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Abs t rac t  - The development o f  sequester ing  agents s p e c i f i c  f o r  h i g h  
o x i d a t i o n  s t a t e  c a t i o n s  such as F e ( I I I ) ,  Pu( IV) ,  Ce(IV),  V( IV) ,  and V(V) 
i s  d iscussed.  The s i m i l a r i t i e s  and d i f f e r e n c e s  o f  common b i d e n t a t e  
b i n d i n g  subun i t s  a re  reviewed. The thermodynamic p r o p e r t i e s  o f  2,3 
dihydroxyterephthalamide l i g a t i n g  groups and hexadentate macrocyc l i c  and 
m a c r o b i c y c l i c  l i g a n d s  c o n t a i n i n g  these groups a re  presented .  Recent 
l i g a n d  syntheses designed f o r  s p e c i f i c  complexat ion o f  F e ( I I 1 )  and 
Pu(1V) a re  d e t a i l e d .  Unusual chemis t ry  o f  h i g h  o x i d a t i o n  s t a t e  metal  
i o n s  i s  examined. 

INTRODUCTION 

Curren t  i n t e r e s t  i n  t h e  s o l u t i o n  chemis t ry  o f  h i g h  o x i d a t i o n  s t a t e  metal  c a t i o n s  i s  
p r i m a r i l y  due t o  t h e  v a r i e t y  o f  a p p l i c a t i o n s  a f f o r d e d  by h i g h e r  o x i d a t i o n  s t a t e  complexes 
and t h e  inc reased awareness o f  t h e  b i o l o g i c a l  importance o f  these metal  i ons .  Most 
p rominen t l y ,  t h e  f e r r i c  i o n  occupies a unique n i che  i n  t h e  b iochemis t r y  o f  l i v i n g  organisms, 
s ince  i r o n  i s  r e q u i r e d  by almost a l l  forms o f  l i f e  ( r e f .  1). 
t o x i c ,  t h e r e  i s  no b i o l o g i c a l  pathway i n  man f o r  t h e  deco rpo ra t i on  o f  t h e  f e r r i c  i o n  ( r e f .  

2 ) .  
deco rpo ra t i on  pharmaceut ica ls  f o r  t rea tment  o f  c h r o n i c  i r o n  ove r load  ( r e f .  3 ) .  Al though 
p lu ton ium i s  an a b i o l o g i c a l  element, t h e  charge t o  i o n i c - r a d i u s  r a t i o  o f  Pu(1V) i s  s i m i l a r  
t o  F e ( I I 1 )  and bo th  i ons  have p a r a l l e l  t r a n s p o r t  and s to rage  i n  t h e  body. The r e s u l t a n t  
w e l l  -known b i o l o g i c a l  hazard o f  p lu ton ium generates cons ide rab le  i n t e r e s t  i n  deco rpo ra t i on  
agents f o r  t h a t  metal  i o n  ( r e f .  4 ) .  

And y e t ,  w h i l e  excess i r o n  i s  

Thus t h e r e  i s  wide i n t e r e s t  i n  bo th  t h e  b iochemis t r y  o f  F e ( I I 1 )  and i n  i r o n  

Compounds t h a t  a c t  as sequester ing  agents f o r  t h e  h i g h e r  o x i d a t i o n  s t a t e  c a t i o n s  must 
s t r o n g l y  and s p e c i f i c a l l y  c h e l a t e  t h e  metal  i on .  
t h a t  no rma l l y  p r e f e r  lower  o x i d a t i o n  s ta tes ,  remarkable changes i n  s o l u t i o n  chemis t ry  o f t e n  
r e s u l t .  Examples a r e  s t a b i l i z a t i o n  o f  unusua l l y  h i g h  o x i d a t i o n  s t a t e s  such as V ( V )  ( r e f .  5 )  
and Ce(1V) ( r e f .  6 )  and t h e  p roduc t i on  o f  good reduc ing  agents f rom metal  cen te rs  t h a t  a re  
t r a d i t i o n a l l y  thought  o f  as o x i d i z i n g  agents ( r e f .  7 ) .  F i n a l l y ,  such l i g a n d s  p rov ide  j~ 

viva s t a b i l i t y  t o  metal  cen te rs  needed f o r  rad iopharmaceut ica ls  ( r e f .  8) and magnet ic 
resonance imaging c o n t r a s t  agents ( r e f .  9 ) .  

When these l i g a n d s  a re  bound t o  meta ls  

CHOICE OF BINDING SUBUNITS 

High o x i d a t i o n  s t a t e  metal  c a t i o n s  p resen t  very  d i f f e r e n t  problems f o r  t h e  r a t i o n a l  des ign  
o f  sequester ing  agents when compared t o  c a t i o n s  such as sodium and potassium. 
l a t t e r ,  mac rocyc l i c  s p e c i f i c  sequester ing  agents have been l a r g e l y  based on s i z e  o f  t h e  i o n  
and p r e o r g a n i z a t i o n  o f  t h e  c o o r d i n a t i o n  s i t e  as t h e  most impor tan t  p a r t  o f  t h e  l i g a n d  

For t h e  
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des ign .  
spherand 1 t o  t h e  podand 2 .  
cons tan ts  f o r  b i n d i n g  t o  L i t  ( r e f .  10). 

