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RETENTION MECHANISM IN LIGAND 

ACIDS: IMPROVED RESOLUTION OF 
RACEMATES WITH A NEW MUTILDENTATE 

PO LY M E R IC PACK I NG 

EXCHANGE CHROMATOGRAPHY OF a-AMINO 

D. Charmot1, R. Audebert2, and C. Quivoron 
Laboratoire Ph ysico-ch im ie Macromolt!culaire de 

1’Universite‘P. et M. Curie 
Associe au C.N.R.S. 

E.S.P.C.I. 10,  Rue Vauquelin 
75231 Paris Cedex 05 France 

ABSTRACT 

On t h e  b a s i s  of t h e  e x p e c t e d  mechanism of  c h i r a l  r e c o g n i t i o n  
i n  l i g a n d  exchange ch romatography ,  a new c h i r a l  p a c k i n g  w a s  p r e -  
pa red  and t e s t e d .  The o p t i c a l l y  a c t i v e  phase  i s  a copolymer of  
ac ry la rn ide  and of a v i n y l p y r i d i n e  monomer s u b s t i t u t e d  by mL-pro-  
l i n e  m o i e t y .  The p a c k i n g  i s  o b t a i n e d  by  s i m p l e  c o a t i n g  o f  a ch ro -  
matoRraphic  s i l i c a  fo l lowed  by a c o n v e n i e n t  complexa t ion  w i t h  
c u p r i c  i o n s .  The s e l e c t i v i t y  f a c t o r ,  a ,  f o r  such a p a c k i n g  i s  
h igh  : i t  i s  between 2 and 8 f o r  most amino a c i d s .  

INTRODUCTION 

R e  s o l u t i o n  of  enan t i omer s by  1 i q u i d  chromatography r e p o r t e d  

d u r i n g  t h e  p a s t  f i f t e e n  y e a r s  p r o c e e d s  t h r o u g h  a c h i r a l  e l u e n t  o r  

v i a  an  o p t i c a l l y  a c t i v e  s t a t i o n a r y  phase  (3-5). With b o t h  approa -  

c h e s ,  sys t ems  i n v o l v i n g  l i g a n d  exchange are d e s c r i b e d  as p a r t i c u -  

l a r l y  e f f i c i e n t  ( 3 , 4 , 6 ) .  

Copyright 0 1985 by Marcel Dekker, Inc. 
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1754 CHARMOT, AUDEBERT, AND QUIVORON 

It immediately a p p e a r s  t h a t ,  f o r  chromatography on a c h i r a l  

pack ing ,  t h e  s o r b e n t  m a t r i x  p l a y s  a ma jo r  r o l e  i n  t h e  s t e r e o s e l e c t i o n  

mechanism. For  a g iven  c h i r a l  g r a f t  (L -p ro l ine )  and t h e  same com- 

p l e x i n g  m e t a l l i c  i o n ,  C u ( I I ) ,  b u t  based e i t h e r  upon a s t y r e n i c  

framework (I,  R = H) o r  an  ac ry lamide  type  polymer (11) t h e  

e l u t i o n  o r d e r  i s  p r a c t i c a l l y  i n v e r t e d  (6)  : 

-CH2-CH- 
I 

- CH2-CH- 
I 
c=o 
I 

NH 
I 

CH2 I 

When, wi th  most a-amino a c i d s ,  t h e  L-form i s  t h e  less r e t a i n e d  

on type  I pack ing ,  r e v e r s e  o r d e r  is  obse rved  w i t h  t h e  o t h e r  s t a -  

t i o n a r y  phase .  

I n  b o t h  sys t ems ,  complexes s o l u t e / c o p p e r / g r a f t  (D o r  L) a r e  

involved ( r e s p e c t i v e l y  s t r u c t u r e s  I11 and IV).  But w i t h  t h e  po ly -  

s t y r e n i c  backbone (111) t h e  s o l u t e  i n  t h e  D-form i s  t h e  more com- 

plexed due t o  hydrophobic  i n t e r a c t i o n s  between i t s  s u b s t i t u t e n t  2 

and t h e  l i p o p h i l i c  p a r t  o f  t h e  pack ing .  Conver se ly ,  w i t h  a hydrophi-  

l i c  packing of t h e  po lyac ry lamide  type  ( IV) ,  s t e r i c  h i n d r a n c e  o c c u r s  

between 2 and t h e  macromolecular  c h a i n  when i t  may be invo lved  d i r e c t l y  

i n  a complexat ion w i t h  coppe r  i n  a p i c a l  p o s i t i o n  (7-14) .  

