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Macrocyclic catechol-containing ligands 
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Abs t r ac t  - Tr i - ca t echo l  l i g a n d s  form s e l e c t i v e  and s t r o n g  complexes w i t h  
t h e  f e r r i c  i o n ,  making them a t t r a c t i v e  c a n d i d a t e s  f o r  u s e  as i r o n  
decorpora t ion  pharmaceut ica ls .  Recent work i n  our  group has concen t r a t ed  
on t h e  s y n t h e s i s  of macrocycl ic  and macrobicyc l ic  l i g a n d s  inco rpora t ing  
t h e  2.3-dihydroxyterephthalamide b ind ing  s u b u n i t ,  which has  been shown t o  
be the  most e f f i c i e n t  b i d e n t a t e  i r o n  c h e l a t o r  known (pM's ranging  from 
21.1 t o  22 .7) .  Macrocyclic po lyca techo l  l i g a n d s  wi th  endocyc l i c  b ind ing  
s u b u n i t s  were syn thes i zed  us ing  h igh  d i l u t i o n  t echn iques  i n  y i e l d s  of up 
t o  24%. A s e r i e s  of macrobicyc l ic  t r i - c a t e c h o l  l i g a n d s  i n  which t h e  
l i g a n d  p r o p e r t i e s  were v a r i e d  by inco rpora t ing  TREN, mes i ty l ene  t r i a m i n e ,  
and TPT backbones, were s y n t h e s i z e d  i n  10-15% y i e l d  v i a  a s t e p w i s e  
approach employing h igh  d i l u t i o n  c o n d i t i o n s  f o r  t h e  t r i p o d - t r i p o d  coupl ing  
c y c l i z a t i o n .  I n  a d d i t i o n ,  a t empla t e  s y n t h e s i s  was d e v e l o p e d  which  
allowed t h e  p r e p a r a t i o n  of (Et,NH),[Fe(bicapped TRENCAM)] i n  50% o v e r a l l  
y i e l d .  Reve r s ib l e  e l ec t rochemica l  behavior  was observed  above pH 11.5 f o r  
Na , [Fe (b icapped  TRENCAM)]  (E1/2 --.95V vs .  N H E )  and above pH 8 .3  f o r  
Na3[Fe(6 icapped  T R E N M E C A M ) ]  (E1 /2  --.92 V .  v s .  N H E ) .  The  c r y s t a l  
s t r u c t u r e  o f  Na , [Fe (b icapped  TRENCAM)] was determined and showed t h e  
coord ina t ion  geometry about  the  metal c e n t e r  t o  be t r i g o n a l  p r i s m a t i c ,  an 
unprecedented geometry f o r  F e ( I I 1 ) .  

Organisms have evolved s o p h i s t i c a t e d  i r o n  s o l u b i l i z a t i o n  and t r a n s p o r t  mechanisms t o  a s s u r e  
a supply  of t h i s  e s s e n t i a l  element. '  For example, microorganisms produce low molecular  
weight c h e l a t i n g  a g e n t s ,  known a s  s ide rophores ,  whose f u n c t i o n  is t o  s o l u b i l i z e  t h e  f e r r i c  
i o n  a t  phys io log ica l  pH (KsP=10-39).' The s ide rophore  e n t e r o b a ~ t i n ~  ( F i g u r e  1 ) .  which forms 
t h e  s t r o n g e s t  complex w i t h  i r o n  (Kf=1052)* of any known l i g a n d ,  perhaps  best  t y p i f i e s  t h e  
s t a b i l i t y  and s e l e c t i v i t y  which is c h a r a c t e r i s t i c  of these  n a t u r a l  p r o d u c t s .  T h i s  
remarkable c h e l a t i n g  agen t  has engendered the  s y n t h e s i s  of o t h e r  t r i - c a t e c h o l  l i g a n d s  as 
p o t e n t i a l  i r o n  decorpora t ion  pharmaceut ica ls . '  

The f i r s t  s y n t h e t i c  ana log ,  MECAM ( F i g u r e  l ) ,  was independent ly  syn thes i zed  by Rastetter' 
and by us7 .  MECAM i n c o r p o r a t e s  three 2,3-dihydroxybenzamide b ind ing  s u b u n i t s  attached t o  a 
mes i ty l ene  backbone, and ,  l i k e  e n t e r o b a c t i n ,  forms a s t r o n g  F e ( I I 1 )  complex ( K f = 1 0 4 6 ) e  and 
mediates i r o n  t r a n s p o r t  i n  E.Coli . '  Subsequent ly ,  t r i - c a t e c h o l  l i g a n d s  wi th  l i n e a r ' " ,  
t r i p o d a l " ,  and exocyc l i c7  topo log ie s  were prepared. 