An example o f  t h e  success fu l  use o f  macrocycles can be found i n  comparison o f  t he  
These compounds demonstrate a d i f f e r e n c e  o f  10l2 i n  f o rma t ion  

H H 

F i g .  1. Molecu la r  s t r u c t u r e  o f  a spherand 1 and a podand 2 .  

I n  c o n t r a s t ,  t h e  g r e a t e r  a c i d i t y  o f  c a t i o n s  such as i r o n ( I I 1 )  and t h e  a c t i n i d e ( 1 V )  i ons  make 
them hyd ro l yze  e x t e n s i v e l y  even a t  r e l a t i v e l y  low pH and so p r e c i p i t a t i o n  as t h e  hydroxides 
i s  a s t r o n g l y  competing r e a c t i o n  even f o r  r e l a t i v e l y  s t rong  complexing agents.  S t rong ly  
bas ic  l i gands ,  such as t h e  ca techo la te  d ian ion ,  hydroxypyr id inonate ,  and hydroxamate are  
produced by p l a n t s  and b a c t e r i a  i n  o rde r  t o  form wa te r -so lub le  f e r r i c  complexes. Such 
n a t u r a l l y - o c c u r r i n g  F e ( I I 1 )  sequester ing  agents, used t o  o b t a i n  growth l i m i t i n g  i r o n ,  a re  
known as s iderophores  ( r e f .  11). The f i r s t  s iderophore  t o  be d i scove red  was mycobact in,  
which was i s o l a t e d  i n  1949 as i t s  aluminium complex ( r e f .  12). Since t h a t  t ime  more t h a t  80 
s iderophores  have been i s o l a t e d  and cha rac te r i zed  ( r e f .  11). These compounds demonstrate a 
wide range o f  l i g a n d  topo log ies ,  mo lecu la r  weights,  and s o l u b i l i t i e s .  A l l  s iderophores,  
however, have a t  l e a s t  one b i n d i n g  subun i t  t h a t  i s  e i t h e r  a)hydroxamate, b )ca techo la te ,  o r  
c )hyd roxypy r id inona te  (F ig .  2). 

I 

c=o 
R 

F;'-0- 

I 

HY DROXAMATE CATECHOLATE 1-HYDROXY-2 (1H) -PY R I  DI NONE 

F i g .  2. Bind ing  subun i t s  found i n  t h e  s iderophores .  

These b i n d i n g  subun i t s  possess t h e  a n i o n i c  oxygen donors most p r e f e r r e d  by F e ( I I I ) ,  a 
c l a s s i c  "hard"  metal  i on .  Three such b i n d i n g  subun i t s  can fo rm an oc tahedra l  a r r a y  about 
t h e  metal  t o  achieve i r o n ' s  p r e f e r r e d  c o o r d i n a t i o n  number o f  s i x .  
h i g h l y  nega t i ve  r e d u c t i o n  p o t e n t i a l s  (=-1V vs NHE ( r e f .  13) which demonstrate a g r e a t  
p re fe rence f o r  F e ( I I 1 )  over  F e ( I 1 ) .  The complexes a re  i n v a r i a b l y  h i g h  sp in ,  w i t h  an 
e l e c t r o n i c  ground s t a t e .  
s i m i l a r ,  possess some d i f f e r e n c e s .  I n  genera l ,  ca techo la te  > hyd roxypy r id inona te  > 
hydroxamate > amino ca rboxy la te  f o r  s t a b i l i t y  a t  h igh  pH and t h e  oppos i te  t r e n d  i s  t r u e  f o r  
s t a b i l i t y  a t  l ow  pH. The s tandard  fo rma t ion  cons tan ts  o n l y  r e f l e c t  t h e  s t a b i l i t y  a t  h igh  
pH. The s iderophore  fo rma t ion  cons tan ts  a re  ex t remely  l a r g e .  En te robac t i n ,  a s iderophore  
secre ted  by E. c o l i ,  i s  a t r i - c a t e c h o l a t e  s iderophore  w i t h  b i n d i n g  subun i t s  pendant f rom a 
macrocyc l i c  t r i - e s t e r  backbone. 
i on ,  K f  = lo5' ( r e f .  14). Catechols,  hydroxypydr inones, and hydroxamic ac ids  tend t o  be 
ex t remely  s p e c i f i c  f o r  F e ( I I 1 )  and Pu(1V). I n  c o n t r a s t ,  t h e  amino ca rboxy la tes  a re  much 
l e s s  s p e c i f i c .  

