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Abstract - In previous work we have undertaken a program invo lv ing  t h e  design 
and synthesis o f  a se r ies  o f  mixed donor macrocycles, incorporat ing f i v e  donor 
atoms, f o r  use I n  metal ion recogn i t i on  s tud ies.  We now r e p o r t  t h e  app l i ca t i on  
o f  i nd i v idua l  l igands from t h i s  se r ies  t o  s e l e c t i v e  e x t r a c t i o n  and t ranspor t  
s tud ies i nvo l v ing  N i ( I I ) ,  C u ( I I ) ,  Z n ( l I ) ,  and Cd( l1) .  I n i t i a l  water/chloroform 
e x t r a c t i o n  experiments ind icated that ,  f o r  t h e  present systems, a s i g n i f i c a n t  
amount o f  I lgand Is leached from the  organic  phase t o  the  aqueous phase; t h i s  
has been a common problem i n  previous ex t rac t ton  and t ranspor t  s tud ies when 
amine-containing I igands o f  r e l a t i v e l y  low molecular weight were used as the  
complexing agent i n  t h e  organic  phase. Typ ica l l y ,  t h i s  drawback has been 
la rge ly  overcome by appending long-chain a l i p h a t i c  groups t o  the  I igand's 
backbone t o  increase t h e  I i p o p h i l i c l t y  o f  t he  system. However, i n  many cases 
t h i s  has no t  been a t r i v i a l  syn the t i c  exercise. 
d i f f e r e n t  approach was adopted. I t  was found t h a t  t he  above d i f f i c u l t y  could be 
a l l e v i a t e d  t o  a s i g n i f i c a n t  degree by in t roducing a I i p o p h l l i c  anion 
(hexadecanoate) i n t o  t h e  organic phase along w i th  t h e  macrocycl ic c a r r i e r  - an 
observation which could have imp l i ca t i ons  f o r  understanding the  b i o l o g i c a l  
t ranspor t  o f  ions o f  t h e  present general type.  

I n  a se r ies  o f  experiments, t h e  e f f e c t  o f  l lgand s t r u c t u r e  on both metal ion 
e x t r a c t i o n  and t ranspor t  under t h e  above cond i t i ons  has been invest igated.  
range o f  behavlour was documented: f o r  example, t h e  s e l e c t i v e  t ranspor t  o f  
C u ( I I )  I n  the  presence o f  N I ( I I ) ,  and C d ( I I )  I n  the  presence o f  Z n ( I I ) ,  as we l l  
as Z n ( I I )  i n  t h e  presence o f  C d ( l I )  were a l l  observed. 

I n  t h e  present study a 

A 

INTRODUCTION 

The s e l e c t i v e  t r a n s p o r t  o f  metal ions across l i p i d  membranes i s  a fundamental process i n  
biology. B io log i ca l  membranes, such as those surrounding c e l l s ,  are composed o f  l i p i d s  
and p ro te ins  e x h i b i t i n g  a p a r t i a l l y  s t ruc tu red  arrangement. Neutral c y c l i c  a n t i b i o t i c s  
o f  t he  valinomycln, e n n l a t l n  B and monactin classes are a l l  wel l  s tud ied ionophores which 
a i d  t h e  s e l e c t i v e  t ranspor t  o f  an a l k a l i  metal c a t i o n  such as potassium across both 
na tu ra l  and a r t i f i c i a l  membranes ( r e f .  1 ) .  A proper ty  o f  these species i s  that ,  on metal 
complex formation, t h e  i ns ide  o f  t h e  molecule is hydroph i l i c  wh i l e  t h e  ou ts ide  I s  
hydrophobic. This arrangement I s  important s ince t h e  l i p i d  components o f  b i o l o g i c a l  
membranes tend t o  be o r ien ta ted  such t h a t  t h e i r  po la r  groups face t h e  membrane surfaces 
w i t h  the  non po la r  hydrocarbon po r t i ons  occupying t h e  i n t e r i o r  o f  t h e  membrane. The 
r e s u l t i n g  hydrophobic nature o f  t h e  cen t ra l  reg ion o f  t h e  membrane w i l l  thus tend t o  
i n h i b i t  t he  passage o f  charged ions i n  t h e  absence o f  an ionophore. 