Macrocyclic and macrob icyc l i c  l i g a n d s  may enhance the s t a b i l i t y  of their  metal complexes 
due t o  the i n h e r e n t  e n t r o p i c  and k i n e t i c  p r o p e r t i e s  of a l i g a n d  r i n g  o r  c a g e - t y p e  
s t r u c t u r e .  Previous  work" has  shown t h a t ,  i n  g e n e r a l ,  as the  b inding  s i t e  becomes more 
encapsula ted  or preformed the  r e o r g a n i z a t i o n  en t ropy  dec reases ,  l e a d i n g  t o  a r e l a t i v e l y  
h igher  format ion  cons t an t  for  meta l  b inding .  Thus i t  would be expec ted  t h a t  the  fo rma t ion  
c o n s t a n t s  should  be g r e a t e s t  f o r  t h e  macrobicyc l ic  > macrocycl ic  > exocyc l i c  (F igu re  2 ) .  
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F i g u r e  2. P o s s i b l e  Topologies  
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Figure  1 .  S t r u c t u r e s  of MECAM and En te robac t in .  f o r  Macrocycl ic  Ligands.  
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Subun i t s  Derived From Catechol .  P ro tona t ion  of t h e  1 :1 F e r r i c  Ethane Trimer Complex. 

Top Spectrum a t  4 5 0 m :  pH 8.24; Bottom Spectrum: pH 7.08. 

For s y n t h e t i c  purposes ,  t h e  i d e a l i z e d  macrobicyc l ic  s t r u c t u r e  i n  F igu re  2 can be viewed a s  
a "capped"  t r i p o d ,  and ,  encouraged by t h e  success  of LehnL3 and Sargeson '*  on o t h e r  
sys tems,  we and o t h e r s  began i n v e s t i g a t i n g  m a c r o c y c l i c  c a t e c h o l - c o n t a i n i n g  l i g a n d s .  
V O g t l e ' ' ,  M a r t e l l " ,  and  we" c h o s e  a new b i n d i n g  s u b u n i t  f o r  t h i s  work, 2 , 3  
d i h y d o x y t e r e p h t h a l a m i d e ,  r a t h e r  t h a n  t h e  2 , 3  d i h y d r o x y b e n z a m i d e  s u b u n i t  u s e d  i n  
en te robac t in .  