The f e r r i c  complexes have 

6 

The t h r e e  b i n d i n g  subun i t s  used i n  t h e  s iderophores ,  w h i l e  
A1 

It has t h e  h ighes t  f o rma t ion  cons tan t  known f o r  t h e  f e r r i c  
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Fe(lll) 

We have chosen a biomimetic approach in designing sequestering agents for the ferric ion and 
model our ligands after the siderophores. Enterobactin itself is unsuitable for use in vivo 
either as the ligand or the iron complex. This is because a) the ligand backbone is easily 
hydrolyzed and b) the ferric enterobactin complex is used as an iron source by bacteria and 
it promotes the growth of pathogenic organisms. 
synthesis of enterobactin analog compounds such as MECAM, and CYCAM (containing binding 
subunit A in Fig. 3). 
are not highly soluble, precluding their use as iron decorporation pharmaceuticals (ref. 
15). To remedy this, anionic electron withdrawing groups were appended to the aromatic 
rings. 
and LICAM-S (binding subunits B and C respectively in Fig. 3) are highly soluble (refs. 
16,17). 
times greater than the current drugs being used (ref. 18). 
large, but still several orders of magnitude lower than enterobactin's (ref. 19). 
the upper limit on the formation constant for iron complexation has not yet been reached. 

Early studies therefore centered on the 

46 These compounds form highly stable ferric complexes (Kf = 10 ) but 

As a result of their carboxylate and sulfonate substituents, ligands such as LICAM-C 

They are also excellent iron removal drugs, demonstrating efficacies up to four 
The formation constants are also 

Clearly, 

-13- 16- 
H R '  R oE: '$H OH -03s x: O$H OH (o@e 3 ( -03s x) 3 e ' 

0 OH 0 NR 0 NH 
H R 

A B C D E F 

Fig. 3. Catechoylamide binding subunits and their ferric complexes. 

Inspired by the work of Lehn (ref. 20) and Sargeson (ref. 21), we (refs. 22,23) and others 
(refs. 24,25) began investigating macrocyclic and macrobicyclic iron(1II) sequestering 
agents. Compounds of this topology offer several potential advantages. One might expect 
that the increased entropic advantage would lead to higher formation constants. Also, the 
increased kinetic chelate effect should slow demetallation and 1 igand exchange rates. 
Finally, a more efficient chelating agent should result in a higher efficacy per mole of 
injected ligand for decorporation studies - as well as a higher for the metal complex 
used as a MRI contrast agent. 

Three ligand topologies were considered, exocyclic, macrocyclic, and macrobicyclic. Because 
exocyclic systems had been thoroughly investigated in the past, and because they possess no 
macrocyclic or macrobicyclic effect, attention was focused on the macrocyclic and 
macrobicyclic ligands. In 1984 Vogtle and coworkers published the first macrocyclic iron 
sequestering agent, the macrobicycle bicappedMECAM shown in Fig. 4 (ref. 25). This was soon 
followed by our report of endocyclic tricatecholate macrocycles in 1985 (ref. 22) and 
endocycl ic bi scatechol ate/bi scarboxyl ate compounds by Martel 1 in 1986 (ref. 24). 

These compounds contained a new binding subunit D (Fig. 3) based on 2,3- 
dihydroxyterephthal ic acid, rather than the 2,3-dihydroxybenzoic acid subunits A and B .  

Furthermore, although both C and D are 2,3-dihydroxyterephthal ic acid derivatives, 0 does 
not carry the extra charge that the subunit C imparted to ligands like LICAM-C. 
the previous bidentate binding subunits had established that putting more electron 

Studies of 
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F i g .  4 .  M a c r o b i c y l i c  i r o n ( I I 1 )  sequester ing  agents.  

w i thdrawing  groups on t h e  ca techo l  lowers  t h e  p r o t o n a t i o n  cons tan ts  o f  t h e  ca techo l  p ro tons  

and thereby  inc reases  t h e  pM o f  t h e  b i n d i n g  subun i t  a t  pH 7 . 4  ( r e f .  19) .  
s tud ied  hexadentate l i g a n d s  c o n t a i n i n g  t h r e e  b i n d i n g  subun i t s  i t  was observed t h a t  t h e  
inc rease i n  l i g a n d  a c i d i t y  was accompanied by a decrease i n  t h e  fo rma t ion  cons tan t ,  
r e s u l t i n g  i n  no n e t  change i n  t h e  pM13 v a l u e . ( r e f .  19) .  

formed f e r r i c  complexes o f  t h e  LICAM-S b i n d i n g  subun i t  F ( F i g .  3 )  and t h a t  o f  t h e  new 
compounds E, t h e  charge on F i s  t w i c e  t h a t  on E.  
E should be more s t a b l e  than F.  
cons tan ts  o f  D and lower  charge o f  E shou ld  make D and macrocycles i n c o r p o r a t i n g  D b e t t e r  
l i g a n d s  than those u s i n g  A o r  C as t h e  b i n d i n g  subun i t ,  i r r e s p e c t i v e  o f  any macrocyc l i c  
e f f e c t .  

For  p r e v i o u s l y  

However, i n  examining t h e  f u l l y  

I t  i s  expected t h e r e f o r e ,  t h a t  t h e  complex 
Indeed, i t  may be expected t h a t  bo th  t h e  lower  p r o t o n a t i o n  

I n  o rde r  t o  t e s t  these assumptions about t h e  new b i n d i n g  subun i t  a s e r i e s  o f  s imp le  2,3- 
dihydroxyterephthalamide l i g a n d s  were made ( r e f .  26) .  The r e s u l t s  o f  s o l u t i o n  thermodynamic 
s tud ies  o f  these l i g a n d s  and t h e i r  F e ( I I 1 )  complexes a re  shown i n  Table 1. 