There have been many s tud ies i nvo l v ing  I igands such as t h e  crown ethers which mimic t h e  
ion t ranspor t  p roper t i es  o f  t h e  natura l  a n t i b i o t i c  ionophores ( r e f .  2). The m a j o r i t y  o f  
such blomimetic s tud ies so f a r  performed have involved t h e  s e l e c t l v e  t ranspor t  o f  metals 
such as the  a l k a l i  and a l k a l i n e  ea r th  ions across l i q u i d  membranes. Much less emphasls 
has been g iven t o  t h e  t r a n s p o r t  o f  t r a n s i t i o n  and pos t - t rans i t i on  ions I n  such s tud ies 
and a corresponding lack o f  de ta i l ed  in format ion concerning the  membrane t ranspor t  o f  
these ions i n  na tu ra l  systems Is a lso  apparent. 
t o  f a c i l i t a t e  t h e  uptake o f  metals such as C u ( l I )  i n t o  c e l l s .  For example, t he  plasma 
t r i p e p t i d e  Gly-His-Lys has been shown t o  in f luence t h e  uptake o f  t h i s  ion ( r e f .  3);  i n  
t h i s  context, it has long been known t h a t  human serum albumin posseses a s e c i f i c  b ind ing 
s i t e  f o r  both C u ( I I )  and N i ( I I )  ( r e f .  4 ) .  The s e l e c t i v e  uptake o f  C u ( I I )  !with respect  
t o  Zn( I1 1 and Cd( 1 I )I by lymphoid c e l  I s  has a l so  been demonstrated t o  occur i n  t h e  
presence o f  a complexing agent ( r e f .  5 ) .  
membrane t ranspor t  Involves both passive and f a c i l i t a t e d  ( t h a t  is ,  c a r r i e r  aided) 
d i f f u s i o n  I n  t h i s  case. 

Peptide moiet ies have been demonstrated 

Analysis o f  t h e  uptake curve suggested t h a t  
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Examples o f  syn the t i c  amine c a r r i e r s  s e l e c t i v e l y  t ranspor t i ng  C u ( I I )  i n  t h e  presence o f  
o ther  t r a n s i t i o n  ions across I i p o p h i i i c  membranes ( t y p i c a l l y  dichloromethane o r  
chloroform) have been reported. For example, t h e  open-chain tetramines 6-hexadecyl- 
1,4,8,11-tetraazaundecane and 7-hexadecyl-1,5,9,13-tetraazatridecane incorporat ing 
pendant c e t y l  chains have been used i n  t ranspor t  experiments ( i n v o l v i n g  two aqueous 
phases separated by a dichlormethane phase conta in ing one o f  these tetramines as the  
c a r r i e r )  ( r e f .  6 ) .  The t r a n s p o r t  was d r i ven  i n  each system by t h e  metal concentrat ion 
gradient  between t h e  aqueous source phase and rece iv ing  phase. Copper was found t o  be 
s e l e c t i v e l y  t ranspor ted i n  t h e  presence o f  equimoiar concentrat ions o f  N i ( l I )  and Z n ( l i ) .  
i n  a r e l a t e d  experiment a I i p o p h i l i c  d e r i v a t i v e  o f  2,Z-bipyridine has a l so  been 
demonstrated t o  p r e f e r e n t i a l l y  t ranspor t  C u ( I I )  through a dlchloromethane membrane ( r e f .  
7). As f o r  t h e  previous example, t h e  neutra l  nature o f  t h i s  c a r r i e r  r e s u l t s  i n  t h e  
necessity f o r  simultaneous t r a n s f e r  o f  anions w i th  t h e  metal. 
a c t i v e  (pH d r i ven )  mechanism i s  involved. In  other  studies, a long chain d e r i v a t i v e  o f  a 
macrocycl ic dioxatetraamine I igand has been u t i l i z e d  as the  c a r r i e r  ( r e f s .  8 and 9 ) .  On 
coord inat ion o f  a d i v a l e n t  metal t he  two amide protons are l o s t  t o  y i e l d  an uncharged 
species, This proton-driven system I s  q u i t e  e f f i c i e n t  f o r  t ranspor t i ng  C u ( I I )  through a 
l i q u i d  membrane even against  a concentrat ion gradient .  Since t h e  c a r r i e r  i s  charged, no 
simultaneous t r a n s p o r t  o f  anion w i th  t h e  metal ion i s  requi red I n  t h i s  case. This system 
i s  q u i t e  s p e c i f i c  f o r  C u ( I I )  i n  t h e  presence o f  d i v a i e n t  ions such as F e ( I I ) ,  C o ( i I ) ,  
N i ( I I ) ,  Z n ( I I )  and P b ( l I ) .  