Research i n t o  s imple  d e r i v a t i v e s  of t h i s  new c h e l a t i n g  moiety ( t h e  l a s t  t h r e e  compounds i n  
F igu re  3 )  show i t  t o  be s u p e r i o r  t o  t h e  2,3-dihydroxybenzamide group ( t h e  f i r s t  s t r u c t u r e )  
both i n  terms of format ion  cons t an t  and pM.ln The d i f f e r e n c e  i n  pM is most s t r i k i n g  and i s  
due p r i m a r i l y  t o  t h e  lower pKals of t h e  new c h e l a t i n g  groups.  I n  f a c t ,  a t  phys io log ica l  
pH, t h e  te rephtha lamide  d e r i v a t i v e s  a r e  t h e  most e f f i c i e n t  b i d e n t a t e  i r o n  c h e l a t o r s  known. 
T h e s e  r e s u l t s  s u g g e s t  t h a t  m a c r o c y c l i c  and  m a c r o b i c y c l i c  l i g a n d s  i n c o r p o r a t i n g  
2,3-dihydroxyterephthalamide binding  s u b u n i t s  should  form e x c e p t i o n a l l y  s t r o n g  F e ( I I 1 )  
complexes and a r e  t h e r e f  o r e  impor tan t  s y n t h e t i  c t a r g e t s  . 
M a c r o c y c l i c  p o l y c a t e c h o l  l i g a n d s  wi th  endocyc l i c  2,3-dihydroxyterephthalamide binding  
s u b u n i t s  have been syn thes i zed  i n  up t o  24% y i e l d  us ing  h igh  d i l u t i o n  techniques ."  An 
example  o f  t h i s  c lass  of compounds, t h e  e thane  trimer, forms a f e r r i c  complex which 
p ro tona te s  i n  two s e q u e n t i a l  one pro ton  s t e p s ,  y i e l d i n g  l o g  K ~ ~ ~ = 7 . 6 3 ( 4 )  ( F i g u r e  4 )  and 
logKMH ~ = 4 . 8 ( 1 0 ) .  S u r p r i s i n g l y ,  t h e  pM c a l c u l a t e d  f o r  t h i s  l i g a n d  (28.2) is on ly  s l i g h t l y  
highe; t h a n  t h a t  o b t a i n e d  f o r  TRENCAM (27 .8 )11a ,  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 e  
2,3-dihydroxybenzamide b ind ing  subun i t .  Eva lua t ion  of t h e  s e r i e s  of crowns, i n  which t h e  
r i n g  s i z e  i s  v a r i e d  from 30 t o  42 atoms, is expected t o  y i e l d  i n s i g h t s  r ega rd ing  t h e  
i n f l u e n c e  of c a v i t y  s i z e  and l i g a n d  f l e x i b i l i t y  on t h e  s t r e n g t h  of metal b i n d i n g  i n  
macrocycl ic  l i g a n d s .  
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A m a c r o b i c y c l i c  t r i c a t e c h o l  l i g a n d ,  bicapped TRENCAM (1). has  been prepared  by both  
t r a d i t i o n a l  h igh  d i l u t i o n  techniques  and by t e m p l a t e  m e t h o d o l o g y . ' g  I n  a o n e  S t e p  
r e a c t i o n ,  c y c l i z a t i o n  under h igh  d i l u t i o n  cond i t ions  a f fo rded  a 3.5% y i e l d  of methyl 
p ro tec t ed  bicapped TRENCAM, whi le  a s t epwise  approach cu lmina t ing  i n  a h i g h  d i l u t i o n  
t r ipod- t r ipod  coupl ing  gave a 27% y i e l d .  By comparison, u t i l i z i n g  a f e r r i c  i o n  t empla t e  i n  
t h e  r e a c t i o n  of disuccinimido-2,3-dihydroxyterephthalate w i t h  TREN r e s u l t e d  i n  t h e  
format ion  of a p a r t i a l l y  cyc l i zed  i n t e r m e d i a t e  ( F i g u r e  5)  which could  be conver ted  t o  
Fe(b icapped  TRENCAM) i n  a remarkable  50% o v e r a l l  y i e l d .  

A thorough i n v e s t i g a t i o n  of how macrob icyc l i c  topology a f f e c t s  t h e  s t a b i l i t y  and chemis t ry  
of F e ( I I 1 )  complexes r e q u i r e s  a series of compounds i n  which t h e  l i g a n d  c a v i t y  s i z e ,  
f l e x i b i l i t y  and charge  a r e  va r i ed .  The macrob icyc l i c  tris ca techoylamides ,  i n  which t h e  
l i g a n d  p r o p e r t i e s  are va r i ed  by i n c o r p o r a t i n g  TREN, mes i ty l ene ,  and TPT backbones ( F i g u r e  
6 ) ,  s a t i s f y  t h i s  requirement. '"  The methyl p ro tec t ed  compounds were syn thes i zed  i n  10-15% 
y i e l d  v i a  a s t epwise  r o u t e  employing h igh  d i l u t i o n  c o n d i t i o n s  f o r  t h e  t r i p o d - t r i p o d  
coupl ing  c y c l i z a t i o n .  Depro tec t ion  ( B B r , ,  C H C 1 , )  t y p i c a l l y  proceeds i n  75% y i e l d  t o  g i v e  
t h e  2,3-dihydroxyterephthalamide d e r i v a t i v e s .  
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F i g u r e  6. Macrobicyc l ic  Tri-Catechol Ligands.  

