resulting organic layer was washed with 107. 
aqueous potassium carbonate solution (2 x 15 ml), dried over MgSÔ  and 
concentrated in vacuo to yield crude product. The product was purified 
by column chromatography using alumina with a 1:5 mixture of ethyl 
acetate/hexane as the elutant (R^ product = 0.8) to yield a clear 
viscous o i l (360mg, yield 637.). h NMR (CDClg) 6: 1.68 (4B,m,J=5.7Bz, 
CB2CH2CH2), 2.36 (2B,m,CH2C0), 3.50-3.95 (18H,m,CH30,CB20,CB0); 13C NMR 
(CDCI3) 6: 30.6, 30.8 (CB2CB2CB2), 37.1 (CB2C0), 51.7 (CBgO), 65.8, 
66.7, 67.0, 67.2, 70.0, 71.3, 74.1 (CH20), 76.5 (CB), 171.7 (C=0); IR 

"max Cffl l ( T h i n F i l m ) : 1 7 4 2 ( C = 0 ) ' 1 1 2 0 (C"°"C); ra/e (Intensity?.) 
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(CI,isobutane): 277(100,M++l); (M+l) + Found: 277.160950, C 1 3H 2 40 6 

requires 277.165110. 

Trans-(2S,3S)-(-)-2,3-bis(aethoxycarbonylmethyl)-l,4,8,ll-tetraoxacyclo-

tetradecane (124). The procedure was analogous to that of (123), using 
trans-(2S,3S)-(-)-2,3-bis(cyanomethyl)-1,4,8,11-tetraoxacyclotetradecane 
(122) (630mg, 2.2 mmol). The product was purified by column chromato
graphy using alumina with a 1:7 ethyl acetate/hexane mixture as elutant 
(R^ product = 0.75), yielding a clear viscous o i l (320mg, yield 527.). 
[tt]jj° = -39.5° (C = 1.00, CH2C12); JB NMR (CDClg) S: 1.74 (4H,m, 
CH2CH2CH2), 2.48 (4H,m,CH2C0), 3.43-4.00 (20H,m,'CB30,CH20,CHO); 13C NMR 
(CDCI3) 6: 30.8 (CH2CH2CH2), 35.9 (CHgCO), 51.7 (CHjfl), 66.4, 66.6, 70.1 
(C O ) , 76.5 (CHO), 171.5 (C=0); IR 1/ cm"1 (Thin Film): 1742 (C=0), 
1115 (C-O-C); m/e (Intensity?.) (CI,isobutane): 349(100, Me0C0-CB2CB-
CHCH2C00Me), 171(80). 

2-Carboxymethyl-l,4,8,ll-tetraoxacyclotetradecaue (125). 2-Methoxy-
carbonylmethyl-1,4,8,11-tetraoxacyclotetradecane (300mg, 1.1 mmol) was 
refluxed in a 1:1 methanol/water mixture (10 ml) with tetramethyl-
amraonium hydroxide (lg) for 2 hrs. The mixture was allowed to cool and 
was evaporated to dryness under reduced pressure. The residue was taken 
up into 6 M HC1 (5 ml) and extracted with diethyl ether (6 x 20 ml). 
The combined extracts were dried over MgSÔ  and concentrated in vacuo to 
yield crude product as an off-white solid (250mg, yield 867.). ^ NMR 
(CDC13) b: 1.72 (4H,m,CH2CH2CH2), 2.51 (2H,m,CH2C0), 3.45-3.92 (15H,m, 
CH20,CH0), 8.17 (IB,OH); 13C NMR (CDClg) 6: 30.1 (CB2CB2CH2), 37.0 
(CB2C0), 65.7, 66.6, 67.2, 69.5, 70.0, 71.0, 73.5 (CH20), 74.9 (CBO), 
175.8 (C=0); IR cm"1 (Nujol): 3600-2500 (OB), 1750 (C=0), 1120 
(C-O-C); m/e (Intensity?.) (CI, isobutane): 263(100,M++l), 245(80,-H20). 
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Trans-(2S,3S)-2,3-bis(carboxyaethyl)-l,4,8,ll-tetraoxacycloteirodecane 

(126). The procedure was analogous to that of (125), using trans-
(2S,3S)-(-)-2,3-bis( met hoxy carbony lraet hy 1 ) - l , 4 , 8 , l l - t e t raoxacy c lo-
tetradecane (124) (220mg, 0.63 mmol). This yielded an off-white solid 
(150mg, yield 75%). h NMR (D20) 6: 1.83 (4H,m,CH2CH2CH2), 2.61 (4H,m, 
CH2C0), 3.69-4.00 (14H,m,CH20,CH0); 13C NMR (D20) 6: 29.9 (CH2CH2CH2), 
35.6 (CH2C0), 66.1, 67.0, 69.5 (CH20), 75.3 (CHO), 174.9 (C=0); IR v m a x 

cm"1 (Nujol): 3600-2500 (COOH), 1752 (C=0), 1120 (C-O-C). 

