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USE OF NEW CHIRAL HYDROPHILIC GELS FOR THE DIRECT RESOLUTION 
a-AMINOACIDS BY HIGH PRESSURE LIQUID CHROMATOGRAPHY.: 

B .  Lefebvre, R. Audebert and C. Quivoron 

E.S .P .C. I .  10, rue VauqueZin 75232 - Paris Cedex 05, France. 

de I'Universite' Pierre e t  Marie Curie. 
Laboratoire de Physico-Chimie Macromo ldculaire 

ABSTRACT 

To ta l  r e s o l u t i o n  o f  a-aminoacids was achieved by H P L C u s i n g  
porous g e l s  based on acry lamide g r a f t e d  w i t h  c h i r a l  s u b s t i t u e n t s  
(L-CY aminoacids) and complexed w i t h  meta l  i ons .  

h y d r o p h i l i c i t y  and c o o r d i n a t i o n  a f f i n i t y ) ,  o f  t h e  k i n e t i c s  o f  t h e  
l i g a n d  exchange, o f  t h e  n a t u r e  o f  t h e  complexing i o n  and o f  t h e  c h i r a l  
g r a f t .  

We d i scuss  t h e  i n f l u e n c e  o f  t h e  s t r u c t u r e  o f  t h e  gel  ( p o r o s i t y ,  

INTRODUCTION 

Reso lu t i on  o f  enantiomers has t h e o r e t i c a l  i n t e r e s t  i n  t h e  s tudy  
o f  i n t e r a c t i o n s  between c h i r a l  molecules, as w e l l  as i n d u s t r i a l  i m -  
portance. 

separa t i on  and t h e  a t tempts to  r e s o l v e  enantiomers i n  t h i s  way a r e  
a lmost  as o l d  as chromatography i t s e l f  ( 

For  a-aminoacids t h e i r  f i r s t  complete r e s o l u t i o n  was performed 
by gas chromatography ( 7 - e ) .  U n f o r t u n a t e l y  t h i s  success, which undoub- 
t e l y  s t i m u l a t e d  new i n v e s t i g a t i o n s  i n  t h i s  f i e l d ,  was p o s s i b l e  on l y  

Chromatography i s  w e l l  known as a v e r y  e f f i c i e n t  t echn ique  o f  

1-5 
) .  

:: Paper presented a t  t h e  3rd I n t e r n a t i o n a l  Symposium on column l i q u i d  
chromatography 27-30/9/1377, Salzburg ( A u s t r i a ) .  
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762 LEFEBVRE, AUDEBERT, AND QUIVORON 

through a derivatization of the solutes (aminoacids are injected in 
the form of N-trifluoroacetylesters). 
Also, the technique is not easily applied on a preparative scale. 
For this last aspect, liquid chromatography is advantageous. The 
best results are achieved by using synthetic optically active 
stationary phases. They are obtained by grafting a chiral substi- 
tuent on cross-1 inked polymers, generally based upon polystyrene 
or acrylics. 

grafts for such stationary phases ( '-13) other, less sophisticated, 
chiral substituents are generally used (for recent references see 
(14-22). As early as 1970 Bernauer ( 
and almost simultaneously Angelici et aZ. ( 
a stationary phase where the graft (usually a L-a aminoacid) is com- 
plexed by a transition metal ion. For instance, L-proline is grafted 
by its reaction with chloromethylated polystyrene gels. 

In this way, some total resolutions were observed. However, 
the efficiency of the system is not very high : for a given packing, 
only few racemates are completely resolved and the time for each 
experiment i s  long (typically ten hours). We have prepared new sup- 
ports for high performance 1 iquid chromatography. They are macromo- 
lecular gels grafted with asymmetric active aminoacids complexed 
by metal ions. These packings have a large efficiency and allow 
rapid resolution ( ). 

Four parameters play an important role in the efficiency of 
the system : the structure of the gel, the rate of exchange of 
ligands between the solution and the gel , the nature of the com- 
plexing ion and the nature of chiral graft. 