We have p rev ious l y  UnderraKen a program invo lv ing  t h e  design and synthesis o f  c y c l i c  
reagents o f  general type (1);  these have been found i n  a number o f  cases t o  show 

I n  t h i s  l a t t e r  case, an 

s e l e c t i v i t y  f o r  p a r t i c u l a r  t r a n s i t i o n  

now r e p o r t  an extension o f  these 
inves t i ga t i ons  t o  inc lude t h e  use o f  
such i igands I n  comparative e x t r a c t i o n  
and t r a n s p o r t  s tud ies i nvo l v ing  N i ( l l )  
and C u ( I I )  as wel l  as Z n ( i i )  and C d ( l I ) .  

-m-y-d?+ and pos t - t rans i t l on  ions ( r e f .  10).  We 

e 

&* 3& 
( C H 2 ) L  

(1) 

x = o , s  
Y = NH, 0, S 

EXTRACTION A N D  TRANSPORT STUDIES 

A l l  e x t r a c t i o n  and t ranspor t  s tud ies involved a chloroform organic phase and an aqueous 
source phase conta in ing 2,6-lutedine-3-sulfonic acid/NaOH b u f f e r .  The l a t t e r  s u l f o n i c  
ac ld  has poor coord inat ing p roper t i es  and i s  not  appreciably so lub le  i n  the  organlc 
(chloroform) phase. In  t h e  t ranspor t  experiments t h e  aqueous rece iv ing  phase was e i t h e r  
buf fered o r  contained excess ethylenediaminetetraacetate (edta) (see l a t e r ) .  Such 
experiments were performed i n  a U-tube apparatus I n  which a l l  t h ree  phases were gen t l y  
s t i r r e d  dur ing t h e  course o f  t h e  experiment (usua l l y  100 hours). 

The addition of hexadecanoic acid t o  the organic phase 

In  con t ras t  t o  t h e  s i t u a t i o n  when crown ethers are used as ca r r i e rs ,  c y c l i c  ( a l i p h a t i c )  
amine de r i va t i ves  o f  low molecular weight tend t o  be l o s t  from t h e  organic phase through 
protonat ion and subsequent s o l u b i l i z a t i o n  i n  t h e  aqueous phase(s1. Typ ica l l y ,  as 
mentioned previously, t h i s  d i f f i c u l t y  I s  overcome by appending long-chain a l i p h a t i c  
groups t o  t h e  I igand's backbone t o  increase the  system's I i p o p h i l i c i t y  - a syn the t i c  
procedure which i s  o f t e n  n o t  s t r a i g h t  forward. I t  i s  noted t h a t  t h e  presence o f  t h e  
I i p o p h i l i c  chain a l so  serves t o  r e t a r d  loss o f  c a r r i e r  ( t o  the  aqueous phase) as I t s  
metal complex which, f o r  a neutra l  c a r r i e r ,  w i l l  be i on i c .  

As expected, p re l im ina ry  e x t r a c t i o n  experiments ind icated t h a t  substant ia l  f fbleedingff o f  
p a r t i c u l a r  macrocycles o f  t ype  ( 1 )  occurs from chloroform when t h i s  phase I s  shaken w i th  
aqueous so lu t i ons  i n  t h e  range pH 2.0 - 5.0. 
from aqueous s o l u t i o n  t y p i c a l l y  resu l ted  i n  very considerable loss o f  c a r r i e r  t o  t h e  
aqueous phase ( t h e  l a t t e r  t u rns  intense b lue) .  S im i la r  leaching e f f e c t s  were a l s o  
c l e a r l y  ev ident  i n  p re l im ina ry  t ranspor t  experiments i n  which the  aqueous source and 
rece iv ing  phases were separated by a chloroform c a r r i e r  phase i n  a U-tube apparatus. 