2-N,N' -Dimethylearbamoylmethyl-1,4,8,11-tetraoxacyclotetradecane (127). 

2-(Carboxymethyl)-1,4,8,11-tetraoxacyclotetradecane (125) (400mg, 1.5 
mmol) was stirred in dry dichloromethane (5 ml) under nitrogen. 
Phosphorus pentachloride (285mg, 1.35 mmol) was added in small portions 
over a period of 10 minutes. After the addition was complete, the 
mixture was stirred at room temperature under nitrogen for 12 hrs. The 
mixture was evaporated to dryness under reduced pressure to yield the 
acid chloride of (125). A *H NMR (60 MHz) spectrum was run to ensure 
that there was no unreacted acid (125) l e f t . The acid chloride was 
stirred in dichloromethane at 0°, and a solution of dimethylamine in 
water (2 ml, 307. v/v) was added dropwise. When the addition was 
complete, the reaction mixture was allowed to warm to room temperature 
and stirred at this temperature for 30 min. The mixture was allowed to 
stand for 10 minutes and the lower, organic layer was separated. This 
layer was washed with d i s t i l l e d water ( 2 x 5 ml), dried over MgSÔ  and 
concentrated in vacuo to yield crude product. The product was purified 
by column chromatography using s i l i c a with ethyl acetate as elutant (R^ 
product = 0.65) to yield a clear viscous o i l (220mg, yield 507.). *H NMR 
(CDC13) 6: 1.75 (4H,m,CH2CH2CH2), 2.52 (2H,m,CH2C0), 2.95 (3H,s,CH3N), 
3.03 (3H,s,CH3N), 3.45-3.95 (15H,m,CH20,CH0); 13C NMR (CDClg) 6: 30.3, 
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30.4 (CH2CH2CH2), 35.6, 37.5 (CHgN), 35.8 (CH2C0), 65.6, 66.6, 67.1, 
69.1, 71.0, 73.6 (CH90), 75.6 (CHO), 170.8 (C=0); IR u m a v c m 1 (Thin 
Film): 1637 (C=0), 1120 (C-O-C); m/e (Intensity?.) (CI, isobutane): 
290(100,M++l), 179(15,-CH2CHCH2C0NMe2), 85(23,CH2C0NMe2); m/e (CI): 
(M+l) + Found: 290.220740, C14H27N05 requires 290.220190. 

Trans-(2S,3S)-(-)-2,3-bis(N,N-dibutylcarbamoylmthyl-l,4,8,ll-tetraoxa-

cycloteiradecane (128). Trans- (2S,3S)-2,3-bis(carboxymethyl)-1,4,8,11-
tetraoxacyclotetradecane (126) (150mg, 0.47 mmol) was stirred in dry 
dichloromethane (5 ml) under nitrogen. Phosphorus pentachloride (95mg, 
0.45 mmol) was added in small portions over a period of five minutes. 
After the addition was complete, the mixture was stirred at room 
temperature under nitrogen for 12 hrs. The mixture was evaporated to 
dryness under reduced pressure to yield the acid chloride of (126). A 
*H NMR (60 MHz) spectrum was run to ensure that there was no unreacted 
acid (126) l e f t . With efficient s t i r r i n g , a solution of the acid 
chloride of (126) in dry dichloromethane (5 ml) was added dropwise to 
dibutylamine (0.25g, 1.9 mmol) and triethylamine (0.19g, 1.9 mmol) in 
dry dichloromethane (10 ml) chilled in an ice-salt bath. After s t i r r i n g 
for a further 15 minutes, the mixture was evaporated to dryness, the 
residue partitioned between heptane and water, and the organic phase 
washed with dilute hydrochloric acid, water and then dried over MgSÔ . 
Removal of the solvent in vacuo afforded crude product. The product was 
purified by column chromatography using alumina with a 1:1 ethyl 
acetate/hexane mixture as elutant (R^ product = 0.6) to yield a clear 
o i l (153mg, yield 607.). = -33.7° (C = 1.00, CH2C12); *H NMR 

(CDClg) 8: 0.85 (12H,q,J=7Hz,CHg), 1.30 (8H,m,CH2CHg), 1.45 (8H,m, 
CH2CH2CHg), 2.31 (8H,m,CH2C0), 3.12 (4H,m,CH2N), 3.34 (4H,m,CH2N), 
3.50-3.65 (12H,m,CH20), 3.82 (2H,m,CH0); 13C NMR (CDClg) 8: 13.8 (CHg), 
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20.1 (CH2CH3), 29.7, 31.1 (NCH2CH2), 45.9, 47.9 (NCH2), 35.3 (CH2C0), 
66.7, 67.6, 70.2 ( C O ) , 80.1 (CHO), 170.6 (C=fl); IR v cm"1 (Thin 
Film): 1638 (C=0), 1115 (C-O-C); m/e (Intensity?.) (CI,isobutane): 
543(55,M++l), 231(100,M+-2C0NBu). 