Such a mechanism is  suppor t ed  by t h e  r e s u l t s  o b t a i n e d  w i t h  

pack ings  of type  I V  b u t  w i t h  a hydroxy l  group complexed i n  t h e  

a p i c a l  p o s i t i o n  i n s t e a d  of t h e  c a r b o n y l  group : t h e  e l u t i o n  o r d e r  

i s  unmodified ( 1 5 ) .  
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IMPROVED RESOLUTION OF RACEMATES 1755 

On t h e  o t h e r  hand,  t h e  u s e  o f  hydrophob ic  s u k s t i t u e n t s  f o r  R 

i n  t y p e  I11 p a c k i n g  was shown r e c e n t l y  t o  increase t h e  hydrophob ic  

i n t e r a c t i o n  f o r  t h e  s u b s t i t u e n t s  of  D-a-amino a c i d s  and c o n s e q u e n t l y  

t h e  r e s o l u t i o n  as  e x p e c t e d .  

I 

111 D - s o l u t e / c o p p e r / g r a f  t I V  D - s o l u t e / c o p p e r / g r a f t  

A t  t h e  same time, a c c o r d i n g  t o  an i d e a  a l s o  based  on t h e s e  mechanisms 

w e  t r i e d  ( 1 1 )  t o  improve t h e  e f f i c i e n c y  of t y p e  I V  p a c k i n g  by s u b s t i -  

t u t i n g  t h e  c a r b o n y l  g roup  w i t h  a p y r i d i n i c  s i t e ,  l e a d i n g  t o  a s t r o n g e r  

complexa t ion  and g r e a t e r  s t e r i c  h i n d r a n c e .  P a c k i n g s  w i t h  s t r u c t u r e  V 

were p r e p a r e d .  They had t h e  same e l u t i o n  o r d e r  as p a c k i n g s  I V  and t h e  

s t r o n g  improvemelit i n  s e l e c t i v i t y  t h a t  was e x p e c t e d .  

N - C H - C02 H 
I t  

CH CH2 
\ /  

V V I  
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1756 CHARMOT, AUDEBERT, AND QUIVORON 

SYNTHESIS OF THE PACKING 

The complete  s y n t h e s i s ,  i n  f i v e  s t e p s ,  is  d e s c r i b e d  e l sewhere  

( l l , l 6 ) .  A v i n y l i c  e t h y l  e s t e r  of L -p ro l ine  i s  o b t a i n e d  (VI) ; i t  

i s  homopolymerized o r  copolymerized w i t h  a c r y l a m i d e  a c c o r d i n g  t o  

t h e  c l a s s i c a l  r a d i c a l  t e c h n i q u e  b e f o r e  t h e  h y d r o l y s i s  l e a d i n g  t o  

t h e  s t r u c t u r e  V.  Each p roduc t  i s  c h a r a c t e r i z e d  b y  t h e  molar  r a t i o ,  

x ,  o f  t h e  c h i r a l  u n i t s  i n  t h e  copolymer.  According t o  g e l  pe rmea t ion  

chromatography measurements,  t h e  m o l e c u l a r  w e i g h t  of t h e s e  polymers  

i s  i n  t h e  r a n g e  30,000 - 60,000 w i t h  a p o l y d i s p e r s i t y  of about  2. 

COMPLEXATION BY COPPER 

With polymers o f  t y p e  I V ,  i n  absence  of s o l u t e ,  t h e  copper  i s  

involved i n  "sandwich" type  complexes g r a f t / c o p p e r / g r a f t  and t h e  

maximum rate  r = [ c o p p e r ] / [ g r a f t ]  i s  0.5. I n  t h e  c a s e  o f  o u r  new 

polymers ,  because o f  t h e  b u l k i n e s s  of t h e  p y r i d i n c  s u b s t i t u e n t ,  

t h e  fo rma t ion  of such  complexes i s  n o t  f a v o r e d .  T i t r a t i o n  of C 1 - ,  

Cu 

shows t h a t ,  whatever  t h e  comonomer and t h e  r a t e  of c o p o l y m e r i z a t i o n  

x ,  t h e  complexes formed a r e  m a i n l y  of 1 - 1  t ype  ( I  p r o l i n e  f o r  1 

c u p r i c  ion)  ; l e s s  t h a n  10% of copper  is invo lved  i n  2-1 complexes.  