In  view o f  t he  above, a d i f f e r e n t  approach was used I n  t h e  present study I n  order t o  
i n h i b i t  t he  bleeding o f  t h e  macrocycle i n t o  the  aqueous phase(s1. 
on l y  involves charged species, it was reasoned t h a t  t h e  i n t roduc t i on  o f  a I i p o p h i l l c  
counter ion (such as a r e a d i l y  deprotonated long chain f a t t y  ac id)  t o  t h e  organic  phase 
may impart a greater  degree o f  i i p o p h i l i c i t y  t o  these species and a l so  remove t h e  need 
f o r  a simple counter i on  t o  cross t h e  aqueous/organic i n t e r f a c e  on metal uptake. 

S im i la r l y ,  attempted e x t r a c t i o n  o f  copper 

Since t h e  bleeding 
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Over a number o f  e x t r a c t i o n  experiments, t h e  a d d i t i o n  o f  a long chain f a t t y  ac id  t o  t h e  
organic phase was found t o  dramat ica l ly  reduce t h e  degree o f  I igand loss i n  each case and 
hence considerably enhance t h e  e f f i c i e n c y  o f  metal ex t rac t i on .  Further, t h e  ef fect iveness 
o f  t he  added ca rboxy l i c  ac id  was dependent on t h e  length o f  i t s  carbon chain, f a l l i n g  i n  
t h s  order hexadecanolc ac id  > dodecanolc ac id  > decanoic ac id  > ace t i c  acid. 
Hexadecanolc ac id  was subsequently used f o r  a l l  e x t r a c t i o n  and t ranspor t  s tud ies 
i nvc l v ing  t h e  present macrocycl ic I igands. 
observed i n  the  respect ive t ranspor t  systems. 
i t s e l f ,  hexadecanoic ac id  does n o t  promote s i g n i f i c a n t  e x t r a c t i o n  o r  t ranspor t  under t h e  
condi t ions used i n  the  present study. 

As expected, s i m i l a r  b e n e f i t s  were a l so  
Control experiments confirmed that ,  by 

Extraction and transport of Ni(ll) and Cu(ll) 

A number o f  p re l im ina ry  e x t r a c t i o n  experiments were performed using a cross sec t i on  o f  
I igand types. From these It was establ ished that ,  f o r  Cu( I I ) ,  e q u i l i b r a t i o n  I s  reached 
w i t h i n  1 hour - the  amount ext racted I s  e s s e n t i a l l y  t h e  same a t  both 1 hour and 40 hours 
I n  each case. However, f o r  N i ( l l )  an e x t r a c t i o n  t ime  o f  1 hour I s  i n s u f f i c i e n t  f o r  
equ i l i b r i um t o  be reached. This i s  n o t  unexpected due t o  t h e  greater  inertness o f  t h i s  
metal r e l a t i v e  t o  C u ( I I ) .  Nevertheless, a shaking t ime  o f  1 hour was used f o r  a l l  t h e  
e x t r a c t i o n  experiments performed i n  t h e  present study ( a t  a temperature o f  22 2 2 OC). 

S ina le metal e x t r a c t i o n  e x D e r I d .  The metal ion d i s t r i b u t i o n  coe f f i c i en ts ,  DM = 
[Mn'Ior /[Mnt]tot, f o r  t h e  e x t r a c t i o n  o f  N i ( I I )  asswell as C u ( I I )  from a s o l u t i o n  o f  
t h e i r  n y t r a t e  s a l t s  ( o f  concentrat ion 1 x 
macrocycles o f  type ( 1 )  [l x 
loW3 mol d K 3 ]  have been determined. 
t h e  macrocycle and f a t t y  ac id  used i n  these experiments were based on the  r e s u l t s  from 
appropiate p re l im ina ry  experiments. 

The e x t r a c t i o n  o f  N i ( I I )  was shown t o  have a s t rong dependence on t h e  nature o f  t h e  donor 
atom se t  present w i th  s i g n i f i c a n t  e x t r a c t i o n  on ly  being observed when t h e  macrocycl ic 
l igand incorporated an N3-donor s t r i n g  i n  i t s  s t ruc tu re .  
incorporat ing an 02N3-donor set, no c l e a r  c o r r e l a t i o n  between t h e  complex s t a b i l i t i e s  and 
the  corresponding DM values was observed. Such a r e s u l t  i s  n o t  unexpected as a number o f  
o ther  factors, inc lud ing the change i n  I i p o p h i l i c i t y  along t h e  I igand series, w i l l  a l so  
in f luence e x t r a c t i o n  behaviour. As f o r  N i ( I I ) ,  t h e  ex ten t  o f  e x t r a c t i o n  o f  C u ( l I )  was 
again dependent on t h e  nature o f  t h e  donor a t  t he  Y p o s i t i o n  - I n  general e x t r a c t i o n  
being favoured when Y = NH over Y = S b u t  w i th  Y = S being super ior  t o  Y = 0. 