Tab le  1 

O&? OH 

A 
log KIIO 17.8 

log K l e O  13.9 

log K130 8.5 

109 P,,, 40.2 

log K O l l  (12.I)* 

PM 15.0 

log K O l 2  8.42 

OH 

L 
16.4 11) 
14.5(1) 

10.9L I )  

41.8 

21.1 

I I . I ( I )  

6.l(l) 

0 O g :  NPr 

6 

(16.0)* 

15.2(1) 

Il.911) 

43.1(1) 

22.7 

I 1.011) 

6.011) 

H 

H 
1 

11.0 11) 

PM = -log[Fe] a t  PH 7 .4 ,  [ L I T :  10.’ M ,  [FeIT : IO-~M.  

* ~ s t j  ma t e .  
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SPECIES DISTRIBUTION DHB SPECIES DISTRIBUTION HTA 

0 1 2 3  A 5 6 7 B S I G l I  0 1 2  3 A 5 E 7 8 9 I D 1 1  
p [ H * l  p tH* l  

F i g .  5.  Species d i s t r i b u t i o n  o f  t h e  f e r r i c  complexes o f  DMB and MTA. 

As can be c l e a r l y  seen i n  F i g .  5 these b i d e n t a t e  l i g a n d s  demonstrate a much g r e a t e r  e f f i c a c y  
as c h e l a t i n g  agents a t  pH 7 . 4  than  do t h e  dihydroxybenzamides. 

2 Under comparable c o n d i t i o n s  ( [ L I T  = 10- f4, [ M I T  = 

powerful  o f  t h e  t h r e e  l i g a n d s  s tud ied ,  remains as t h e  FeL33-complex u n t i l  below pH 5 wh i l e ,  
i n  c o n t r a s t ,  t h e  FeL33- complex o f  DMB13, 6 ,  begins t o  d i s s o c i a t e  below pH 8. I n  f a c t ,  DMB 
i s  e f f e c t i v e l y  demeta l l a ted  below pH 7 due t o  p r e c i p i t a t i o n  o f  Fe(OH)3, w h i l e  t h e  pH must be 
lowered below 1.5 t o  achieve g r e a t e r  than 50% d e m e t a l l a t i o n  o f  MTA. These r e s u l t s  a re  a 
d i r e c t  consequence o f  t h e  lower  l i g a n d  p r o t o n a t i o n  cons tan ts  coup led  w i t h  an i nc rease  i n  
j,,, ( r e f .  13) f o r  t h e  te rephtha lamide 1 igands. W i t h i n  t h e  catechoylamides, as p ro tona t ion  
cons tan ts  decrease t h e  concen t ra t i on  o f  t h e  HL- and L2- spec ies  necessary f o r  metal  b ind ing  
a t  pH 7 . 4  i nc rease,  making f o r  a more e f f e c t i v e  sequester ing  agent a t  t h e  l ower  pH. 
Normal ly,  t h e  decrease i n  p r o t o n a t i o n  cons tan t  i s  accompanied by a decrease i n  metal  l i g a n d  
b i n d i n g  cons tan t .  
versus DMB and, as d iscussed above, r e s u l t s  f rom t h e  lower  p r o t o n a t i o n  cons tan ts  o f  t h e  2,3- 
dihydroxyterephthalamides and t h e  f a c t  t h a t  t h e  two ac id -base r e a c t i o n s  

I), MTA ( r e f .  13), t h e  l e a s t  

T h i s  e f f e c t  i s  seen here  i n  t h e  lower  KllO’s f o r  t h e  te rephtha lamides  

(1 )  L t Ht = LH- and L t Mt = ML- 

tend t o  have a l i n e a r  f r e e  energy r e l a t i o n s h i p .  
s o l v a t i o n  energ ies  a re  known t o  c o n t r i b u t e  impor tan t  secondary e f f e c t s .  
e x p l a i n  why, a l t hough  t h e  Kl10 va lues  are  decreased r e l a t i v e  t o  DMB, t h e  KlZ0 and K130 
values a re  h i g h e r  f o r  t h e  te rephtha lamide l i g a n d s .  
w i t h  each subsequent l i g a t i o n  t h e  sequent ia l  stepwise fo rma t ion  cons tan ts  tend t o  decrease. 
However, i n  t h e  te rephtha lamide s e r i e s  t h e  inc reased n network can t o  some degree d e l o c a l i z e  
t h i s  charge more than can t h e  benzamides, r e s u l t i n g  i n  a sma l le r  decrease i n  each sequent ia l  
stepwise fo rma t ion  cons tan t  i n  t h e  te rephtha lamide l i gands .  
f o r  t h e  r e a c t i o n  

However, l i g a n d  and complex charges and 
Charge e f f e c t s  may 

As t h e  charge b u i l d s  up on a complex 

Thus, t h e  e q u i l i b r i u m  cons tan t  

ML2 - t l-2- I ML33- (2 )  

i s  g r e a t e r  f o r  L = 4,  5 ,  6 ,  than  f o r  L = DMB ( 3 ) .  Th i s  novel  r e s u l t  o f  inc reased l i g a n d  
a c i d i t y  coup led  w i t h  an inc reased fo rma t ion  cons tan t  i s  r e f l e c t e d  i n  t h e  h i g h e r  pM values o f  
t h e  te rephtha lamides .  The pM i s  a d i r e c t  thermodynamic measurement o f  a l i g a n d ’ s  a b i l i t y  t o  
b i n d  t h e  metal  i o n  a t  a g i ven  pH. 
y e t  known f o r  any b i d e n t a t e  l i g a n d ,  up t o  e i g h t  o rde rs  o f  magnitude h i g h e r  than  DMB. 