N,N}-Dimethylbronoacetamide (135). This compound was synthesised 
according to the method of Weaver and Whaley 1 4 7. 

1,4,7-Tris-(N,N'-dimethylacetamido)-l,4,7-triazacyclonouane (129). 

1,4,7-Triazacyclononane (134) (250mg, 1.93 mmol) was stirred in dry 
acetonitrile (20 ml) under an atmosphere of nitrogen. Potassium 
carbonate (0.828g, 6 mmol) and N,N'-dimethylbromoacetamide (135) ( l g , 6 
mmol) were added, and the whole refluxed for 48 hrs. The mixture was 
then cooled to room temperature and the inorganic salts were f i l t e r e d 
off and the f i l t r a t e was evaporated under reduced pressure. The waxy 
brown-red solid was taken up into the minimum amount of 1 M hydrochloric 
acid and extracted with dichloromethane (5 x 10ml). The acid aqueous 
layer was then basified to pH 14 using 1 M potassium hydroxide solution 
and extracted with dichloromethane (5 x 10 ml). The combined basic 
extracts were washed with d i s t i l l e d water (2 x 10 ml), dried over 
potassium carbonate and evaporated in vacuo to yield crude product - a 
red-brown viscous o i l . The product was purified by column chromatography 
using alumina with a gradient from dichloromethane to 27. methanol/-
dichloromethane as elutant (R^ product = 0.3 - 17. Me0H/CH2Cl2). This 
yielded a clear viscous o i l (400mg, yield 547.). h NMR (CDClg) 6: 2.88 
(12H,s,CH2N), 2.92 (9H,s,CH3N), 3.05 (9H,s,CH3N), 3.42 (6H,s,CH2C0); 13C 
NMR (CDClg) 8: 35.4 (CHgN), 36.9 (CHgN), 55.5 (CH2N), 59.9 (CH.2C0), 
171.0 (C=0); IR i / m a x cm"1 (Thin Film): 1645 (C=0); m/e (Intensity?.) 
(DCI,isobutane): 385(100,M++l), 300(60,-CH2C0NMe2). 
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1,4,7-Tris-(N,N'-dimethylpropanamido)-l,4,7-triazacyclonouone (130). 

1,4,7-Triazacyclononane (134) (180mg, 1.43 mmol) was stirred in 
anhydrous methanol (15 ml) under an atmosphere of nitrogen. Dimethyl-
acrylamide (0.85g, 8.6 mmol) was added and the mixture was refluxed 
under nitrogen for 3 hrs. The mixture was cooled to room temperature 
and the solvent was evaporated under reduced pressure. The residue was 
taken up into the minimum amount of 1 M hydrochloric acid and extracted 
with dichloromethane (5 x 10ml). The acid aqueous layer was then 
basified to pH 14 using 1 M potassium hydroxide solution and extracted 
with dichloromethane (5 x 10 ml). The combined basic extracts were 
washed with d i s t i l l e d water (2 x 10 ml), dried over potassium carbonate 
and evaporated in vacuo to yield crude product. The product was purified 
by column chromatography using alumina with a gradient from dichloro
methane to 27. methanol/dichloromethane as elutant (R^ product = 0.45 -
CH2Cl2/27. MeOH). This yielded a clear viscous o i l (325mg, yield 537.). 
h NMR (CDC13) 6: 2.43 (6H,t,J=7.5Hz,CH2C0), 2.70 (12B,s,CH2N ring), 
2.82 (6H,t,J=7.5Hz,CH2N sidearm), 2.86 (9H,s,CH3N), 2.97 (9H,s,GH3N); 
13C NMR (CDC13) 6: 31.7 (Cfi*2C0), 35.3, 37.4 (CH3N), 54.4 (CH2N ring), 
55.7 (CH2CN sidearm), 172.1 (C=0); IR cm"1 (Thin Film): 1637 (C=0); 
m/e (Intensity?.) (CI,isobutane): 427(100,M++l), 328(40,M+-CH2CH2CONMe2), 
228(20,2CH2CH2C0NMe2). 

l,5,9-Tris-(N,N,-dimethylaceiam%do)-l,5,9-iriazacyclododecane (131). 