A s  f o r  complexes of t ype  I V  ( 8 , 9 )  t h e  l e v e l  of t h e  copper  f i x a t i o n  

is pH dependent  ( s e e  f i g .  I ) .  

++ 
and H+ a s s o c i a t e d  w i t h  u l t r a f i l t r a t i o n  o f  polymer s o l u t i o n s  

For  pH = 6 ,  a t r i d e n t a t e  complex i n v o l v i n g  t h e  p y r i d i n i c  n u c l e i  

(VII)  is suppor t ed  by s p e c t r o s c o p i c  d a t a  : t h e  maximum of U . V .  

a d s o r p t i o n  s p e c t r a  o f  copper/polymer system i s  6551~1, v a l u e  between 

t h e  observed maximum f o r  t e t r a c o o r d i n a t e d  systems anminoacid/Cu/amino 

a c i d  (600-620nm) and t h e  d i - c c o r d i n a t e d  complexes Cu/arnino a c i d  (720- 

730nm) (17) .  I n  a d d i t i o n ,  an E.P.R. s t u d y  was performed (Var i an  appa- 

r a t u s  9140 GHZ) w i t h  a sample o b t a i n e d  by l y o p h i l i z a t i o n  of a polymer 

s o l u t i o n  w i t h  a low load of copper  ( r  = 0.05) ( 1 1 ) .  I t  conf i rms  a 

c o o r d i n a t i o n  i n  a p i c a l  p o s i t i o n  i n  agreement w i t h  t h e  s t r u c t u r e  V I T .  
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IMPROVED RESOLUTION OF RACEMATES 1757 

0.6{ 

0.0 I 
Figure 1 : Evolution of the ratio r = [copper]/[proline] versus the pH of 

surronding cupric solution 0 homopolymer t y p  V 

I copolymer with acrylamide 

x = 0.39  

VI I 
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1758 CHARMOT, AUDEBERT, AND QUIVORON 

Hydroxylated s p e c i e s  l i k e  graft/Cu/OH occurred  p r o g r e s s i v e l y  

a t  pH's h igher  than  5. T h i s  t rend  t o  h y d r o l y s i s  of copper-a-amino 

ac id  complexes h a s  been p r e v i o u s l y  poin ted  out  (18-20). 

PREPARATION OF THE PACKINGS 

Packings a r e  e a s i l y  prepared by a d s o r p t i o n  of c h i r a l  polymers 

onto a chromatographic s i l i c a .  T y p i c a l l y ,  2g of s i l i c a  ( P a r t i s i l - 5 ,  

Whatman, Inc.  C l i f t o n ,  N J ,  USA) are added t o  201111 of a 2 %  w/w so lu-  

t i o n  of polymer and a g i t a t e d  for two hours .  The beads a r e  then f i l -  

t e r e d  and r i n s e d  w i t h  water .  The t i t r a t i o n  of polymer i n  t h e  f i l t r a -  

t e  g i v e s ,  by d i f f e r e n c e ,  t h e  load of polymer adsorbed.  Under t h e s e  

condi t ions  t h e  s a t u r a t i o n  of s i l i c a  i s  obta ined ,  t h a t  i s  11-12% i n  

weight of polymer/weight of  s i l i c a  a s  w e l l  f o r  homopolymer ( type  V) 
a s  f o r  copolymers w i t h  acrylamide u n i t s .  Beads a r e  then t r e a t e d  w i t h  

a s o l u t i o n  of 0.05N CuC12 i n  a convenient  b u f f e r  t o  a d j u s t  t h e  r 
va lue  ( see  f i g . 1 )  and avoid d i r e c t  f i x a t i o n  of Cu on s i l i c a  which 

occurs  a t  pH's higher than 5.5 (22) ( f o r  most of our  experiments  we 

used the  formic/formate b u f f e r  pH = 3 . 8 ) .  The column (15cm long ,  

0.47cm of i n t e r n a l  d iameter )  is  f i l l e d  by c l a s s i c a l  s l u r r y  packing 

and r i n s e d  w i t h  t h e  e l u e n t .  