Cyc l i c  voltammetry of Na,[Fe(bicapped TRENCAM)] ,  performed i n  0.4 M NaC10, a t  pH 12.0 
us ing  a hanging mercury drop e l e c t r o d e ,  showed a peak s e p a r a t i o n  (Epc  - Eat) of 60 m V ,  
whi le  t h e  r a t i o  of ca thod ic  t o  anodic  c u r r e n t s  was 1.0." Normal and d i f f e r e n t i a l  p u l s e  
polarography i n d i c a t e d  E1/2--0.95V vs .  NHE, and a p l o t  of p o t e n t i a l  vs. l o g [ i l - i / i ]  was 
l i n e a r  w i th  a s l o p e  of 60 m V ,  a s  expec ted  f o r  a r e v e r s i b l e ,  one e l e c t r o n  t r a n s f e r .  While 1 
e x h i b i t s  compl ica ted  pH dependence below pH 11.5, t h e  El12 f o r  bicapped TRENMECAM 2 is 
i n v a r i a n t  between pH 8.3 and 12.0 (-0.92 V vs.  N H E ) .  The  l a r g e ,  n e g a t i v e  r e d u c t i o n  
p o t e n t i a l  observed f o r  t h e s e  compounds is c h a r a c t e r i s t i c  of o t h e r  t r i - c a t e c h o l  l i g a n d s  we 
have s t u d i e d z 1 ,  and i n d i c a t e s  t h a t  t h e  s e l e c t i v i t y  f o r  coord ina t ion  of t h e  f e r r i c  over  t h e  
f e r r o u s  i o n  is r e t a i n e d  i n  t h e  cage complexes, g i v i n g  a r a t i o  of t h e  format ion  c o n s t a n t s  Kf 
F e ( I I I ) / F e ( I I )  1029. 

C r y s t a l s  of Na,[Fe(bicapped TRENCAM)].17.5 H,O s u i t a b l e  f o r  X-ray d i f f r a p t i o n  were ob ta ined  
by evapora t ion  from methanol/H,O. The s t r u c t u r e  is t h e  f i r s t  t o  b e , d e t e r m i n e d  f o r  any 
f e r r i c  t r i s - ca t echoy lamide  complex. Remarkably, t h e  coord ina t ion  geometry around t h e  meta l  
c e n t e r  is t r i g o n a l  p r i s m a t i c ,  an unprecedented s t r u c t u r e  f o r  F e ( I I I ) . ' "  A s  shown i n  F igu re  
7 ,  t h e  e n t i r e  catechoylamide group is p l a n a r ,  wi th  t h e  t r a n s  c o n f i g u r a t i o n  of t h e  amide 
a l lowing  f o r  a s t r o n g  hydrogen bond between t h e  amide pro ton  and t h e  coord ina ted  ca t echo l  
oxygen. To accommodate t h i s  s t a b l e  l i g a n d  s t r u c t u r e ,  t h e  meta l  i o n  lies 0.81 8, away from 
t h e  l i g a n d  s o  t h a t  t h e r e  is a 31° d i h e d r a l  ang le  between t h e  p lane  de f ined  by t h e  i r o n  and 
two oxygen atoms and t h e  ca t echo l  p lane .  The r e s u l t a n t  t r i s k e l i o n  is shown c l e a r l y  i n  
F igu re  8.  
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Figure 8. Stereoview showing a top view of Fe(bicapped 
TRENCAM). The ellipsoids are scaled to represent the 50% 
probability surface. 

b 
Figure 7. ORTEP showing a side 

view of Fe(bicapped TRENCAM). The 
ellipsoids are scaled to represent the 
50% probability surface. 

The determination of formal stability constants and further investigation into the pH 
dependence of the electrochemistry are in progress. Structure determinations of ferric 
complexes of other macrobicycles in the series with more flexibility and larger cavity 
sizes may be expected to form the normal octahedral coordination geometry. In any case, 
complexation of transition metal8 with large octahedral crystal field stabilization 
energies (such as Cr(II1)) should force the geometry away from the novel trigonal prismatic 
coordination demonstrated by Fe(bicapped TRENCAM). 
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