The pM values f o r  t h e  te rephtha lamides  a r e  t h e  h ighes t  
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Macrocycl i c  po l yca techo l  1 igands w i t h  endocycl i c  2,3-dihydroxyterephthalamide b i n d i n g  
subun i t s  have been syn thes ized i n  up t o  24% y i e l d  us ing  h i g h  d i l u t i o n  techn iques  ( r e f .  22).  
An example o f  t h i s  c l a s s  o f  compounds, t h e  ethane t r i m e r  (named a f t e r  t h e  t h r e e  e thy lene 
b r idges  t h a t  u n i t e  t h e  t h r e e  2,3-dihydroxyterephthalamides) forms a f e r r i c  complex f o r  which 
t h e  pM i s  o n l y  s l i g h t l y  h i g h e r  than t h a t  ob ta ined f o r  TRENCAM (27.8) ,  a t r i p o d a l  l i g a n d  

i n c o r p o r a t i n g  t h r e e  2 ,3 -d i  hydroxybenzamide b i n d i n g  subun i t s  on a t r i  s (2-ami noe thy l  ) ami ne 
(TREN) backbone. 

We have a l s o  made m a c r o b i c y c l i c  i r o n  sequester ing  agents ( r e f s .  23,27). The l i g a n d  
p r o p e r t i e s  were v a r i e d  by i n c o r p o r a t i o n  o f  TREN, mes i t y lene  t r i a m i n e ,  and TPT backbones. 
Table 2 l i s t s  t h e  r e d u c t i o n  p o t e n t i a l s  f o r  t h e  macrob icyc l i c  s e r i e s  as compared t o  
p r e v i o u s l y  s t u d i e d  compounds. 

Several  impor tan t  t r e n d s  can be noted. F i r s t ,  t h e  r e d u c t i o n  p o t e n t i a l s  a re  a l l  h i g h l y  
nega t i ve .  
s e r i e s .  
compounds shown and va ry  by 1.4 o rde rs  o f  magnitude w i t h i n  t h e  m a c r o b i c y c l i c  s e r i e s .  
cou ld  be seen as an expected c o r r e l a t i o n  o f  c a v i t y  s i z e  and r i g i d i t y .  Note t h a t  a l l  
t r i p o d a l  1 igands have fo rma t ion  cons tan t  r a t i o s  g r e a t e r  than t h e  bicapped compounds. Th is  

may be due t o  a g r e a t e r  i nc rease  i n  K f l I  b rought  on by t h e  m a c r o b i c y c l i c  t opo logy .  No t i ce  
however t h a t  t h e  l a r g e  changes a r e n ' t  between t r i p o d s  and macrob icyc les  b u t  r a t h e r  between 
TRENCAM and e n t e r o b a c t i n  and between b i  cappedTRENCAM and bicappedTPTCAM. 

Thus t h e  s e l e c t i v i t y  f o r  F e ( I I I ) / F e ( I I )  has been r e t a i n e d  i n  t h e  m a c r o b i c y l i c  
Second, r a t i o s  o f  K f  vary  o v e r a l l  by t h r e e  o rde rs  o f  magnitude between t h e  

Th is  

An unusual e lec t rochemica l  r e s u l t  t h a t  was found concerns t h e  dependence o f  r e d u c t i o n  
p o t e n t i a l  on t h e  pH. A t  r e l a t i v e l y  low pH r e d u c t i o n  o f  t h e  Fe 
s imu l taneous ly  w i t h  a p r o t o n a t i o n  r e a c t i o n  which i n v o l v e s  a mo lecu la r  rearrangement t h a t  i s  
slow on t h e  e lec t rochemica l  t ime  sca le .  

does happen f o r  a l l  compounds w i t h  t e r t i a r y  amines (bo th  t r i p o d s  and macrob icyc les)  we 

conclude t h a t  t h i s  i s  due t o  i n v e r s i o n  o f  t h e  t e r t i a r y  amine. 
i n v e r s i o n  e q u i l i b r i a  i n  macrob icyc l i c  br idgehead amines ( r e f .  28). 