++ 

CHRGMATOGRAPHIC CONDITIONS 

Experiments were performed w i t h  a Waters ALC 201 a p p a r a t u s  

(Waters Assoc., Mi l ford ,  Mass., USA) equipped wi th  a U 6 K  i n j e c t o r  

and, f o r  d e t e c t i o n ,  a UV spec t rometer  (Waters MC-440) and a d i f -  

f e r e n t i a l  r e f r a c t o m e t e r  (Waters R401). Occas iona l ly  a spectrophoto-  

po lar imeter  (Perkin Elmer 241 MC) was used. The e l u e n t  i s  a 0.02 

molar s o l u t i o n  of KNO and t h e  f low r a t e  Iml/min. The l e v e l  of cop- 

per loading ( r )  and t h e  molar r a t i o  of p r o l i n e  u n i t s  i n  t h e  copo- 

lymer (x) are given f o r  each experiment .  

3 
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Inf luence  of t h e  r a t i o  of c h i r a l  u n i t s  i n  t h e  copolymer 

With polymers based on acrylamide ( type  1 1 ) ,  a maximum of t h e  

c a p a c i t y  f a c t o r  k' and of t h e  s e l e c t i v i t y  C( = k'  D / k ' L  is  observed 

v e r s u s  t h e  molar r a t i o  of c h i r a l  u n i t s  i n  t h e  polymer (9 ) .  This  

observa t ion  i s  coherent  w i t h  t h e  formation of g r a f t / C u / g r a f t  complexes; 

i t  i s  not found h e r e  ( f ig .2)  where t h i s  kind of complex i s  always 

i n  v e r y  low c o n c e n t r a t i o n .  However, t h e r e  i s  no l i n e a r  r e l a t i o n  b e t -  

ween k' and t h e  c a p a c i t y  of p r o l i n e  of t h e  packing (or  x ) .  T h i s  sug- 

g e s t s  a p o s s i b l e  p a r t i c i p a t i o n  of t h e  amide group of acrylamide como- 

nomer i n  t h e  stereo-complex which g i v e s  o n l y  a s l i g h t  n e g a t i v e  e f f e c t  

on t h e  s e l e c t i v i t y  ( f i g . 2 ) .  From a p r a c t i c a l  s t a n d p o i n t ,  t h e  d u r a t i o n  

of t h e  experiment can be g r e a t l y  reduced by us ing  a copolymer wi th  x 
in  t h e  range 0.3-0.6 without  s i g n i f i c a n t  l o s s  of s e l e c t i v i t y .  

Inf h e n c e  of t h e  copper /pro l  i n e  r a t i o  

A complete knowledge of a l l  t h e  e q u i l i b r i a  involved i n  t h e  s y s -  

tem must, t h e o r e t i c a l l y ,  lead t o  a r e l a t i o n  between k and r .  For 

i n s t a n c e ,  f o r  packings 11, where complexes p r o l i n e / C u / p r o l i n e  only  

a r e  involved,  t h e  c a p a c i t y  f a c t o r  is  p r o p o r t i o n a l  t o  r / ( l - 2 r ) ,  which 

i s  e f f e c t i v e l y  observed ( 9 ) .  I f  o n l y  complexes p r o l i n e / g r a f t  e x i s t ,  

one can  p r e d i c t  a l i n e a r  r e l a t i o n  between k '  and r .  In  f a c t ,  w i t h  

our new packings both  1 - 1  and, f o r  a minor p a r t ,  2-1 complexes a r e  

involved and t h e  e f f e c t i v e  e v o l u t i o n  of k '  v e r s u s  r i s  g iven  i n  

t h e  f i g . 3 .  On t h i s  same f i g u r e ,  t h e  r e s o l u t i o n  f o r  racemic v a l i n e  i s  

p l o t t e d .  The shapes of t h e  c u r v e s  a r e  t h e  same f o r  o t h e r  amino a c i d  

s o l u t e s .  so t h e  b e s t  p r a c t i c a l  range of copper complexat ion f o r  t h e  

packings i s  0.3 < r < 0.8, t h a t  i s ,  a pH i n  t h e  range 2-4 f o r  t h e  

copper complexation of t h e  packing. 
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0 