e t l t l v e  metal ion e x t r a c t i o n  and t r w o r t  exoeri-. I n  l i g h t  o f  t h e  r e s u l t s  from 
the  s i n g l e  metal e x t r a c t i o n  experiments [and p a r t i c u l a r l y  because o f  t h e  apparent slow 
r a t e  o f  e x t r a c t i o n  o f  N i (  I I )  mentioned e a r l i e r ]  s tud ies d i rec ted  a t  separating Cu( I I )  and 
N i ( I I )  from an equimolar mix ture o f  these ions were i n i t i a t e d .  The condi t ions employed 
were s i m i l a r  t o  those used f o r  t h e  s i n g l e  metal experiments. Competit ive ex t rac t i ons  
i nvo l v ing  t h e  macrocycles (2), (41, and (5)  were undertaken; from t h e  t o t a l  group o f  
I igands studied, these were t h e  r i n g s  which y ie lded  t h e  h ighest  e x t r a c t i o n  f o r  C u ( I I )  i n  
the  s i n g l e  metal studies. Over t h e  I l f e t l m e  o f  t h e  respect ive experiments ( 1  hour), 
v i r t u a l l y  no N i ( l l )  was ext racted by any o f  t h e  above macrocycl ic systems. In  contrast ,  
t he  DM values f o r  C u ( I I )  f o l l ow  a s i m i l a r  pa t te rn  t o  those f o r  t h e  corresponding s ing le-  
metal ext ract ions;  under t h e  condi t ions employed, t h e  DM values increased i n  t h e  I igand 
order (3 )< (2 )< (5 )< (4 ) .  
presence o f  N i ( l l ) ;  t h i s  d i sc r lm lna t l on  I s  undoubtedly aided by t h e  retarded e x t r a c t i o n  
r a t e s  observed f o r  N I ( I I )  r e l a t i v e  t o  Cu(I1). 

Based on t h e  above resu l t s ,  two types o f  compet i t ive t ranspor t  experiments i nvo l v ing  
C u ( I I )  and N i ( I I )  were performed using t h e  above macrocycles; t h e  r e s u l t s  are summarized 
i n  Table 1 under A and B. I n  t h e  f i r s t  se r ies  ( A ) ,  equimolar concentrat ions o f  N i ( I I )  
and C u ( I I )  as t h e i r  n i t r a t e  s a l t s  (5  x 
the  source phase. 
experiments and consisted o f  t h e  macrocycl ic c a r r i e r  ( 1  x 
ac id  (4  x The rece iv ing  phase i n  these experiments comprised 
b u f f e r  s o l u t i o n  (pH 4.7) conta in ing an excess o f  NaN03. 
e x t r a c t i o n  experiments, no N i ( I I )  was detected i n  t h e  rece iv ing  phase a t  t h e  completion 
o f  these t ranspor t  experiments. 
r e l a t i v e l y  small amount o f  C u ( I I )  was t ranspor ted dur ing t h e  per iod o f  these experiments 
(100 hours). 

I n  a second s e t  o f  experiments a competing equ i l i b r i um was introduced i n t o  t h e  rece iv ing  
phase by t h e  add i t i on  o f  ethylenediamlnetetraacetic ac id  (edta) t o  a c t  as a %cavengerfl 
f o r  t h e  t ranspor ted metal. 
phases were t h e  same as i n  t h e  previous experiments; however, t h e  rece iv ing  phase 
contained on ly  edta (0.05 moi dmw3 adjusted t o  pH 7.0 by t h e  a d d i t i o n  o f  NaOH). 
r e s u l t s  o f  these runs are summarized i n  Table 1 under B. 

mol d f 3 ,  pH 4.7) by a range o f  t h e  
mol i n  CHC13 conta in ing hexadecanoic ac id  (4  x 

The respect ive pH cond i t i ons  and concentrat ions o f  

For t h e  macrocycles 

Clearly, a l l  these systems are h i g h l y  s e l e c t i v e  f o r  C u ( I I )  i n  the  

mol d~n'~, buf fered a t  pH 4.7) were used f o r  
The organic phase was s i m i l a r  t o  t h a t  used f o r  t h e  e x t r a c t i o n  

mol d K 3 )  and hexadecanoic 

As expected from t h e  compet i t ive 
mol d K 3 )  i n  CHC13. 