I 1  L species occurs 

Since t h i s  does n o t  happen f o r  e n t e r o b a c t i n  bu t  

Park has observed s i m i l a r  

The s o l u t i o n  thermodynamic behav io r  o f  t h e  bicappedTRENCAM macrob icyc le  has a1 so been 
i n v e s t i g a t e d .  

cor respond ing  t o  a two p r o t o n  p ro tona t ion ,  w i t h  a fo rma t ion  cons tan t  o f  10.65 ( i . e .  a t  pH 
5.33). T h i s  behav io r  i s  q u i t e  s i m i l a r  t o  f e r r i c  e n t e r o b a c t i n  which a l s o  has i t s  f i r s t  
p r o t o n a t i o n  near  pH 5 ( r e f .  19) .  U n l i k e  t h e  t r i p o d s ,  however, p r o t o n a t i o n  does n o t  occur 
stepwise. 
t o  occur  th rough a s a l i c y l a t e  mode o f  bonding ( r e f .  29). Th i s  appears n o t  t o  be t h e  case 
f o r  Fe(bicappedTRENCAM), which i s  more g e o m e t r i c a l l y  cons t ra ined  and which r a t h e r  undergoes 
p r o t o n a t i o n  o f  t h e  t e r t i a r y  amines. 

Spec t rophotomet r ic  s tud ies  on t h e  FeL complex showed i s o s b e s t i c  behav io r  

The s tepwise  p r o t o n a t i o n  o f  f e r r i c  e n t e r o b a c t i n  and i t s  analogs has been proven 

The p r o t o n a t i o n  behav io r  o f  t h e  metal  f r e e  bicappedTRENCAM l i g a n d  was a l s o  s t u d i e d  us ing  NMR 
spec t ra  o f  t h e  compound a t  h i g h  pH by UV v i s i b l e  spectrophotometry a t  lower  pH. 
t h e  e q u i l i b r i a  desc r ibed  i n  Table 3.  

Th is  gave 

These r e s u l t s  a r e  s u r p r i s i n g  f o r  severa l  reasons. 
p r o t o n a t i o n  cons tan t  = 6.8, which i s  ex t remely  low f o r  ca techo ls .  
p r e d i c t e d  by E t 3 N  (10.75) and 2,3-dihydroxyethylterephthalamide (11  and 7)  i s  9.1. 
dep ro tona t ion  has n o t  been seen below pH 6.5, ( r e f .  11) b u t  t h i s  compound has f i v e  ca techo l  

The p r imary  one i s  t h a t  t h e  average 
The average va lue  

Catechol 
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Tab1 e 2 Electrochemical Results 
i 

L i g a n d  

MECAM 

TRENCAM 

E n t e r o b a c t  i n 

TPTCAM 

B i  cappedTRENCAM 

B i  cappedTPTCAM 

BicappedTPTTRENCAM 

B i  cappedTRENMECAM 

B i  cappedTPTMECAM 

-1.07 

-1.04 

-0.99 

-0.98 

-0.97 

-0.92 

-0.90 

-0.90 

-0.89 

31.2 

30.6 

29.8 

29.7 

29.5 

28.6 

28.3 

28.3 

28.1 

2.2 9.5 

0.69 11.2 

1.00 10.4 

0.52 11.0 

0.36 11.0 

0.62 10.3 

0.59 9.4 

0.00 

0.46 11.0 

+ 
vs NHE 

P P ?  

X = ring out (deprotonated) 

F i g .  6. Prbposed L6- fo rm o f  bicappedTRENCAM and 
ORTEP o f  Fe(bicappedTRENCAM). 

Table 3 S o e c i a t i o n  i n  BicaooedTRENCAM 

Number of  Ht SDecies pH a t  midooin t  Ass ianment (bas is1  

2 LH2 2 7 . 2 ( 1 )  13.6 ca techola te ( ’H  NMR, Ar s h i f t )  

1 LH3 8 . 3 ( 1 )  8 . 3  arnine(lH NMR, a-CH2 s h i f t )  

2 LH5 8 . 7 3 ( 1 )  4 .37  ca techol  ate(+,,,,) 

3 LH8 9 . 7 5 ( 1 )  3 . 2 5  catecholate(Arna,) 

pro tona t ions  t h a t  occur  below pH 4.5. 
p o l y p r o t i c  s teps .  Most t r i s - ca techo lyamides  have s i n g l e  p r o t o n  s teps .  That bicappedTRENCAM 
has t h r e e  e q u i l i b r i a  w i t h  two o r  more p ro tona t ions  demonstrates an unusual degree o f  
c o o p e r a t i v i t y  and i m p l i e s  t h e  presence o f  impor tan t  con format iona l  changes w i t h  p r o t o n a t i o n  
s t a t e .  Mo lecu la r  m o d e l l i n g  s t u d i e s  a re  underway t o  c h a r a c t e r i z e  these conformat ions .  

Another i n t e r e s t i n g  r e s u l t  i s  t h e  number o f  

Because t h e  Fe(bicappedTRENCAM) complex p r e c i p i t a t e s  o u t  o f  s o l u t i o n  p r i o r  t o  metal  
decorpora t ion ,  t h e  fo rma t ion  cons tan t  was determined by compe t i t i on  w i t h  CDTA. The 
e q u i l i b r i u m  