25- 

20-  

15- 

10- 

5- 

a 

- 4  

-3 

- ,  
0.0 0.1 0.2 0.3 0.4 0.5 

' i g u r e  2 : I n f l u e n c e  of t h e  L - p r o l i n e  c a p a c i t y ,  C ,  o f  v a r i o u s  copo lymers  on 

t h e  c a p a c i t y  f a c t o r  k' measured  w i t h  D-vnl ine  and  t h e  s e l e c t i v i t y  

f a c t o r  LY = k',,/kIL d e t e r m i n e d  w i t h  D ,L-va l ine .  The p a c k i n a s  were  

p r e p a r e d  i n  a f o r m i c  b u f f e r .  

- Chromatographic  re  s u  1 t s 

R e t e n t i o n  d a t a  f o r  a b o u t  twen ty  amino a c i d s  a r e  g i v e n  i n  T a b l e  

I f o r  a p e l l i c u l a r  pack ing  based  on copolymer  w i t h  p y r i d i n i c  g r o u p s  

( t y p e  V ,  x = 0 . 4 ,  r = 0 . 8 ,  e l u e n t  : KNO 0.02M). They are  compared 

w i t h  ou r  r e s u l t s  o b t a i n e d  w i t h  a g e l  b a s e d  on a c r y l a m i d e  p a r t l y  g r a f -  

t e d  w i t h  L - p r o l i n e  m o i e t i e s  ( r e f .  8 ,  t y p e  11, x = 0 . 3 ,  R = 0 . 4 ,  

e l u e n t  : p u r e  w a t e r ) .  
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a 

4 

3 

2 

1 

Figure 3 :  Influence of the copper r a t i o  r = [copper / [ p r o l i n e ]  

on the capacity f a c t o r  k' measured with D v a l i n e  and 

rhe s e l e c t i v i t y  f a c t o r  a determined with D,L-val ine.  

a : homopolymer of type V 

b and c : copolymer with acrylamide 

x = 0 . 4  
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1762 CHARMOT, AUDEBERT, AND QUIVORON 

For t h e  two k inds  of packings,  t h e  D isomer is  t h e  f i r s t  e l u t e d  

(except f o r  t h e  c y c l i c  s o l u t e s  l i k e  p r o l i n e  o r  p i p e c o l i c  a c i d )  which 

support  t h e  idea t h a t  t h e  s t e r e o s e l e c t i o n  mechanism i s  similar f o r  

both. 

On t h e  o t h e r  hand, i n  accordance w i t h  t h e  i d e a  of an i n c r e a s i n g  

s e l e c t i v i t y  wi th  t h e  b u l k i n e s s  of t h e  copper  complexing s i t e  i n  a p i c a l  

p o s i t i o n ,  t h e  s e l e c t i v i t y  i s  b e t t e r  f o r  t h e  p y r i d i n i c  packing (except  

f o r  s e r i n e )  than f o r  our  type I1 packing. Even f o r  a s o l u t e  w i t h  a 

small  s u b s t i t u e n t  l i k e  a l a n i n e ,  c1 is always h igher  than 2 f o r  o t h e r  

amino a c i d s .  However a c i d i c  s o l u t e s  l i k e  a s p a r t i c  ac id  o r  glutamic 

ac id  a r e  not  e l u t e d  from t h e  new b a s i c  packing. 

Semi p r e p a r a t i v e  assays  

A major problem i n  chromatographic r e s o l u t i o n  through m u l t i -  

d e n t a t e  l igand  exchange chromatography is t h e  poor chromatographic 

e f f i c i c e n c y  g e n e r a l l y  observed w i t h  such packings ,  due t o  t h e  slow- 

n e s s  of l igand  exchange. P r a c t i c a l l y ,  a l though t h e  d iameter  of t h e  

s i l i c a  beads coated by t h e  p y r i d i n i c  polymer i s  5pm, t h e  observed 

number of t h e o r e t i c a l  p l a t e s  f o r  t h e  column i s  o n l y  about 400/m 

(measured f o r  D-valine a t  room tempera ture) .  The use of a t e r n a r y  

e l u e n t  may lead  t o  c l a s s i c a l  v a l u e s  (10 000-20 000 p la tes /m)  of 

e f f i c i e n c y  (11,16) ,  but  t h e  system i s  n o t  convenient  f o r  p r e p a r a t i -  

ve  purposes because of t h e  v e r y  low s o l u b i l i t y  of t h e  s o l u t e s  i n  t h e  

e l u e n t .  On t h e  o t h e r  hand, 5um s i l i c a  beads a r e  g e n e r a l l y  considered 

t o  be  too expensive,  f o r  use  i n  a p r e p a r a t i v e  column. 