However, t h e  r e s u l t s  a l s o  ind icated t h a t  on l y  a 

I n  t h i s  case, t h e  compositions o f  t h e  source and membrane 

Once again, no t ranspor t  o f  
The 
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N i ( I 1 )  was detected. 
observed. 
each o f  t h e  macrocyc l ic  c a r r i e r s  s tud ied exceeded t h a t  o f  N i ( l l )  by n o t  less than two 
orders o f  magnitude. 

As f o r  t h e  e x t r a c t i o n  experiments, it I s  ev iden t  t h a t  t h e  a d d i t i o n  o f  hexadecanolc ac id  
i n  t h e  o rgan ic  membrane i n  these t r a n s p o r t  experlments very considerably  reduces t h e  
degree o f  ltbleedinglt o f  c a r r i e r  under t h e  present  condi t ions.  

However, a s i g n i f i c a n t  increase I n  t h e  t r a n s p o r t  o f  C u ( I I )  was 
Indeed, under t h e  experimental cond l t l ons  employed, t h e  t r a n s p o r t  o f  C u ( I I )  by 

TABLE 1. The t r a n s p o r t  o f  Cu(I1) i n  N i ( I I ) / C u ( l l )  compe t i t i ve  metal i on  
t r a n s p o r t  exper imentsar b 

flRateff o f  copper i o n  t ranspor t c  
C a r r i e r  Ad Be 

6.7 x 10'6 8.9 10-5 

- 1.5 10-4 
5.5 x 10-6 3.8 10-5 

3.3 10-5 8.8 x 10-5 

aA f te r  100 hours a t  25 2 0.10 C; a l l  values a re  t h e  mean from a t  l e a s t  two 
d u p l i c a t e  experiments. 
b l n  every case no t r a n s p o r t  o f  N I ( I i )  was detected ( t h a t  Is, t h e  t r a n s p o r t  r a t e  
f o r  t h i s  i on  was less than 7 x l oe7  mmol h-1 
cMmoI h-1 
dReceiving phase: 0.1 mol d K 3  NaN9 bu f fe red  t o  pH 4.7. 
*Receiving phase: 0.01 mol d K 3  edta a t  pH 7.0. 

(see r e f .  10); est imated e r r o r  2 15%. 

Extraction and transport of Zn(ll) and Cd(ll) 
Single and compe t i t i ve  metal- ion e x t r a c t l o n  experlments o f  t h e  t ype  Jus t  discussed have 
a l s o  been performed f o r  Zn ( I1 )  and Cd(ll). Once again t h e  e x t r a c t i o n  c o e f f l c l e n t s  a r e  
q u i t e  dependent on t h e  nature o f  t h e  donor atom a t  t h e  Y p o s i t i o n  i n  s t r u c t u r e  ( 1 )  w i t h  
e x t r a c t i o n  tending t o  increase when a secondary amine occupies t h i s  p o s i t i o n  r a t h e r  than  
an ether  o r  a t h i o e t h e r  donor. However, i n  general, f o r  these metals t h e  degree o f  
e x t r a c t i o n  f o l l o w s  a s i m i l a r  order  t o  t h a t  found f o r  t h e i r  s t a b i l i t y  constants  i n  95% 
methanol ( r e f s .  12 and 13). 