1,5,9-Triazacyclododecane (136) (250mg, 1.46 mmol) was stirred in dry 
ethanol (20 ml) under a nitrogen atmosphere. To this was added caesium 
carbonate (1.42g, 4.4 mmol) and N,N'-dimethylbromoacetamide (135) 
(0.73g, 4.4 mmol) and the mixture was refluxed under nitrogen for 24 
hrs. The mixture was then allowed to cool, and the ethanol was 
separated off under reduced pressure. The off-white waxy residue was 
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taken up into dichloromethane and f i l t e r e d . The f i l t r a t e was then 
evaporated down under reduced pressure. The residue was taken up into 
the minimum amount of 1 M hydrochloric acid and extracted with dichloro
methane (5 x 10ml). The acid aqueous layer was then basified with 1 M 
potassium hydroxide and extracted with dichloromethane (5 x 10 ml). The 
basic extracts were washed with d i s t i l l e d water (2 x 10 ml), dried over 
MgSÔ  and concentrated in vacuo to yield crude product. The product was 
purified by passing down an alumina column using a gradient from 
dichloromethane to 27. methanol/dichloromethane as elutant (R^ product = 
0.55 - CH2Cl2/27. MeOH) to yield a clear viscous o i l (365mg, yield 607.). 
h NMR (CDC13) 6: 1.63 (6H,q,J=5.9Hz,CH2CH2CH2), 2.61 (12H,t,J=5.8Hz, 
CH2N ring), 2.96 (9H,s,CHgN), 3.10 (9H,s,CHgN), 3.27 (6H,s,CH2C0); 13C 
NMR (CDClg) 6: 21.5 (CH2CH2CH2), 35.2, 36.8 (CHgN), 46.6 (CH2N), 57.7 
(CHoC0), 170.5 (C=0); IR f m a v cm"1 (Thin Film): 1646 (C=0); m/e 
(Intensity^) (CI,isobutane): 427(100,M++l), 342(30,M+-CH2C0NMe2). 

l-p-Tol%enesulphonyl-5,9,bis(N,N-dimeihylacetamido)-l,5,9- triazacyclo-

dodecane (138). 1-p-Toluenesulphonyl-1,5,9-triazacyclododecane (137) 
(700mg, 2.15 mmol) was stirred in dry acetonitrile (25 ml) under an 
atmosphere of nitrogen. Caesium carbonate (2.1g, 6.5 mmol) and N,N'-
dimethylbromoacetamide (135) (1.07g, 6.5 mmol) were added and the whole 
refluxed under nitrogen for 48 hr. Crude product was obtained by an 
identical procedure to that of (131). The product was purified by 
column chromatography using alumina with ethyl acetate as elutant (R^ 
product = 0.4). This yielded a clear viscous o i l (0.65g, yield 617.). 
h NMR (CDClg) 6: 1.47 (6H,m,CH2CH2CH2), 2.33 (3H,s,CHg aromatic), 2.40 
(4H,t,J=5Hz,CH2N), 2.50 (4H,t,J=4.3Hz,CH2N), 2.83 (6H,s,CHgN), 2.94 
(6H,s,CHgN), 3.09 (4H,s,CH2C0O, 3.37 (4H,t,J=7Hz,CH2NTs), 7.19 (2H,d, 

- 201 -



J=8Hz, part of an AA'XX' system, aromatic CH), 7.60 (2H,d,J=8.1Hz, part 
of an AA'XX' system, aromatic CH); 13C NMR (CDC13) 6: 21.4 (CH2CH2CH2), 
23.7 (CH2CH2CH2,CH3 aromatic), 35.4, 36.8 (NCB*3), 42.6, 48.7, 52.0 
(CH2N), 56.2 (CH2C0), 126.9, 129.4, 137.8, 142.7 (Aromatic CH), 170.5 
(C=0); IR v a cm"1 (Thin Film): 1645 (C=0), 1600 (ring vibration), 
1335, 1165 (S02); m/e (Intensity7.) (DCI,isobutane): 497(100,M++l), 
341(20,M+-Ts). 

1-Aai»o-5,9,bis(N,N-diaethylacetamido)-l,5,9-triazaeyclododecaue (132). 