With a s i l i c a  packing "Lichroprep Si-IOO", 40-6@m (Merck) 

coated according t o  t h e  same process  a s  our  a n a l y t i c a l  packing 

( p y r i d i n i c  copolymer x = 0.47,  r = 0.9), we prepared a 9Ocm long  

by 2.7cm i n t e r n a l  diameter  column. The e l u e n t  was a 0.02 molar 

s o l u t i o n  of KN03. The poor e f f i c i e n c y  is  balanced by t h e  high s e l e c -  

t i v i t y .  An example of r e s o l u t i o n  (D,L o r n i t h i n e )  i s  g iven  i n  f i g . 4 .  

The system w a s  t e s t e d  f o r  many a-amino a c i d s  and t h e  maximum sample 
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IMPROVED RESOLUTION OF RACEMATES 1763 

T a b l e  I : Comparison of t y p e  I1 and t y p e  V p a c k i n g s  : r e t e n t i o n  d a t a  

S o l u t e  

Alamine 

Amino b u t y r i c  a c i d  

V a  I i n e  

Norval  i n e  

Leuc i n e  

N o r l e u c i n e  

S e r i n e  

Me t h i o n  i n e  

A s p a r t  i c  a c i d  

Glu tamic  a c i d  

Diamino b u t y r i c  a c i d  

Orn i t h i rm 

L y s i n e  

Argin i n e  

PhGnyla l an ine  

T y r o s i n e  

Tryptophan 

Pro1 i n e  

P i p e c o l  i c  a c i d  

k'2 

21 

21 

27 

22 
27 
29 

41 
40 

7.3 

7. I 
3.5 
4.4 

30-3.4* 

2 I*  

23.6 
16 
2.6 

a 

1.85 

2.85 
3.7 

2.50 

2.0 
2.30 

1.35 

2.50 
- 

- 

4.0 
4.3 

4.2 
3 .O 

,04-2.2' 
* 2.7 

2.25 

I /8 .  I 

111.4 

Gel based  
upon a c r y l a m i d e  

( type ''1 (6) 

k ' 2  

0.8 

1 

1.5 
1.2 

1.7 
1.7 

3.1 
2.6 
I .2 

0.5 
4.5 

3 
2.4 
4.5 

9.8 
24 
54 
1 . 1  

0.2 

a 

1 . 1  

1 . 4  

1.9 
1.4 
1 . o  
1.3 
1.9 
I :o 
1 .o 
I . o  
1.3 

1.3 

1.3 

1 

2.3 

2.50 
2.50 
1/1.50 

- 

* r = 0.25 
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1164 CHARMOT, AUDEBERT, AND QUIVORON 

Figure  4: Semi -p repa ra t ive  r e s o l u t i o n  of D,L-orni thine(40mg).  

Column L = 90cm. 2.7cm I . D .  

Packing s i l i c a  "Lichroprep" Si-100 

x =0 .47 ,  r =0.9 

E luen t  KNO 0.024 - 25'C. 

c o a t e d  5% w/w w i t h  a copolymer 
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Tab le  2 : E v a l u a t i o n  of t y p e  V p a c k i n g  i n  p r e p a r a t i v e  ch romatography  

40 

S o l u t e  

0.005 

DL P r o l i n e  

DL V a l i n e  

DL O r n i t h i n e  

DL d i amino bu t y r  i c 
a c i d  

DL L y s i n e  

Weight of s o l u t e  

Weight of s t a t i o n a q  
p h a s e  

Weight i n j e c t e d  (mg) 

250 

8 0  

40 

40 

0 .029  

0.01 

0.005 

0.005 

l o a d  which  c a n  b e  c o m p l e t e l y  s e p a r a t e d  i n  o n e  r u n  i s  g i v e n  i n  t h e  

Tab le  11. 
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