Through asymmetrical crown ethers are potentially very efficient 

26 24,25) ) ,  Rogozhin and Davankov ( 
27 ) suggested the use of 

28-31 

EXPER I MENTAL 

Nature of the packing 

The packing is obtained in two steps ( 28y29y31) : 1) by pearl 
copolymerization of acrylamide and methylene bisacrylamide, we 
obtained a porous gel. The typical feature of the beads, i.e.granu- 
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DIRECT RESOLUTION OF a-AMINOACIDS 763 

3 3  l o m e t r y  between t e n  and twen ty  microns, p o r o s i t y  o f  abou t  0.4.cm /cm 

of wet r e s i n  and good mechanical p r o p e r t i e s ,  a r e  s u i t a b l e  f o r  use 

i n  H P L C. 2 )  An L-a aminoacid i s  e a s i l y  g r a f t e d  on to  these  p e a r l s  

through a r e a c t i o n  w i t h  formaldehyde. An i l l u s t r a t i o n  o f  t h e  s t r u c -  

t u r e  i s  g i ven  i n  F i g . 1  w i t h  p r o l i n e ,  t h e  amont o f  g r a f t  l i n k e d  v a r i e s  

f rom 0 t o  3 meq./g o f  dry r e s i n .  
F i n a l l y ,  t h e  beads a r e  shaken w i t h  a aqueous s a l t  s o l u t i o n  o f  

t h e  complexing me ta l  ( i . e . s u l f a t e  o r  n i t r a t e ) ,  f i l t e r e d  and washed. 

The i o n  complexed on t h e  pack ing i s  p r a c t i c a l l y  n o t  washed o f f  by 
pure water  b u t  sometimes t o  a s l i g h t  e x t e n t  by t h e  e l u t i o n  o f  s o l u -  
tes.  Pure s o l u t e s  a r e  then  f r e e d  o f  metal i o n s  by j u s t  adding,  a t  
t h e  o u t l e t  o f  t h e  chromatographic column f i l l e d  w i t h  uncomplexed 

pack ing . 
Chromatographic c o n d i t i o n s  

The suppor ts  ob ta ined  a r e  s l u r r y  packed i n  s t a i n l e s s  s t e e l  co-  
lumn 30 cm x 4.8 mm i.d. 
dependent on t h e  f i l l i n g  c o n d i t i o n s .  I n  Fig.2, t h e  e f f i c i e n c y  o f  

t h e  columns (measured by t h e  t o t a l  number, N,  o f  t h e o r e t i c a l  p l a t e s )  

i s  p l o t t e d  versus t h e  pack ing  f l o w  r a t e  ( e l u e n t  : pure  wa te r ) .  

For  low f l o w  r a t e s ,  peaks t a i l  and e f f i c i e n c y  i s  low.  A maximum 

i s  observed because, a t  h i g h  f l o w  r a t e s ,  beads a r e  compacted, a s teep 
back asymmetry appears, and t h e  e f f i c i e n c y  decreases. 

The e f f i c i e n c y  o f  t h e  columns i s  g r e a t l y  

CO 

F i g u r e  1 : S t r u c t u r e  of t h e  g e l .  A f t e r  c o p o l y m e r i z a t i o n  o f  ac ry -  
lamide and methy lenebisacry lamide an L-a aminoacid i s  
g r a f t e d  through formaldehyde ( p r o l i n e ,  i n  t h i s  case) .  
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764 LEFEBVRE, AUDEBERT, AND QUIVORON 
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Figure 2 : Number of theoretical plates, N ,  versus the flow rate  of 
f i l l i ng  (30 cm x 0.48 cm ID Column). N i s  calculated from 
the ethyleneglycoldimethylether 
granulometrie : 20-28u ; 010-2Ou ; 0 l o p .  

The same shape of curves - with a maximum - i s  also observed 
by plotting N ,  versus the dilution o f  the slurry before f i l l i ng .  
The existence of such optimum conditions for the dilution and the 
packing flow rate i s  probably a general rule for  semi-rigid beads. 

Chromatograph i c apparatus 

We used a Waters liquid chromatograph (ALC 201) and added t o  
the classical refractometer a polarimetric detector (Perkin Elmer 
241 MC) which continuously measures the rotatory power of the eluates. 
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DIRECT RESOLUTION OF a-AMINOACIDS 765 

RESULTS AND D I S C U S S I O N  

I n f l u e n c e  o f  t h e  s t r u c t u r e  o f  t h e  ae l  

The pack ing g r a f t e d  w i t h  L - p r o l i n e  and complexed by c u p r i c  i o n s  
i s  e f f i c i e n t  f o r  t h e  r e s o l u t i o n  o f  most o f  t h e  a-aminoacids ( 
A l l  t h e  racemates w i t h  r e l a t i v e  r e t e n t i o n  ( a  va lue )  g r e a t e r  t han  1.5 

a r e  comp le te l y  reso lved  w i t h  a 30 cm l o n g  column ( o r  s h o r t e r )  i n  

l e s s  than  one hour. 

i n j e c t e d  : two polyoxyethy lenes,  D,L-alanine and D,L-threonine. The 
polyoxyethy lene I$ = 6 000 ( f i r s t  peak) and t h e  e thy leneg lyco ld ime-  
t h y l e t h e r  (second peak) have no c o o r d i n a t i o n  a f f i n i t y  f o r  t h e  sup- 

p o r t ,  t h e i r  f r a c t i o n a t i o n  i s  due t o  t h e  s i z e  e x c l u s i o n  e f f e c t  and 
shows t h e  p o r o s i t y  o f  t h e  beads. 