FeL t L’ * FeL’ t L (3) 

where L = bicappedTRENCAM and L’  = CDTA was reached f o r  f i v e  d i f f e r e n t  pH’s. 
t ook  > 35 hours t o  be reached. 
en te robac t i n  o r  MECAM and r e f l e c t s  t h e  inc reased k i n e t i c  c h e l a t e  e f f e c t  o f  t h e  macrob icy l i c  
l i g a n d  topo logy .  
Th is  va lue  i s  s u r p r i s i n g l y  low compared t o  p r e d i c t i o n  and t o  Vog t le ’ s  pub l i shed  r e s u l t  o f  
lo5’ f o r  “bicappedMECAM” (Table 5) ( r e f .  30)’ It i s  l e s s  than t h a t  c a l c u l a t e d  f o r  TRENCAM 
suggest ing  (1) an absence o f  a macrob icyc l i c  e f f e c t ,  ( 2 )  an absence o f  l i g a n d  p re fo rma t ion  

f o r  i r o n  b i n d i n g  and (3) t h a t  en tha lpy  may be a much more impor tan t  f a c t o r  i n  i r o n  
complexat ion than r e o r g a n i z a t i o n  en t ropy .  The X- ray  s t r u c t u r a l  de te rm ina t ion  o f  
Fe(bicappedTRENCAM) rep resen ts  t h e  f i r s t  f o r  any ferric(tris-catechoylamide) complex and 
demonstrates t h e  f i r s t  t r i g o n a l  p r i s m a t i c  c o o r d i n a t i o n  seen f o r  t h e  f e r r i c  i o n .  
between t h e  proposed L6- form o f  bicappedTRENCAM and t h e  X- ray  s t r u c t u r e  shows no evidence 
o f  l i g a n d  p re fo rma t ion  (F ig .  6 ) .  

E q u i l i b r i u m  
T h i s  i s  4 - 5  t imes g r e a t e r  than p rev ious  exper iments w i t h  

The va lue  o f  l o g  Kf  (Fe(bicappedTRENCAM)) was determined t o  be 43(1). 

Comparison 
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The pM va lue  i s  c a l c u l a t e d  t o  be 30.7. The h i g h  pM r e f l e c t s  t h i s  l i g a n d ’ s  d r a m a t i c a l l y  
lower  pK’s coup led  w i t h  o n l y  a 0.6 l o g  u n i t  decrease i n  fo rma t ion  cons tan t  f rom TRENCAM. 
Th is  r e s u l t  o f  an e x c e l l e n t  pM va lue  p a r a l l e l s  t h e  r e s u l t s  found f o r  t h e  2,3- 
dihydroxyterephthalamide b i n d i n g  subun i t  and again suggests t h e  importance o f  en tha lpy  as 
t h e  dominant f a c t o r  i n  t h e  f r e e  energy o f  i r o n  b ind ing .  

Pu(IV) 

Since t r i s - c a t e c h o l a t e  hexadentate 1 igands a re  q u i t e  e f f e c t i v e  Fe( 111) sequester ing  agents 
and because t h e  charge t o  r a d i u s  r a t i o  o f  Pu(IV),  4.17(e/A) ( r e f .  31) ,  i s  s i m i l a r  t o  t h a t  o f  
F e ( I I I ) ,  4.65, t h e  ca techo la te  l i g a n d  should f u n c t i o n  as an e x c e l l e n t  c h e l a t i n g  agent f o r  
Pu(1V) as w e l l .  C r y s t a l s  o f  t h e  t e t r a k i s  ( c a t c h o l a t o ) c e r a t e ( I V )  complex and r e l a t e d  
a c t i n i d e  ( I V )  complexes were prepared. They a re  a l l  n e a r l y  p e r f e c t  t r i g o n a l  - faced 
dodecahedra1 s t r u c t u r e s  ( r e f .  32) .  Encouraged by t h i s ,  s y n t h e t i c  po ly (ca tchoy1amide) l  igands 
c o n t a i n i n g  f o u r  ca techo ls  connected by a l k y l  cha ins  were made. The most e f f e c t i v e  
t e t r a c a t e c h o l a t e  l i g a n d s  promoted prompt e x c r e t i o n  o f  as much as 70% o f  a 238Pu(IV) t r a c e r  
admin is te red  1 hour e a r l i e r  t o  mice, and 88% o f  238’239Pu(IV) admin i s te red  30 minutes 
e a r l i e r  t o  dogs ( r e f .  33).  However, a t  p h y s i o l o g i c a l  pH (about 7 .4 ) ,  t h e  r e l a t i v e l y  weak 
a c i d i t y  o f  t h e  ca techo l  hydroxy l  groups and t h e  e i g h t - p r o t o n  s t o i c h i o m e t r y  o f  t h e  
complexat ion r e a c t i o n  p reven t  t h e  t e t r a c a t e c h o y l  1 igands f rom fo rm ing  oc taden ta te  Pu( I V )  o r  
Ce(1V) complexes, fo rming  i n s t e a d  a t r i s  ca techo la to  complex ( r e f .  34 ) .  

F i g .  7. T r i s  ca techo la to  complex o f  
Pu(1V) formed by LICAM-C a t  pH 7.4. 