1- p- Toluenesulphonyl-5,9-bis(N,N'-dimethylacetamido)-1,5,9-triazacyclo-
dodecane (138) (600mg, 1.2 mmol) was heated at 80° in an HBr acetic 
acid/phenol mixture (HBr/acetic acid 50 equivalents, 5 ml; phenol 0.34g, 
3.6 mmol) for 3 days. The mixture was allowed to cool and the HBr/-
acetic acid was azeotroped off under vacuum with toluene (3 x 20 ml) to 
leave a deep red waxy solid. The residue was taken up into the minimum 
quantity of 1 M hydrochloric acid (3 ml) and extracted with diethyl 
ether (3 x 10 ml) and dichloromethane (3 x 10ml). The acid aqueous 
layer was then basified to pH 14 with 1 M aqueous potassium hydroxide 
and extracted with dichloromethane (5 x 10 ml). The combined basic 
extracts were washed with d i s t i l l e d water (2 x 10 ml), dried over 
potassium carbonate and concentrated in vacuo to yield crude product. 
This consisted of a mixture of 707. detosylated product and 307. tosylated 
starting material as analysed by *H NMR. The desired detosylated 
product was isolated by f i r s t running off the the tosylated starting 
material with ethyl acetate on neutral alumina (R^ =0.4) and then 
eluting off the detosylated material from the same column using a 107. 
methanol/dichloroform mixture. This yielded a clear viscous o i l (140mg, 
yield 347.). H NMR (CDClg) 6: 1.83 (6H,m,CH2CH2CH2), 2.43 (4H,t, 
J=7.2Hz,CH2NH), 2.56 (4H,m,CH2N), 2.66 (4H,t,J=5.5Hz,CH2N), 2.96 (6H,s, 
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CH3N), 3.04 (6B,s,CH3N), 3.11 (4H,s,CB2C0); 1JC NMR (CDClg) 8: 21.5 
(CH2CH2CH2), 22.2 (CH2CH2CH2), 34.7, 35.6 (CHgN), 45.5 (CBgNB), 46.7 
(CH2N), 51.3 (CB2N), 55.1 (CB2C0), 170.0 (C=0); IR i > m a x cm"1 (Thin 
Film): 3400 (NB), 1635 (C=0); m/e (Intensity?.) (CI,isobutane): 
342(100,M++1). 

1,4,7,10-Tetra(p-toluenesulphouyl)-l,4,7,10-tetraazacyclododecane (140). 

1,4,7,10-Tetraazadecane (139) (15g, 102.7 mmol) and potassium carbonate 
(70.89g, 5 equivalents) were dissolved in d i s t i l l e d water (600 ml). 
p-Toluenesulphonyl chloride (103.74g, 5 equivalents), was added in small 
portions over a period of 3 hrs to the solution at 80°. After the 
addition was complete the mixture was stirred at 80° for 16 hr. The 
mixture was allowed to cool and the product was f i l t e r e d off as an 
off-white solid. The solid was washed with a 1:1 ethanol/water mixture 
(100 ml) which was evaporated off under reduced pressure. The last 
traces of water were removed by azeotroping with ethanol (3 x 50 ml). 
The solid was then slurried with dichloromethane (40 ml) so as to remove 
any unreacted p-toluenesulphonyl chloride. F i l t r a t i o n followed by 
pumping under high vacuum (0.01 mm Bg, 50°, 5 hr) yielded product as a 
white solid (57.5g, yield 737,)- *H NMR and 13C NMR were consistent with 
their proposed formulations and the product was used without further 

.,. . 142 purification 

1,4,7,10-Tetra(p-toluenesulphonyl)-l,4,7,10-tetraazacyclododecane (14V-

This compound was synthesised according to the method of Kellogg . 

1,4,7,10-Tetraazacyclododecaue (14%)- This compound was synthesised 
according to the method of Cox, Jankowski and Craig 1^. 

- 203 -



N,N'-Dimethyl-l,4,7,10-Tetraacetaaido-l,4,7,10-tetraazacyclododeca»e 

(133). 1,4,7,10-Tetraazacyclododecane (142) (200mg, 1.2 mmol) was 
stirred in dry ethanol under a nitrogen atmosphere. To this was added 
caesium carbonate (1.05g, 3.6 mmol) and N,N'-dimethylbromoacetamide 
(135) (0.60g, 3.6 mmol) and the mixture was refluxed for 24 hr. Crude 
product was obtained by an identical procedure to that of ligand (131). 
the product was purified by column chromatography using alumina with a 
gradient from dichloromethane to 37. methanol/dichloromethane as elutant 
(R,£ product = 0.25 27.MeOH/Cfl2Cl2). This yielded a clear viscous o i l 
(340 mg, yield 557.)- *H NHR (CDClg) <!>: 2.47 (16H,broad,s,CH2N), 2.91 
(12H,s,CH3N), 2.96 (12B,s,CH3N), 3.28 (8B,broad,s,CH2C0); 13C NMR 
(CDC13) 8: 35.5, 36.2 (CHgN), 51.5 (CHjN), 55.1 (CB2C0), 171.1 (C=0); IR 
i/ cm"1 (Thin Film): 1645 (C=0), m/e (Intensity7.) (CI,isobutane): 
513(100,M++l); 428(14,M+-CH2C0NMe2), 257(10,M+-3CH2CONMe2). 