Threonine i s  t o t a l l y  reso lved  as checked by t h e  p o l a r i m e t r i c  
d e t e c t o r .  Th i s  d e t e c t o r  shows t h a t ,  though a l a n i n e  i s  n o t  complete- 
l y  reso lved  under these c o n d i t i o n s ,  an excess o f  t h e  D form i s  ob- 
served i n  t h e  f r o n t  o f  t h e  peak and an enr ichment  o f  t h e  L form i n  
i t s  t a i l ,  

and D,L-tryptophan w i t h  a 5 cm l o n g  column. These r e s u l t s  can be 

compared w i t h  those pub l i shed  by Rogozhin and Davankov ( 
and r e c e n t l y  by Jose fonv i cz  e t  aZ.( ) which used t h e  same g r a f t  
( L - p r o l i n e )  and t h e  same complexing i o n  (Cu"). The k '  and t h e  a-va- 

l u e s  a r e  n o t  o n l y  l a r g e l y  d i f f e r e n t  b u t  i n  some cases t h e  o r d e r  o f  
e l u t i o n  o f  t h e  isomers i s  reversed.  T h i s  suggests t h a t  t h e  macromo- 

l e c u l a r  framework i s  i n v o l v e d  i n  t h e  separa t i on  mechanism. 
Russian workers proposed ( 3 6 y 3 7 )  t h e  f o r m a t i o n  o f  s te reose lec -  

t i v e  complexes i n  which t h e  benzene r i n g  o f  macromolecular suppor t  
m i g h t  p a r t i c i p a t e .  I n  ou r  case, t h e  amide f u n c t i o n  of t h e  ge l  may 
p l a y  a p a r t  i n  t h e  f o r m a t i o n  o f  t h e  complexes g r a f t / i o n / D  o r  L so- 
l u t e ,  i n v o l v e d  i n  t h e  separa t i on  o f  t h e  s o l u t e s .  S t r u c t u r e s  l i k e  
those schematized i n  t h e  Fig.5 m igh t  be expected. 

30 
) .  

I n  t h e  case descr ibed i n  F ig.3,  s i x  compounds a r e  s imu l taneous ly  

F ig .4  shows t h e  r e s o l u t i o n  o f  a m i x t u r e  o f  D,L-phenylalanine 

32,34) 
35 
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766 LEFEBVRE, AUDEBERT, AND QUIVORON 

‘if Ala 

b 20 40 mn 

Figure 3 : Upper curve : polarimetric detector 
Lower curve : refractometric detector 
Elution order : 1) polyoxyethylene R, = 6 000 ; 

2) ethyl eneglycoldimethyl ether ; 
3) D and L alanine (partial resolution) ; 
4) D threonine ; 
5) L threonine ; 

Stainless steel column 30 cm x 0.48 cm ID. Pressure drop 
of about 8 bars for a flow rate of 0.5 ml/m. 
Gel : the graft i s  L proline, complexing ion Cut+ (0,4 
cupric ion for one proline grafted). Capacity (in graft) 
2.5 meq/g. 
El uent : water, room temperature. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



DIRECT RESOLUTION OF a-AMINOACIDS 767 

Ti D-Ph 

Figure 4 : E l u t i o n  order : 1) D phenylalanine ; 
2) L phenylalanine ; 

3) D tryptophan ; 
4)  L tryptophan. 

Gel : g r a f t  i s  L p r o l i n e  and complexing i o n  Cut+(r = 0.2). 
Capacity 0.95 meq/g , 
Column : 5 cm x 0.48 cm ID 
Eluent : water (0.4 ml/mn) . 