There fore  a new s e r i e s  o f  sequester ing  agents have been designed w i t h  m e t a l - b i n d i n g  groups 
s i m i l a r  t o ,  b u t  more a c i d i c  than, ca techo l  so as t o  coo rd ina te  f u l l y  w i t h  ac t i n ide (1V)  i ons  
i n  d i l u t e  s o l u t i o n  a t  pH 7.4. One such compound, 3,4,3-LIHOPO ( r e f .  35) ,  when g i ven  as t h e  
f e r r i c  complex promoted more Pu e x c r e t i o n  than any o t h e r  l i g a n d  p r e v i o u s l y  s tud ied ,  
e l i m i n a t i n g  86% o f  t h e  i n j e c t e d  Pu i n  a 24 hour p e r i o d  ( i n  mice) ( r e f .  36).  

DI CASECH3L-DIH3PO 3,4,XIHoPo 

F i g .  8. The Pu(1V) s p e c i f i c  sequester ing  agents 3,4,3-LIHOPO and 
d i c a t e c h o l  -diHOPO. 

Mixed compounds such as t h e  d i ca teca techo l  -diHOPO have a l s o  been syn thes ized ( r e f .  37) .  
These compounds shou ld  combine t h e  h i g h  fo rma t ion  cons tan ts  o f  t h e  ca techo la tes  w i t h  t h e  low 
pH s t a b i l i t y  o f  t h e  hydroxypyr id inones .  
progress.  

Thermodynamic and animal t e s t i n g  s t u d i e s  a re  i n  
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UNUSUAL HIGH OXIDATION STATE CHEMISTRY 

Ligands c o n t a i n i n g  ca techo l  a te ,  hydroxypyr id inonate ,  and hydroxamate f u n c t i o n a l  i t i e s  
s t a b i l i z e  complexes w i t h  unusua l l y  h i g h  o x i d a t i o n  s t a t e s .  
form h i g h l y  c o l o r e d  complexes w i t h  V ( V )  o r  V(1V) and have been used e x t e n s i v e l y  as 
a n a l y t i c a l  reagents  f o r  t h e  d e t e c t i o n  o f  t h i s  metal  ( r e f .  5 ) .  Compounds o f  t h i s  t ype  have 
r e c e n t l y  been s t r u c t u r a l l y  cha rac te r i zed  ( r e f .  38). 
vanadium(V) i s  found t o  have a d i s t o r t e d  oc tahedra l  geometry, w i t h  t h e  c h l o r o  and t h e  0x0 
c i s  t o  each o the r .  
group be ing  s i g n i f i c a n t l y  lengthened. A s i m i l a r ,  b u t  d imer i c ,  oxo isopropoxob is -  
(hydroxamato)complex has a1 so been cha rac te r i zed  ( r e f .  38 ) .  

For example, hydroxamic ac ids  

Oxochlorobis(benzohydroxamato) 

T h i s  complex shows a s t rong  t r a n s  i n f l uence ,  t h e  bond t r a n s  t o  t h e  0x0 

Unusual chemis t r y  o f t e n  r e s u l t s  f rom t h e  thermodynamic s t a b i l i z a t i o n  o f  h i g h e r  o x i d a t i o n  
s t a t e s  produced by these l i g a n d s .  I n  r e a c t i o n  o f  vanadyl s a l t s  w i t h  ca techo l ,  bo th  t h e  
(bis-catecholato)oxovanadium(IV) and t h e  tris-(catecholato)vanadium( I V )  can be i s o l a t e d  and 
have been cha rac te r i zed  by X-ray c r y s t a l l o g r a p h y  ( r e f .  39 ) .  
ca techo la to  complex o f  TRENCAM has r e c e n t l y  been s t u d i e d  by c r y s t a l l o g r a p h i c  methods ( r e f .  
40) .  
and thermodynamic s t u d i e s  a re  i n  p rogress .  Such behav io r  i s ,  i n  f a c t ,  t y p i c a l  o f  these 
l i gands .  
t e t r a k i s ( c a t e c h o 1 a t o )  complex ( r e f .  34) .  

A s i m i l a r  V ( I I 1 )  t r i s -  

T h i s  compound i s  p r e d i c t e d  t o  have a h i g h l y  p o s i t i v e  s h i f t  i n  t h e  o x i d a t i o n  p o t e n t i a l  

For example t h e  C e ( I V ) / C e ( I I I )  p o t e n t i a l  s h i f t s  -2 V o l t s  upon fo rma t ion  o f  t h e  

Since t h e  h i g h e r  o x i d a t i o n  s t a t e s  have h i g h l y  nega t i ve  r e d u c t i o n  p o t e n t i a l s ,  t h e  lower  
o x i d a t i o n  s t a t e s  a r e  h i g h l y  reduc ing .  
ca techo l  c a r r i e s  ou t  a r e d u c t i o n  o f  d i n i t r o g e n  ( r e f .  7 ) .  Thus, l ow-va len t  vanadium has been 
t rans formed i n t o  an e x t r a o r d i n a r y  reduc ing  agent.  
reduc ing  agents rep resen ts  y e t  another p o t e n t i a l  a p p l i c a t i o n  f o r  sequester ing  agents 
s p e c i f i c  f o r  h i g h  o x i d a t i o n  s t a t e  c a t i o n s .  

S h i l o v  has no ted  t h a t  V ( I1 )  i n  b a s i c  s o l u t i o n s  w i t h  

Development o f  e f f i c i e n t  smal l  molecule 
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