4.3 NMR EXPERIMENTS 

Titration curves were obtained 2:1 d^-methanol/CDC1^ solution 
(3 ml) of the ligands and the solid a l k a l i salts [LiCl (BDH), CaCl2 

13 
(Aldrich)]. After each addition of salt, the C NMR chemical sh i f t 
(relative to TMS) was measured at 298K using a Bruker AC250 instrument 
operating at 62.896 MHz for the carbon nucleus. 

4.4 FAB MS EXPERIMENTS 

The stainless steel t i p of a FAB-probe was coated with a thin layer 
of the analytical solution (3 fil). Positive FAB MS was performed using 
a primary ion atom beam of Ar (8 KeV) on a VG 7070E mass spectrometer 
coupled to a VG 11-250 data system. At an accelerating voltage of 6 KV, 
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the mass range m/e 20-20,000 was scanned at 3s per decade (scan cycle 
time 10s). Twenty successive spectra of each analytical solution were 
acquired and scans 5 to 15 inclusive were averaged to afford the f i n a l 
spectrum. Two runs were performed for each analytical solution and the 
values were averaged to obtain selectivity(s) values for each ligand. 

4.5 P0TENTI0METRIC EXPERIMENTS 

4.5.1 Membrane Preparation 

The membranes were made up by dissolving 1.2% sensor, 65.6% 

plasticiser (ONPOE), 32.87. PVC (high molecular weight - Fluka) and 0.47, 
lipophilic anion (KTpClPB), with or without TOPO as required in 6 ml of 
spectroscopic grade THF which was poured into a 33 mm I.D. glass ring 
resting on a sheet of plate glass. A pad of f i l t e r papers was placed on 

150 
top of the ring and these were kept in place by a heavy weight . The 
assembly was l e f t for 48 hours to allow slow solvent evaporation. A 
small disc was cut from the membrane and affixed to a Philips pye 
electrode body to form the ion selective electrode. 

4.5.2 Dip-Type Method 

Solutions were made up using anhydrous lithium chloride (BDH), 
sodium chloride (BDH), potassium chloride (BDH) and calcium chloride 
(BDH) 1 mol L~* solutions. The solid a l k a l i metal salts were further 
dried by storing in a desiccator over s i l i c a gel. A l l solutions were 
made up using deionised water (MilliQ). 

The ion selective and reference electrodes were connected to a 
di g i t a l multimeter (Keithley 197 auto-ranging microvolt DMM) via a 
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buffer amplifier. The reference electrode was a porous plug saturated 
calomel electrode (RE1 petiacourt). The temperature of the system was 
maintained at 37° using a Techne Tempette Junior TE-8J thermostat bath. 

Electrode potentials were measured by dipping both ion selective 
and reference electrodes into the analyte solution and recording the 
limiting potential value. The electrodes were thoroughly rinsed using 
deionised water between each measurement. 

4.5.3 Flow System 

A constant volume c e l l was used for ion selective electrodes. I t 
was made from a water jacketed glass tube with a B19 ground glass j o i n t . 
Drilled glass stoppers with a wax seal were used for f i t t i n g the 
electrodes. 

The ion selective and reference electrodes were connected to a 
di g i t a l multimeter (Keithley 197 auto-ranging microvolt DMM) via a 
buffer amplifier. A flat-bed Linseis YT-chart recorder provided with 
back-off f a c i l i t i e s , was used for monitoring potential difference 
changes. A suitable capacitance was connected across the input of the 
chart recorder to smooth out residual noise. The reference electrode 
was a porous plug, saturated calomel electrode (RE1 petiacourt). The 
peristaltic pump used was an RS330-812. The temperature of the system 
was maintained at 37° using a Techne Tempette Junior TE-8J thermostat 
bath. 