On the o ther  hand, the po ros i t y  o f  our beads a l lows a high r a -  
t e  o f  exchange o f  the so lu te  between the gel  and the mobi le phase. 
This benef i t  disappears by e l u t i o n  w i t h  a poor ly  swe l l i ng  so lvent  
(methanol/water mixtures f o r  instance) and the e f f i c i e n c y  decreases 
as a r e s u l t  o f  the  poros i ty .  

improves the r a t e  o f  exchange o f  l igands  between the  s o l u t i o n  and 
the gel .  This k i n e t i c  aspect i s  known t o  be one o f  the most important 
i n  the  apparent " r e a c t i v i t y "  o f  func t ions  g ra f ted  on a polymeric 
s t ruc tu re .  For instance, a ca ta l ys t ,  e f f e c t i v e  f o r  a given reac t i on  

F i n a l l y ,  the  use o f  a hyd roph i l i c  macromolecular network a lso  
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768 LEFEBVRE, AUDEBERT, AND QUIVORON 

a 

b 

C 

Fi ure 5: Possible structures of complexes. Grafted aminoacidf 

aminoacid is proline. 5c: the grafted aminoacid is not cyclic. 
Cu R /eluted aminoacid. 5a and 5b: Trans and Cis form. The grafted 

i n  a po la r  medium, may present an a c t i v i t y  when gra f ted  onto a po- 

lymer, on ly  i f  the framework i s  hydroph i l i c .  
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DIRECT RESOLUTION OF 0-AMINOACIDS 769 

I n f l u e n c e  o f  t h e  k i n e t i c s  o f  l i g a n d  exchange 

I f  t h e  l i g a n d  exchange i s  slow, chromatographic peaks a r e  
abnormal ly  broad and t h e  r e s o l u t i o n  i s  bad. Cupr i c  i o n ,  known t o  
be one o f  t h e  most mob i l e  i ons ,  i s  a l s o  one o f  t h e  most e f f i c i e n t  
f o r  r e s o l u t i o n .  Th is  k i n e t i c  aspect  p robab ly  p l a y s  a p a r t  i n  d e t e r -  
m i n i n g  t h e  i n f l u e n c e  o f  t h e  temperature, as p r e v i o u s l y  desc r ibed  

( 
pe r tu rbed  by i n c r e a s i n g  t h e  temperature i n  t h e  range 0-50°C, b u t  
t h e  r e s o l u t i o n  i nc rease  f rom 0.5 t o  2. Even w i t h  copper as com- 

p l e x i n g  meta l ,  t h e  number o f  t h e o r e t i c a l  p l a t e s  o f  o u r  columns i s  
abnormal ly  low, when c a l c u l a t e d  f rom an a-aminoacid peak ; i t  i s  
about t e n  t imes  lower  than f o r  a non-complexing s o l u t e  ( 

connect ion w i t h  H o r v a t h ' s  t h e o r y  ( ) ,  t h e  slowness o f  t h e  l i g a n d  
exchange e x p l a i n s  t h i s  r e s u l t  and a l s o  t h e  broadening and p robab ly  
t h e  t a i l i n g  o f  t h e  peaks when k '  increases.  Never the less,  i f  t h i s  
mechanism o f  peaks broadening i s  impor tan t ,  i t  i s  n o t  t h e  o n l y  one. 

30 ) .  For  v a l i n e ,  f o r  i ns tance ,  r e t e n t i o n  t i m e  i s  p r a c t i c a l l y  n o t  

30 ) .  I n  
39 

I n f l u e n c e  o f  t h e  na tu re  o f  t h e  complexing i o n s  

30 A dozen d i f f e r e n t  i o n s  were checked w i t h  d i f f e r e n t  s o l u t e s (  ) .  
Resu l t s  a r e  r a t h e r  d i f f i c u l t  t o  i n t e r p r e t .  a-Aminoacids and N - 
s u b s t i t u t e d  a-aminoacids a r e  known t o  g i v e  complexes o f  d i f f e r e n t  
s t r u c t u r e s ,  depending bo th  upon t h e  n a t u r e  o f  t h e  i o n  and upon t h e  
a-aminoacid n a t u r e  ( 6y22y36-38) .  The v a r i e t y  o f  t h e  complexes which 

occu r  may e x p l a i n  t h e  d i v e r s i t y  f o r  t h e  r e s u l t s  observed f o r  t h e  
r e t e n t i o n  data and f o r  t h e  e l u t i o n  o r d e r  o f  D and L so lu tes .  