For example, under s l m l l a r  cond i t i ons  t h e  va lue o f  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  f o r  
C d ( I I )  f o r  t h e  17-membered macrocycle ( 2 )  i s  l a rge r  than t h e  corresponding va lue f o r  
Z n ( I I )  b u t  t h l s  order  t s  reversed f o r  t h e  complexes o f  t h e  19-membered analogue (6). The 
o r i g i n s  o f  t h i s  behavlour appear t o  d e r i v e  ( a t  l e a s t  I n  p a r t )  from a p rev ious l y  
documented % t r u c t u r a l  d i s l o c a t i o n f 1  (see l a t e r )  which r e s u l t s  i n  t h e  cadmium complexes 
o f  (2 )  and (6) having markedly d i f f e r e n t  s t r u c t u r e s  ( r e f .  12). 
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I n  view o f  t h e  r e s u l t s  from t h e  single-metal e x t r a c t i o n  experiments Jus t  dlscussed, 
compe t i t i ve  e x t r a c t i o n  experiments f o r  Z n ( l I )  and C d ( I I )  were undertaken using t h e  17- 
membered macrocycle (2 )  and i t s  19-membered analogue (6)  as ex t rac tan ts  ( a t  pH 5.6). 
The r e s u l t s  p a r a l l e l  those obta ined from t h e  s i n g l e  metal e x t r a c t i o n  experiments; namely, 
s t a r t i n g  from an equimolar mlxture, ( 2 )  e x t r a c t s  conslderably  more C d ( I I )  than Z n ( l i )  ( a  
Zn:Cd e x t r a c t i o n  r a t i o  o f  7:55 was observed) wh i l e  t h e  reverse i s  t r u e  f o r  t h e  19- 
membered macrocycle (6 )  ( f o r  which t h e  Zn:Cd r a t i o  i n  t h e  organic  phase was 2: l ) .  

Once again, compe t i t i ve  t r a n s p o r t  experiments [ s t a r t i n g  from an equimolar Zn( I I)/Cd( I I )  
mixture]  have been undertaken. 
(Table 2 )  m i r r o r  those from t h e  corresponding e x t r a c t i o n  experiments Jus t  discussed. 

The r e s u l t s  from t h e  experiments i n v o l v i n g  (2) and (6)  

TABLE 2 .  Transpor t  l1ratesIt f o r  Z n ( I I )  and C d ( I i )  I n  compe t i t i ve  experimentsa 

pH 4.7 pH 5.6 
Ligand Zn( I I )bDc Cd( I I )bDc Zn( I I )b’c Cd( I I )b’c 

( 2 )  6.9 x 10-7 2.6 x 10-5 2.1 x 6.6 x 
( 6 )  5.8 10-6 4.3 10-7 3.4 x 10-5 4.0 x 10-6 

aA f te r  100 hours a t  25 k 0.lo C. 
b h o l  h-1 cm-2. 
CEstimated e r r o r  5 15%. 

From t a b l e  2 it I s  seen t h a t  a t  both pH 4.7 and 5.6, t h e  17-membered macrocycle ( 2 )  
t r anspor t s  C d ( I I )  p r e f e r e n t i a l l y  over Z n ( I I ) .  
t r anspor t s  Z n ( I I )  i n  preference t o  C d ( I i ) .  
again i n  accord w i t h  t h e  p rev ious l y  determined s t a b i l i t i e s  f o r  t h l s  s e r i e s  o f  complexes. 
Although t h i s  need n o t  necessarl l y  be t h e  case [s lnce a range o f  parameters w l  I I 
i n f l uence  metal ion t r a n s p o r t  o f  t h e  present  t ype  ( r e f .  l l ) ] ;  nevertheless, I t does 
appear t h a t  t h e  respec t i ve  log K values do dominate both e x t r a c t i o n  and t r a n s p o r t  under 
t h e  cond i t i ons  used f o r  t h e  present  experlments. This, I n  turn,  appears t o  be a 
consequence o f  t h o  s t r u c t u r a l  d i s l o c a t i o n  behavlour postu la ted t o  u n d e r l i e  t h e  d i f f e r e n t  
a f f i n i t i e s  o f  these c y c l i c  systems f o r  Z n ( I I )  and C d ( I I ) .  Because o f  I t s  re levance t o  
t h e  present  study, an summary o f  t h e  nature o f  t h e  d i s l o c a t i o n  behaviour I s  g iven below. 

D i s l o c a t i o n  discrimin-. A s t r u c t u r a l  d i s l o c a t i o n  occurs when a gradual v a r i a t i o n  o f  
p roper t i es  along a l igand s e r l e s  t r i g g e r s  a sudden change i n  coo rd ina t l on  geometry 
between adJacent complexes I n  t h e  se r ies .  A process o f  t h i s  t ype  may form t h e  bas i s  f o r  
d i s c r i m i n a t i n g  between metal ions ( r e f .  10) .  Several examples o f  such d i s l o c a t i o n s  have 
now been documented i n  t h e  author ’s  laboratory  ( r e f s .  12, 14 and 15). 