Solutions were made up using anhydrous lithium chloride (BDH), 
sodium chloride (BDH), potassium chloride (BDH) and calcium chloride 
(BDH) 1 mol IT 1 solut ions. The solid a l k a l i metal salts were further 
dried by storing in a desiccator over s i l i c a gel. A l l solutions were 
made up using deionised water (MilliQ). 
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4.6 DH METRIC TITRATION EXPERIMENTS 

4.6.1 Apparatus and Instrumentation 

The t i t r a t i o n cell was a double walled glass vessel of 
approximately 5 ml capacity. The temperature of the system was 
maintained at 25° using a Techne Tempette Junior TE-8J. The solutions 
in the t i t r a t i o n cell were stirred using a magnetic s t i r r e r . An 
automatic burette (Mettler DL20) of 1 ml capacity was used and the pH 
was measured using a Corning 001854 combination microelectrode. The 
tit r a t i o n s were controlled and data was stored using a BBC micro
processor. The burette functions (volume increments, to t a l volume 
delivered and time interval allowed for equilibration between each 
reading) were controlled by the use of basic software stored on a disc. 
The data was transferred to the MTS mainframe using Kermit. This data 
was subsequently analysed by two non-linear least-squares programs 
SC0GS2 and Superquad151. 

4.6.2 Measurement of Acid Dissociation Constants 

The combination microelectrode was calibrated by using two buffers: 
( i ) 0.05 mol dm"3 KHPH - pH 4.008, 25° and ( i i ) 0.025 mol dm"3 KH2P04, 
0.025 mol dm"3 Na2HP04 - pH 6.865, 25°. Stock ligand solutions were 

- 3 -1 made up containing 0.001 mol dm ligand, 0.00N mol dm n i t r i c acid (N 
_ o 

= number of amine nitrogen atoms in the ligand) and 0.1 mol dm tetra-
methylammonium nitrate to ensure constant ionic strength in 25 ml 
deionised water (MilliQ). The t i t r a n t ligand solution (3 ml) was placed 
in the t i t r a t i o n vessel which was f i t t e d with a Teflon cap with three 
apertures for the combination electrode, burette tube and nitrogen 
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bubbler. The t i t r a n t was tetramethylammonium hydroxide whose exact 
molarity (0.070 mol dm ) was determined by t i t r a t i n g against 0.1 mol 

o 

dm HC1. Three separate t i t r a t i o n s were performed on each ligand and 
the results were analysed by methods previously outlined. 

4.6.3 Measurement of Metal Gomplexation Constants 

Titrant ligand solutions were made up containing 0.001 mol dm 
- 3 - 3 ligand, 0.001 mol dm cation, 0.00N mol dm (N = number of amine 

_ 3 
nitrogen atoms in the ligand) and 0.1 mol dm tetramethylammonium 
nitrate. The t i t r a n t once again was tetramethylammonium hydroxide 

_ 3 

(0.070 mol dm ) and as before t i t r a t i o n s were performed under an 
atmosphere of nitrogen. Two separate t i t r a t i o n s were made for each 
particular ligand/cation combination and data was analysed as before. 
The cations used were chloride salts, lithium chloride and sodium 

_ 3 
chloride solids (BDH) and 0.1 mol dm calcium chloride solution (BDH). 
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" S t a b i l i s a t i o n by Complexation o f S h o r t - L i v e d 
Phosphorus Species" 

MAPLETOFT, Mrs. M. (Durham Chemistry Teachers' 
Centre) 

" S a l t e r s ' Chemistry" 

16th March 1988 

5t h November 1987 

28th January 1988 

November 1987 

3rd March 1988 

22nd October 1987 

7t h A p r i l 1988 

3rd December 1987 

29th June 1988 

6 t h J u l y 1988 

7t h March 1988 

9 t h February 1988 

10th December 1987 

11th May 1988 

8 t h June 1988 

4 t h November 1987 

NIETO DE CASTRO, Pro f . C.A. ( U n i v e r s i t y o f Lisbon 
and I m p e r i a l College) 18th A p r i l 1988 
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"Transport P r o p e r t i e s o f Non-Polar F l u i d s " 
OLAH, Prof. G.A. ( U n i v e r s i t y o f Southern 

C a l i f o r n i a ) 
"New Aspects o f Hydrocarbon Chemistry" 

PALMER, Dr. F. ( U n i v e r s i t y o f Nottingham) 
"Luminescence (Demonstration L e c t u r e ) 

PINES, Pr o f . A. ( U n i v e r s i t y o f C a l i f o r n i a , 
B e r k e l e y , U.S.A.) 