I n  t h e  absence o f  a so lu te ,  t h e  meta l  i o n  i s  p robab ly  kep t  i n  
a "sandwich" complex between two g r a f t s .  I f  we suppose t h a t  a l l  t h e  

meta l  i o n s  a r e  e i t h e r  i n  such a complex g r a f t / m e t a l / g r a f t  (MG2)  o r  
i n  complexes schematized i n  Fig.5 g r a f t / m e t a l / s o l u t e  ( G  M S ) ,  we 

can p r e d i c t  t h e  inc idence,  on t h e  r e t e n t i o n  t imes,  o f  t h e  r a t e ,  r, 
o f  complexat ion o f  t h e  r e s i n  ( r  i s  t h e  number o f  meta l  atoms by 

g r a f t ,  i t s  maximum value,  r e f e r r i n g  t o  a "sandwich" form complex, 
i s  0 .5) .  It can be a d j u s t e d  accord ing t o  t h e  pH va lue  o f  t h e  s a l t  
s o l u t i o n  used i n  t h e  p r e p a r a t i o n  o f  t h e  r e s i n  (see F i g .  6). Assuming 
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Figure 6 : Number ( r )  of cupric ion for one proline graf t  versus the 
pH value of water around the gel. 

t h a t  the amount of the solute injected i s  small, i f  K i s  the parti-  
tion coefficient of the free solute (no t  complexes) between the gel 
and the mobile phase and K:: the s tab i l i ty  constant of the equili-  
brium : 

MG2 t S MGS t G 

( G  = graf t ,  S = free solute i n  the gel)  ; lnder chromatographic con- 
dit ions (high dilution of the solute) ,  assuming that  the retention 
on the non-complexed resin i s  very weak (F: >> K) and considering 
the mass-balances of ligand, solute and metal we can write ( 
t h a t  the capacity factor i s  proportional to  KK:: -& for any value 
of r not too  close to  0.5 (e.i.when [GI >> IMGSl). Fig.7 shows t h a t  
the theoretical resul ts  (dotted l ine)  reasonably f i t  the experimen- 
tal  results.  

31 
) 

1 2 r  

Influence of the chiral graf t  

Results previously described are re la t ive t o  L-pro1 ine graf t .  
Data presented in Table I were obtained with other grafts.  Some of 
them are inefficient or weakly eff ic ient .  The best resul ts  are 
observed with cyclic aminoacids, the efficiency increasing w i t h  
the size of the r i n g .  
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DIRECT RESOLUTION OF a-AMINOACIDS 771 

F i g u r e  7 : Ca lcu la ted  ( d o t t e d  l i n e )  and exper imenta l  va lue  o f  k' 
(measured f o r  D and L v a l i n e )  versus t h e  r a t e  o f  sa tu ra -  

t i o n  (r) o f  t h e  ge l  ( g r a f t  i s  L p r o l i n e )  i n  c u p r i c  i o n .  

The s t e r e o s e l e c t i v i t y  o f  t h e  complex i s  p robab ly  connected 
w i t h  a r e p u l s i o n  between t h e  s u b s t i t u e n t  o f  t h e  s o l u t e  R, t h e  subs- 

t i t u e n t  R '  o f  t h e  g r a f t  o f  t h e  macromolecular framework and, even- 
t u a l l y ,  a wa te r  molecule i n  a p i c a l  p o s i t i o n  (as  suggested i n  F ig .5 ) .  
T h i s  r e p u l s i o n  seems most i m p o r t a n t  when R '  i s  c y c l i c  (compare 

F ig.5b and 5c) and t h e  l a r g e r  t h e  r i n g  s i z e ,  l a r g e r  appears t o  be 
s t e r i c  h indrance and t h e  h i g h e r  t h e  e f f i c i e n c y .  

CONCLUSION 

Some genera l  r u l e s  f o r  t h e  chromatographic r e s o l u t i o n  o f  
a-aminoacids on c h i r a l  g e l s  have been emphasized and d iscussed.  
They can be extended t o  unusual aminoacids o r  o t h e r  complex ing 
s o l u t e s  l i k e  diamines, d i a c i d s ,  a c i d a l c o h o l s  e t c  ..., i f  t h e y  a r e  
h i g h l y  complexed by metal i o n s .  For  i n s t a n c e  d ihyd roxypheny la lan ine  
(DOPA), o- thy ros ine ,  m a l i c  a c i d  a r e  comp le te l y  r e s o l v e d  on s h o r t  
columns. 

The mechanism o f  t h e  separa t i on  i s  n o t  y e t  comp le te l y  unders- 

t o o d  and i t s  es tab l i shmen t  w i l l  r e q u i r e  t h e  s tudy  o f  t h e  p r e c i s e  
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DIRECT RESOLUTION OF a-AMINOACIDS 773 

s t r u c t u r e  o f  t h e  complexes i nvo l ved .  Systemat ic  i n v e s t i g a t i o n s  a r e  

planned on s o l u b l e  models o f  t h e  asymmetric g r a f t s .  
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