The 17- and 19-membered macrocycles, (2 )  and (61, c o n s t i t u t e  t h e  te rm ina l  members o f  t h e  
s e r i e s  o f  17- t o  19-membered OpN3 r i n g s  whose complexation behaviour w i t h  Z n ( I I )  and 
C d ( l I )  has been stud ied i n  some d e t a i l  ( r e f .  1 1 ) .  The respec t i ve  log K values f o r  t h e  
complexes o f  t h e  s e r i e s  ( 2 ) ,  (61, and (7), i n  95% methanol a re  i I l u s t r a t e d  i n  F ig .  1, 

Conversely, t h e  19-membered macrocycle 
The observed s e l e c t i v i t y  pa t te rns  a re  once 

F ig.  1. The r e l a t l v e  s t a b i l i t i e s  o f  
t h e  Z n ( I I )  and C d ( I I )  complexes o f  
t h e  17- t o  19- membered r i n g s  ( 2 ) ,  
( 7 ) ,  and (6 ) .  

I I 

Zn Cd 
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Clearly, i n  t h e  case o f  t h e  Z n ( I I )  complexes, t h e  s t a b i l i t i e s  show t h e  expected 
progressive drop as five-membered che la te  r i n g s  are replaced by six-membered r i ngs .  
X-ray s t r u c t u r e  o f  t h e  z i n c  n i t r a t e  complex o f  (2) ind icates non coord inat ion o f  t h e  
ether  oxygen donors I n  t h e  s o l i d  and s i m i l a r  behaviour appears t o  occur i n  s o l u t i o n  f o r  
t h i s  and t h e  remaining two z i n c  complexes. In  contrast, t h e  higher s t a b i l i t i e s  o f  t h e  
Cd(l1) complexes o f  t h e  17- and 18-membered macrocycles r e l a t i v e  t o  t h e i r  Zn( I1)  
analogues appears t o  r e f l e c t  coord inat ion o f  a l l  f l v e  macrocycl ic donors i n  t h e  former 
complexes; X-ray s t r u c t u r a l  data confirms t h a t  t h i s  s i t u a t i o n  occurs i n  t h e  s o l i d  s t a t e  
f o r  t h e  complex o f  (2) .  I n  part,  t h i s  d i f f e r e n t  coord inat ion behavlour may r e f l e c t  t h e  
larger  rad ius  o f  t h e  Cd(I1) ion. However, on passing t o  t h e  19-membered r i n g  (6), it I s  
found t h a t  t h e  C d ( I I )  complex i s  less s tab le  than t h e  corresponding Z n ( I I )  species and 
now fo l lows t h e  lhaturaI1l s t a b i l i t y  order f o r  simple polyamine Iigands. The d i f f e r e n t  
thermodynamic behaviour o f  t h i s  larger  r i n g  species towards C d ( I I )  i s  i n  accordance w i th  
the  non coord inat ion o f  t h e  ether  donors i n  t h i s  case. Once again, X-ray data support 
t h i s  postu la te:  t h e  ether  groups do n o t  coordinate t o  t h e  Cd(I1) ion i n  t h e  s o l i d  s ta te .  

An 

CONCLUDING REMARKS 

The present s tud ies demonstrate t h a t  t h e  add i t i on  o f  a long chain ( l i p o p h i l i c )  anion t o  
t h e  organic phase can markedly enhance metal ion e x t r a c t i o n  and t ranspor t  e f f i c i e n c i e s  
when low molecular weight amine-containing c a r r i e r s  are involved. In  t h e  present study, 
such systems have proved t o  be e f f e c t i v e  f o r  t h e  d i sc r lm ina t l on  o f  p a r t i c u l a r  t r a n s i t i o n  
and post  t r a n s i t i o n  ions. F ina l l y ,  when t h e  i n te rna l  compositlon o f  b i o l o g i c a l  membranes 
i s  considered, it appears t h a t  a r e l a t e d  koopera t i ve f1  mechanism t o  t h a t  discussed i n  the  
present paper may, I n  p a r t i c u l a r  instances, a l so  a i d  t h e  s e l e c t i v e  t ranspor t  o f  
t r a n s i t i o n  and other  heavy metals across I l p o p h l l l c  b a r r i e r s  o f  t h i s  l a t t e r  type. 
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