"Some Magnetic Moments" 
RICHARDSON, Dr. R. ( U n i v e r s i t y o f B r i s t o l ) 

"X-Ray D i f f r a c t i o n from Spread Monolayers" 
ROBERTS, Mrs. E. (SATRO O f f i c e r f o r Sunderland) 

T a l k - Durham Chemistry Teachers' Centre 
"Links between I n d u s t r y and Schools" 

ROBINSON, Dr. J.A. ( U n i v e r s i t y o f Southampton) 
"Aspects o f A n t i b i o t i c B i o s y n t h e s i s " 

ROSE, van Mrs. S. ( G e o l o g i c a l Museum) 
"Chemistry o f Volcanoes" 

SAMMES, Pr o f . P.G. (Smith, K l i n e and French) 
"Chemical Aspects o f Drug Development" 

SEEBACH, Pro f . D. (E.T.H. Z u r i c h ) 
"From S y n t h e t i c Methods t o Mecha n i s t i c I n s i g h t ' 

SODEAU, Dr. J. ( U n i v e r s i t y o f East A n g l i a ) 
Durham Chemistry Teachers's Centre: "Spray 
Cans, Smog and S o c i e t y " 

SWART, Mr. R.M. ( I . C . I . ) 
"The I n t e r a c t i o n o f Chemicals w i t h 
L i p i d B i l a y e r s " 

TURNER, Prof. J.J. ( U n i v e r s i t y o f Nottingham) 
"Catching Organometallic I n t e r m e d i a t e s " 

UNDERBILL, Pr o f . A. ( U n i v e r s i t y o f Bangor) 
"Molecular E l e c t r o n i c s " 

WILLIAMS, Dr. D.H. ( U n i v e r s i t y o f Cambridge) 
"Molecular R e c o g n i t i o n " 

WINTER, Dr. M.J. ( U n i v e r s i t y o f S h e f f i e l d ) 
"Pyrotechnics (Demonstration L e c t u r e ) " 

29th June 1988 

21st January 1988 

28th A p r i l 1988 

27th A p r i l 1988 

13th A p r i l 1988 

27th A p r i l 1988 

29th October 1987 

19th December 1987 

12th November 1987 

11th May 1988 

16th December 1987 

11th February 1988 

25th February 1988 

26th November 1987 

15th October 1987 

I n d i c a t e s C o l l o q u i a a t t e n d e d by t h e aut h o r . 
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FIRST YEAR INDUCTION COURSE 
OCTOBER 1985 

Thi s course c o n s i s t s o f a s e r i e s o f one hour l e c t u r e s i n t h e s e r v i c e s 
a v a i l a b l e i n t h e department. 

1. Departmental O r g a n i s a t i o n . 
2. Safety M a t t e r s . 
3. E l e c t r i c a l a p p l i a n c e s and i n f r a r e d spectroscopy. 
4. Chromatography and M i c r o a n a l y s i s . 
5. Atomic a b s o p t i o n and i n o r g a n i c a n a l y s i s . 
6. L i b r a r y f a c i l i t i e s . 
7. Mass spectroscopy. 
8. Nuclear Magnetic Resonance. 
9. Glass b l o w i n g t e c h n i q u e s . 

RESEARCH CONFERENCES ATTENDED 

1. GRADUATE SYMPOSIUM, Durham U n i v e r s i t y , 16th A p r i l , 1986 
2. GRADUATE SYMPOSIUM, Durham U n i v e r s i t y , 19th A p r i l , 1988 
3. INTERNATIONAL MACROCYCLIC CONFERENCE, Hamburg, Germany, September 

4 t h - September 9 t h , 1988. A po s t e r was presented by t h e aut h o r 
e n t i t l e d "Binding Studies with Amide Functionalised Macrocyclic 
Ligands". 
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APPENDIX I I 
PUBLICATIONS 

1. "Comparative Study of Mono- and Disubstituted 14~Crown-4 
Derivatives as Lithium Ionophores", R i t u Kataky, P a t r i c k E. 
Nichols o n , David Parker. Accepted f o r p u b l i c a t i o n , J. Chem. Soc. 
P e r k i n ( I I ) . 

2. "Synthesis and Binding Properties of Amide Functionalised Polyaza 
Macrocycles", R i t u Kataky, P a t r i c k E. Ni c h o l s o n , David Parker. 
Submitted f o r p u b l i c a t i o n , J. Chem. Soc. P e r k i n ( I ) . 

3. "Synthesis of C and N Functionalised Derivatives of 1,5,9-
Triazacyclododecane", I a n M. Helps, K. Jankowski, P a t r i c k E. 
Nich o l s o n , David Parker, J. Chem. Soc. P e r k i n ( I ) 1989. I n Press. 

4. "Synthesis and Binding Properties of Lithium Selective [I4I-O4 
Macrocycles and their Use in a Lithium Selective Electrode , R i t u 
Kataky, P a t r i c k E. Nicholson, David Parker. Accepted f o r 
p u b l i c a t i o n , Tetrahedron L e t t e r s . 
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